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Summary

Symmetry and chirality are common occurrences in the natural world. Chiral
compounds are extremely important in chemistry, biology and medicine. Chirality has
also been envisaged to play an important role in nanotechnology. Most of the research
in this field was focused on chiral organic and metallorganic molecules and their
supramolecular structures. However, the area of chiral inorganic nanoparticles is
currently in the very early stage of its development. There are only a limited number
of publications on the preparation of chiral metal nanoparticles. Meanwhile, similar
chiral nano-systems based on quantum dots (QDs) have not yet been reported at all.
Quantum dots (QDs) are fluorescent semiconductor (e.g. II-VI) nanocrystals, which
unlike metal nanoparticles have a strong characteristic spectral emission. This
emission is tunable to a desired energy by selecting variable particle size, size
distribution and composition of the nanocrystals. QDs have recently attracted
enormous interest due to their unique photophysical properties and range of potential
applications in photonics and biochemistry as light emitting devices, fluorescent
sensors and bioassays.

The main aim of this thesis is develop novel chiral QDs, explore this area in
details and establish fundamental principles influencing the structure and properties of
chiral QDs. Another objective will be to investigate the specific interactions between
chiral QDs and selected enantiomeric biomolecules. Finally we also aim to prepare
chiral magnetic nanoparticles and “all in one ‘“fluorescent-magnetic—chiral
nanocomposites.

Chapter 1 of the thesis gives a brief introduction to the area of nanotechnology
with the particular emphasis of II-VI semiconducting nanoparticles (quantum dots).
An overview of quantum dot properties and basic concepts of chirality are considered.
A brief review on magnetic materials and magnetic nanoparticles is also given.

Chapter 2 gives a complete listing of all experimental procedures preformed
through out the course of this work, as well as detailing the both the equipment and
reagents used.

Chapter 3 deals with the synthesis and characterisation of chiral CdS
nanoparticles. The chapter explores the presence of optical activity in the bandedge

region of these particles and attempt to explain this phenomenon using both



experimental and computational chemistry. It was found that penicillamine stabilised
CdS particles have shown both very strong and very broad luminescence spectra. CD
spectroscopy studies have revealed that the D- and L- penicillamine stabilised CdS
QDs demonstrate circular dichroism and possess almost identical mirror images of
CD signals in the range of 200-390 nm. Computer modelling of small chiral CdS-
penicillamine clusters using density functional theory demonstrated that penicillamine
strongly distorts surface of CdS, transmitting an enantiomeric structure to the surface
layers and associated electronic states. However, the quantum dot core was found to
remain undistorted and achiral. Therefore the particles posses a chiral shell, but cores
of the particles remain achiral. This chiral shell contains chiral defects induced by
chiral stabilizer (e.g. penicillamine) on the particle surface. Analyses of PL and CD
spectra have shown that there is a clear relationship between defect emission and CD
activity.

Chapter 4 is focused on the development of CdSe based chiral quantum dots.
These new chiral nanoparticles have been prepared using various enantiomers of
penicillamine and cysteine as stabilisers. Again, a clear evidence of the links between
defect luminescence and CD activity was observed for CdSe chiral QDs. The
potential chiral recognition and sensing properties of the CdSe particles were also
examined.

Chapter 5 describes the work on the preparation and characterisation of CdTe
based chiral QDs. Unlike the above semiconductors, CdTe nanocrystals possess a
cubic structure making it more difficult to synthesis these particles with a chiral shell.
A number of synthetic routes were tried before eventually discovering a suitable path.
CdTe nanowires were also grown from the chiral quantum dots and initial TEM and
spectroscopic studies were carried out on them.

Chapter 6 presents the synthesis of maghemite nanoparticles in which a
mixture of Fe*" and Fe’* penicillamine complexes were used to form the particles.
FTIR confirmed the presence of the Pen molecules on the surface of the particles and
TEM shows them to have a high degree of monodispersity within a Snm size range.
These particles showed superparamagnetic behaviour due to their small size. They
also demonstrated different magnetisation values depending on the enantiomer used.
Preliminary results on the synthesis and characterisation of magnetic-luminescent-

chiral nanocomposites are also presented in this chapter.



Finally, Chapter 7 details the conclusions of this work and also outlines further

research on the chiral nanoparticles to be performed in the near future.
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Chapter 1. Introduction

1.1 The Beginning

“Neglected Dimensions No Longer”

1915 saw the publication of the now famous book “The World of Neglected
Dimensions™.!" In it, the author Wolfgang Ostwald described colloid chemistry, not
as a speciality in a much larger subject, but as a science in its own right. Although it
would take almost a century for this to be fully realised, his words can certainly be
regarded today as prophetic. Throughout the latter half of the 20™ century we have
seen a return to this “neglected dimension” in which size and shape, two factors that
are of little importance in everyday chemistry, play a key role in determining the
properties and behaviour of the inhabitants of this “undiscovered country™.!*”

As this new field grows (along with the interest in it), so too does the terminology
associated with it.. The quest for quantum confinement (a particle is quantum
confined when the diameter of the particle is smaller than the Bohr radius of its
exciton) is the quest for a durable, stable material which exhibits properties that are
intermediate between the lone molecule and the bulk state.!”) The smallest possible
orbit of an electron around a proton, is most likely to be found at a distance from the
nucleus called the Bohr radius. Although specific quantum confinement effects are
observed in metallic particles (i.e. gold, silver, platinum),[g'”] a great deal of research
has centred over the creation of nanosized semiconductor materials such as the
sulphides, selenides and tellurides of cadmium, lead, mercury and zinc i.e. the 1I-VI

(1533) The focus of this thesis is the cadmium based II-VI

semiconductors.
semiconductor nanocrystals (Quantum Dots). These include CdS QDs, which emit in
the near UV-Vis end of the spectrum and, CdSe and CdTe QDs, which emit in the
visible regions of the spectrum (Figure 1.1). Our main aim is to create semiconductor
nanocrystals that are quantum confined, stable in aqueous media, highly luminescent

and, in addition, chiral and optically active.



Light, the visible spectrum

violet indigo blue green yellow orange red
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Figure 1.1: Top; The visible spectrum shown in colour, wavelength, frequency and energy. CdS, CdSe and
CdTe quantum dots can cover the entire visible as well as the near UV regions of the spectrum.
http://updatecenter.britannica.com/eb/image?binaryld=27030&rend Typeld=4.

However before we look into the specifics of creating optically active, or chiral
quantum dots, we must first answer some of the basic questions of this field, i.e. what
1s a semiconductor? What is difference between these materials in the bulk and nano

state and what gives them their unique photophysical properties?

1.2 Understanding Semiconductors

Semiconductors are materials which in the bulk state, (as opposed to the nano-state),
are solid compounds which are non-conductive when pure or at a low temperature.
However, when they are doped with a suitable impurity or raised to a higher
temperature exhibit a conductivity which is intermediate between that of any insulator
and most metals.>* *¥
Binary semiconductors are classified according to their metallic element’s valence

number and their non-metallic element’s position in the periodic table, i.e. its group

number, (Cd**'S* for example is a II-VI semiconductor).
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Figure 1.2: Simple energy scheme of a semiconductor. Valence and conduction bands are indicated by
their band edges, designated Ev and Ec respectively. The vacuum level, the electron affinity and the
electronic charge are indicated by E,,c.um, X and q respectively. Graph was redrawn from reference 3.

The ability of these compounds to exhibit properties intermediate to those of
conductors and insulators is a result of the overlapping of their atomic orbitals in an
ordered crystalline lattice. The proximity of atomic orbitals creates a continuum of
position independent electronic energy levels. A semiconductor possesses not only a
valence band but also a conduction band. Energy band diagrams of semiconductors
are generally rather complex: however, they can be simplified. Since the electronic
properties of semiconductors are subject to the state of the highest partially empty
band and the lowest partially filled band, it is sufficient to consider these bands
(Figure 1.2). At 0 K the valence band in an undoped semiconductor is filled whereas
the conduction band is empty. As the temperature is increased, energy is supplied to
the system and electrons are promoted to the conduction band. This energy difference
which separates the valence and conduction bands from one another is known as the
band gap.

It is important to note that the size of the band gap of any semiconductor is
dependant on its constituent elements (and temperature) and so a material may be

identified by its band energy. As mentioned earlier an impurity, with a smaller band



gap, may be used to “bridge” the larger band gap and allow an electron to be
promoted to the conduction band, but the band gap itself cannot be altered. Light may
also be used to promote an electron to the conduction band. That is to say that the
material may be excited by the energy from a photon of light causing the electron to

move from the valence to the conduction band.

1.2.1 Exciton
Once an electron has been promoted from the valence band to the conduction band a
“hole” now exists in the valence band. These holes are considered as point positive
charges in direct contrast to the point negative charge of the promoted electron. Both
the hole and electron can move independently of one another within the lattice
allowing the crystal to conduct electricity. Collectively the electron and its
corresponding hole are known as an exciton. Although they are not dependent on one
another, they are by their very nature drawn to each other. These Coulomb forces
create a state similar to that of a hydrogen atom (a negative charge orbiting a positive
one), which is known as a Wannier exciton. However if the only force which existed
between the electron and hole was a purely electrostatic attraction this would of
course lead to the collapse of the exciton. The likelihood of the electron and hole
recombining is limited by, firstly, the difficultly of losing the excess energy, so that
the exciton may have a relatively long lifetime i.e. several milliseconds. A second
stabilizing factor is the spatial overlap of the electron and hole wave-functions. This is
essentially a measure of the probability of the hole and electron running to each other.
However, these photo-generated excitons are not stable above 0 K. This instability
is a reason for their (the exciton’s) small binding energies and large radii. Again using
a hydrogen atom as a stable analogous structure and a CdS hole and electron as a
typical semiconductor exciton this intrinsic instability is easily seen. A CdS exciton
has a binding energy of 0.05 eV and a radius of 25 A, while a hydrogen atom has a
much greater binding energy of 13.51 eV over the much smaller radius of 0.53 A. So
although “structurally” similar a hydrogen atom is stable while a semiconductor
exciton is much less so (Figure 1.2). The combination of the excitons low binding
energy and wide radius results in their rapid dissociation into the free charge carriers
as the temperature moves above 0 K.* This dependence of the band gap, Eg, on the

temperature has been experimentally determined and is expressed by Equation 1.54



CdS Exciton Hydrogen

Figure 1.3: Although similar in structure the greater atomic radius and lower binding energy of a

semiconductor exciton make it considerably less stable than a typical hydrogen atom.

Eo(T) =E¢(0) — oT>/ T + B 1.
Where ,
a and P are the fitting parameters a = (meV/K)
Eg(0) = (eV), B=(K)

Therefore, it was only at temperatures close to 0 K that excitons, characterised by

their sharp absorption and emission lines, were observed.

1.2.2 Direct and Indirect Bandgap Semiconductors

II-VI materials belong to direct semiconductors. A direct bandgap semiconductor is one in
which the electron and hole pair which make up the exciton both have the same momentum
(Figure 1.4). However, in an indirect bandgap material (for example silicon) the electron and
hole possess different momentum from one another. This difference in momentum must be
corrected before they can recombine with each other. Therefore, for radiative recombination to

occur in an indirect-bandgap material, the process must also involve the absorption or emission



of a phonon*, where the phonon momentum equals the difference between the electron and
hole momentum. The involvement of the phonon makes this process much less likely to occur
in a given span of time, which is why radiative recombination is far slower in indirect bandgap
materials than direct-bandgap ones. The fact that radiative recombination is slow in indirect-
bandgap materials also means that, under most circumstances, radiative recombinations will be
a small proportion of total recombinations, with most recombinations being non-radiative.
Therefore indirect bandgap semiconductor materials such as silicon are normally unsuitable for

use as an aqueous fluorophores, LEDs and laser diodes.

*A phonon is a quantized mode of vibration occurring in a rigid crystal lattice.
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Figure 1.4: Bandgap energy diagrams of direct (left) and indirect (right) bandgaps. Note on the right

phonon assisted momentum change must take place before the recombination can occur

1.3 The Neglected Dimension

While all this may be true of the bulk material, when dealing with the same material
in the nanosized state the rules are utterly changed. As mentioned earlier a system is
quantum confined when its atomic radius is less than the Bohr radius of its exciton.
That is to say if CdS (which possesses an exciton radius of 25 A) was prepared in
such a way as to exist in an nanocrystalline form with a particle diameter of 20 A its

exciton would be too “big” for the particle. However by assuming a state of higher



kinetic energy the charge carriers, i.e. the hole and the electron, can fit inside the
nanocrystal. This results in the energy bands splitting into discrete quantised levels.
The band gap which was believed to be controlled solely by the constituent elements
of the semiconductor (or temperature) is now observed to increase as the size of the
particle decreases. So the exciton which was once free to move throughout the
material is now trapped “in a box”, and as this box gets smaller its energy must
increase. This results in an increase in the band gap energy, which is accompanied by
a decrease in the absorption wavelength. So a blue shift in the absorption wavelength
of the substance in question is observed once its size has been reduced by a sufficient
degree i.e. to the nano-range.

This change in a substance’s optical properties can also be seen by the naked eye.
In the case of a semiconductor such as CdS it goes from yellow to colourless as the
bandedge moves from the visible at 460nm, (bulk material), to below 400nm, (the
ultra-violet), as the material gets smaller. The actual wavelength and therefore size
depends on a number of experimental factors which will be seen later on in Chapter
3. More dramatic examples can be seen when working with CdTe which spectacularly
goes from black in its bulk state to red as quantum confinement takes hold.
Depending on techniques used it is possible to move through the visible spectrum
creating CdTe particle which absorb from the red through the orange and yellow all
the way down to the green. So by controlling the size of the substance it is possible to
tune its band gap to whatever is desired. This is essentially physical control of opto-

chemical properties.

1.4 Examining size and monodispersity

It is the properties described above as well as other optical (e.g. fluorescent, non-linear)

and chemical properties that have attracted the great research interest in semiconductor

quantum dots (nanocrystals) of late. These properties, arising from the quantum

confinement effect, allow these compounds to exhibit behaviour which is intermediate to

that of the lone molecule and the bulk compound, as was mentioned earlier. However

many of these properties can only be observed when the size range in which the particles

are distributed is quite small, that is, the monodispersity is quite high. Attempts to control
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the nucleation and growth of these crystals experimentally and hopefully the
monodispersity of the particles are major factors in this work.> **! The possibility of
separating the various sized particles after preparation has also been examined. These
techniques include the use of classic size separation procedures, such as chromatography
(both conventional and HPGC) and gel electrophoresis. These methods have proven
reasonably successful as the absorption spectra of a sample of CdS in Figure 1.5 clearly
shows.! Once the colloid has been separated into samples with a high degree of
monodispersity; so that each sample has a 7-8% derivation from its average particle size,
it is then possible to observe fine structure in the samples. The average particle size of
the example is believed to be 55A +/- 4A with absorption beginning at 500nm
accompanied by several weak shoulders at shorter wavelengths. These “bumps” can only
be observed once the sample has undergone separation by gel electrophoresis. This fine
structure can be observed both at room temperature and at —77K, but can be more clearly
seen on the second derivation spectra. The positions of the shoulders in the absorption
spectra are mirrored by the minima in the second derivation spectra. These shoulders,
which are believed to arise from transitions to discrete higher excitonic levels can only be
seen if the standard deviation from the average particles size is less than 20%. However
these processes are time consuming and become more difficult as the size range in which
we work decreases. So one of the end goal of this work is to create an experimental
procedure which will yield a highly monodispersed nanocrystalline sample without the

need for complicated separation methods.
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Figure 1.5: Absorption spectra of quantum confined CdS which has been separated by gel electrophoresis, at
298 and 77K, the broken and solid lines respectively. The bottom part is the second derivation spectra. Ref.”

The main method for examining the degree of monodispersity of any nanoparticulate
sample is of course TEM, (Transmission Electron Microscopy), (Figure 1.6), as
seeing 1s believing. Unlike other size measuring techniques such as XRD and
Zetasizing averages of numerous sizes are not taken but actual sizes of individual
particles can be seen and therefore a clear picture of the monodispersity can be
gained.

Any attempt to determine particle size of materials which are below 10 nm is a
difficult thing. Their small size, combined with coating in organic stabilizers and of
course particle aggregation makes identifying individual particles difficult. While
TEM has become the classic technique to determine particle shape and size there is of
course a limit to sizes it can observe, however these limits are being extended each
day with the invention of more and more sensitive microscopes. TEMs work as
conventional microscopes in that optics are used to magnify objects that can not be

seen by the naked eye, however instead of using light, these microscopes using



electrons to highlight the samples. Samples are placed on copper grid which can be

coated in a number of substances.

Figure 1.6: LHS: HRTEM image of circular CdS nanocrystals in the 5.5nm size
range. Note: It is possible to see the crystal lattices of individual particies using
this technique. RHS: Picture of a standard transmission electron microscope
(TEM) www.micro.cornell.edw/IMAGES/TEM.sized.jpg.

These include elemental carbon, silicon nitride or an organic polymer such as
formvar. While the copper grids are extremely conductive and therefore show up
black as they absorb energy from the electrons been fired at them, the substrate does
not and therefore appears clear making a perfect background against which to see the
nanoparticles. Depending on how conductive a sample is it will appear as a black,
(metallic nanoparticles) or grey, (semiconductor nanoparticles), object against the
lighter grid background. As nanocrystal sizes move into the <10 nm range they
become too small for clear TEM images to be resolved and high resolution TEM
(HRTEM) must be employed. Both TEM and HRTEM have been used over the
course of this work to elucidate both size and shapes of the particles produced. As
mentioned earlier XRD may also be used to determine particle size however any
attempt to perform XRD scans of these quantum dots proved unsuccessful. This is
more than likely due to small amount of particle produced in each reaction. Also as

XRD, (like TEM), must be preformed dry it does not give an accurate picture of the
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dots in solution. By using techniques such as zetasizing or dynamic light scattering,
DLS, as it is also known, we can get a picture of not only the individual dot sizes but
also the size of the aggregates that the dots arrange themselves into. DLS, as the name
suggests, combines a light source which passes through the sample being examined
and detectors which determine the size of the particles by measuring the angle at
which light is back scattered. Again however, this system has it limitations. Firstly the
presence of large or sedimenting particles, (such as nanoparticle aggregates), and
luminescent material, (i.e. the quantum dots), can affect the PdI or polydispersity
index. Any scan which has a PdI greater than 0.4 is considered to be unreliable with 1
been the maximum value. Secondly the Zetasizer’s limit is somewhere below 5 nm
making size determination of the smaller dots, especially the racemic dots,
impossible. Racemic dots are those prepared with an equal mix of D- and L-
stabilizer. Despite these drawbacks Zetasizing offers a easy, accessible means to get
an idea of particle sizes however it must be used in conjunction with and not as a
replacement to TEM, especially when dealing with <10 nm quantum dots. The
organic molecules used as stabilizing agents when preparing nanoparticles can
obstruct clear TEM images. This problem can be overcome by using gel filtration, for
example sephadex columns, to separate nanocrystals from the extra organic impurities
which would otherwise cause the aggregation of nanoparticles making individual size
determination impossible. Nevertheless, both TEM and the necessary cleaning
techniques are expensive and time consuming.

When dealing with fluorescent samples it is possible to examine the monodispersity
without using imaging or scattering spectroscopy. By examining the position of the
emission at various excitation wavelengths a clear indication of monodispersity can
be obtained.”) As mentioned earlier, the wavelength a nanoparticle of a particular
material absorbs at is an indication of its size. This is also true of its emission
wavelength. As most quantum dots will only have one emission maxima, and as the
emission spectrum is not nearly as complex as the absorption spectra it is a useful tool
to identify different sizes within a batch of nanoparticles. A sample with a uniform
size distribution will only emit at a single wavelength which corresponds to it size.
That is particles with a high degree of monodispersity will emit at the same position
despite changes in the excitation wavelength. However, a sample containing varying
sizes of particles will not. As the excitation wavelength is changed the particle(s) with

the size closest to that wavelength will emit preferentially over the others in the

11



sample. Therefore the position of the emission maxima will move as the excitation
wavelength is changed. Horst et al. reported a way of using this property to their
advantage when proving the existence of discrete optical transitions in samples with
high size distributions.’). Observing the emissions with the longest wavelengths
(while varying the excitation wavelength) of a given sample at 15 K, the excitation
spectra of these emissions was recorded. Since the size of the particle controls the
position of the onset of absorption, it therefore controls the position of the emission
wavelength whether the emission is intrinsic or to a lesser extent defect. Emissions are
either derived from intrinsic properties of the particles (which are observed in the
absorption spectra) or are a result of defects in particles structure (these are referred to
as defect emissions); again these properties will be dealt with in Section 1.6. Since
each excitation spectra corresponded to a single emission which in turn corresponded
to particles in a particular size range, it was possible to see the fine structure in the

excitation spectra.

1.5 Photophysical properties
of Quantum Dots

1.5.1 Absorption

Ultraviolet-visible spectroscopy is used to characterise various organic and inorganic
compounds by recording the total light absorbed at wavelengths across the range of
ultraviolet and visible region of the electromagnetic spectrum. Using a light source
and detector, with the sample placed in the path of the light beam. The difference in
the total light emitted by the spectrometer on one side of the sample against the light
picked up by the detector on the opposite side at individual wavelengths is used to
contrast a typical absorption scan. Wavelength, (measured in nm), is often represented
by the symbol A. For any given substance, the wavelength at which the maximum

absorbance in the spectrum occurs is called the Anax. Substances such as ionic crystals
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are not “UV active” that is they do not have an absorption spectrum. Organic
molecules will only be UV active if they posses a group or bond which can absorb
energy, i.e. the presence of carboxyl groups or conjugated systems. As shown above
semiconductors contain empty conduction bands which can be occupied by electrons
from the valence bands, this of course means they are UV active. As each
semiconductor, (in the bulk state), has its own unique bandgap energy, i.e. the energy
needed to promote an electron to the conduction band and thereby create an exciton, it
is possible to identify various semiconductors from their UV-Vis spectra. Therefore
the absorption spectrum of a semiconductor can be described as a visual
representation of its band gap energy. So in the bulk each semiconductor has a
characteristic bandgap energy and therefore absorption wavelength. However this
changes in the nanoscale.

As explained in previous sections the creation of semiconductor nanoparticles
results in a quantum confinement effect taking place. This effect causes the bandgap
energy of the semiconductor to increase relative to its size. As energy can also be
written as 1/A this means absorption spectroscopy can not only be used to identify
various semiconductors but more importantly it can determine if quantum
confinement has indeed taken place. A semiconductive material will usually show a
peak of absorbance where the energy of the absorbed light is just higher than the band
gap energy. As quantum confinement leads to an increase the energy of the charge
carriers, this increases the band gap energy, which is seen as a blue shift in the
absorption wavelength of the material. As the particle size decreases the band gap
energy increases and the absorption wavelength blue shifts.

The absorption spectra can also give an idea of monodispersity. As the absorption
maxima depends on particle size the narrower the absorption peak is the smaller the
size distribution, whereas the wider absorption peak or “shoulder” the greater size
distribution. Although these shoulders can also be a result of particle aggregation

which is also quite common in water based particle synthesis.

1.5.2 Photo-Luminescence

Up to this point we have only dealt with the ability of these quantum confined

semiconducting materials to absorb light, while touching briefly on their ability to
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“luminesce”, that is to emit this light. The photoluminescence of any substance can be
studied using PL spectrometer. Like absorbance spectroscopy described above PL
spectroscopy involves a light source, usually a tunable laser, and a detector. However
unlike absorption spectroscopy the light source emits light at only one wavelength
which has been chosen by the operator; this wavelength usually corresponds to the Amax
observed in the absorption spectra. If the material is luminescent it will re-emit the light
it has just absorbed, the time taken to re-emit this light can be measured as an
exponential decay and is referred to as the luminescent lifetime. Another important
difference between the set up in a PL as compared to an absorption spectrometer is the
light source and detector are at right angles to each other so as to prevent incident light
from the laser reaching the detector. As mentioned in Section 1.2 it is possible to excite
a semiconductor using light. This causes an electron from its valence band to be
promoted to the conduction band, thereby creating an exciton. This electron will not
however remain excited indefinitely and eventually it and its corresponding positively
charged hole will recombine. As the electron returns to the ground state the energy will
be released as light. This is known as a radiative recombination. When dealing with
quantum dots however it is not usually that simple. Although, due to their small size
factors such as diffusion no longer affect the luminescence there can still be defects
within the crystal structure and of course on the surface of the particles which either the
electron or the hole can and will recombine with. These “trapped states™ as they are
known can allow either emissive or non-emissive recombinations to take place and
depending on the number of these defects present in and on the particles the quantum
dots will express either defect or intrinsic luminescence, but what are these defects? To
answer this question we must observe a simple energy scheme of a semiconductor
(Figure 1.7). Up to this point the band gap was considered a clear boundary between
the excitonic levels, however this “no mans land” contains traps for both electrons and
holes. These traps in reality can be caused by a number of possibilities. These include
interstitial atoms, impurities, dislocations and of course actual defects in the crystal
structure. The charge carriers (the electron and hole) can recombine with these traps.
However this recombination can be either radiative or non-radiative. In the latter case
no emission is observed, but in the former defect emission will be seen. Due to the
disturbed bonding forces on the surface of the semiconductor it is here that traps are
most commonly found. So in nanocrystals where the surface area to volume ratio is

large (there are about as many molecules on the surface as there are in the entire
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crystal), the state of the surface i.e. presence or absence of physical defects, is of
paramount importance.

This unusual size to surface area ratio combined with the fact that the wave function of
the nanocrystals exciton already fills the entire volume of the particle creates an
additional problem. In bulk semiconductor material the lifetime of the exciton is
governed by diffusion processes which carry the charge carriers from the core where
they are formed, to the surface where they are trapped. This is of course untrue of the
quantum confined material, since there is a high probability that once an exciton is
formed it is already on the surface. Examination of quantum confined ZnS and CdS has
shown that the time required for their individual charge carriers to be trapped is < 100
femtoseconds.”) So in essence the study of the emission properties of various
nanocrystalline materials is the study of the state of their surfaces. This feature of
nanoparticle chemistry will in turn lead into the motivation for this work. It has been
noticed that, as with other nanocrystals, the emission properties of CdS are affected by
its surface conditions. The method of preparation, the solvent used, but especially the
stabilizer used, all play an important role in determining its emission properties.
Intrinsic luminescence as the name suggest is due to recombinations which are
exclusive to the dot itself and is not the result of any defects within the crystal
structure. Generally there will always be some loss of energy to the surroundings
causing the emission maxima to be slightly red shifted with respect to the absorption
maxima, however there are instances where intrinsic emission maxima can have a
Stokes shift, (the distance in nm between the absorption and emission maxima),
greater than the usual 20-30 nm. Therefore the main characteristic of an intrinsic
emission is the width of the peak at half its maximum intensity or its FWHM, this is
usually about 30 nm.

Particles which possess intrinsic luminescence therefore only emit over a small
wavelength allowing them to be classified by colour with any changes in either the
size or surface conditions resulting in a clear and observable colour change. This
narrow emission also makes checking the degree of particle monodispersity quite
easy as slight changes in the emission maxima will be easily observed, (see Section
1.4). If the particle surface posses a large number of surface defects or trapped state
then defect emission will be expressed. Unlike the intrinsic form, a defect emission
always has a large Stokes shift and FWHM, in the case of Pen-CdS, 160nm and
120nm respectively. This large FWHM means that QDs which express defect
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luminescence will not emit single colour but a mixture across the visible spectrum
allowing them to emit white light. However they still do have a maximum emission
wavelength ensuring the white light has a certain tint depending where the maxima is,
e.g. R-Pen CdS emits at 490 nm therefore it emits blue-white light. While particles
which possess defect emission may still be used as fluorophores the width of their
emission means that any changes in the surface of the particles as a result of
interaction with analyte molecules will not be as easily observed as with intrinsic

emission.
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Figure 1.7: Simple energy scheme of a semiconductor showing the creation of the exciton as the material is
exposed to UV light. Intrinsic luminescence is generate by particles with no defect present, (Cys-CdTe bottom),

but those which posses electron and hole traps exhibit defect luminescence, (Cys-CdS right). |
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1.6 Nanoparticle Surface Modification

It is relatively easy to produce nanosized crystals immediately upon co-precipitation,
however, what is to stop these various nucleation centres from simply amalgamating
into the larger bulk material? The simple answer is the introduction of a capping agent
or stabilizing molecule. While a large variety of molecules are now being used as
“stabilizing agents” in the preparation of nanocrystals, including antigens, antibodies,
amino acids, polyphosphates, thiols and silicates, it was simple organic polymers
which were the initial molecule of choice.”* ****! Oswalt ripening; the process by
which many individual smaller crystals are sacrificed to form one larger single crystal
is a process which must be arrested in order to produce stable batches of quantum
dots. Initially, it was believed that by lowering the reaction temperature and
introducing long chain molecules to increase the viscosity of the solvent and thereby
prevent individual nanocrystals from interacting it would be possible to create stable
quantum dot colloids. However, it was soon noted that by introducing polymers or
long chain molecules which contained functional groups that could co-ordinate to the
metal of the nanoparticle that is was possible to create far more stable nanoparticles.
Not only this, but depending on the type of stabilizer used, it was possible to control
various aspects of the dots. For example, choosing the chain length of the stabilizer
used can determine the shape of the particle, i.e. sphere, rod, wires etc..** Depending
on the hydrophilicity or hydrophobicity of the ligand used, it was possible to create
dots which were soluble in either polar or non-polar solvents, and by carrying out
ligand exchange reactions dots which were soluble in chloroform could be transferred
into something as different as water. It became very obvious very quickly that the
stabilizer used was almost as important as the semiconductor itself.*% **!

As the importance of the stabilizer became apparent, it also became obvious that if
one end of a stabilizer was used to modify the dots surface then the other end could be
used as an anchor point for various other analyte molecules. This combined with their
ability to not only emit light but also for the colour of this emitted light to be sensitive
to surface conditions of the dots made them excellent candidates to be used in biology
as sensors and fluorophores.

For use in biological studies quantum dots must fulfil a number of criteria; they

must be water soluble and non-toxic, to act as sensors they must be luminescent, to
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enter living cells they must be small, and the smaller the better, and of course to
permeate the cell membrane they must be biocompatible. Traditionally strongly
emitting CdX has only been produced in organic solvents using strongly hydrophobic
stabilizers such as TOPO and HDA,!'* * #7) these of course are not water soluble
making them impractical for biological purposes. While it is possible to exchange
these ligands for something more water soluble the results are mixed at best, usually
resulting in a large reduction in the quantum yields unless such precautions as the
introduction of an epitaxial shell consisting of a second II-VI semiconductor is taken.
It is with this in mind that a considerable amount of effort has been put into finding
a simple synthetic route which would allow the use of hydrophilic molecules that are
not only biologically active and non-toxic but will also produce strongly luminescent
dots to act as the stabilizing molecule. Mercapto group containing molecules such as
mercapto-ethanoic or propanoic acids have filled this need nicely.’” 3% #% 41 The
presence of the sulphur group ensures tight surface binding to any Cd containing
quantum dot preventing Oswalt ripening and removing non-radiative traps from the
surface, while the carboxyl group at the other end not only increases the dots
hydrophilicity but also allows for any number of biologically significant conjugation
reactions to be carried out. Sulphur containing amino acids have also proved to be
excellent stabilizers with L-Cystein, (a stereospecific analogue of mercapto-ethanoic
acid), becoming one of the most popular CdX surface molecules.”® ** *!! This use of
stereospecific stabilizing molecules opens another avenue in the field of quantum dots
as biological sensors, as chirality is of immense importance in biological interaction.
This thesis therefore examines the production of the quantum dots CdS, CdSe and
CdTe, (as well as the magnetic nanoparticle maghemite and the photosensitive
nanoparticle TiO,) using the dextrorotary, (D-), and levorotary, (L-), enantiomers as
well as the racemate, (R-), forms of two separate amino acids. The amino acids used
although quite similar are sufficiently different to allow us to show that the chiral
effects imbued on the nanoparticles are not simply a property of one molecule alone
but of any molecule which contains a chiral group that can co-ordinate to a quantum
dot. Over the course of this thesis the two amino acids used, (in both their
enantiomeric forms as well as the racemate), will be 2-amino-3-mercaptopropionic
acid and 2-Amino-3-mercapto-3-methylbutanoic acid or cystein and penicillamine as
they are more commonly known, (Figure 1.8). Both compounds are mercapto group

containing carboxylic acids which also possess an amino groups attached to their
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chiral centre(s). Although the mercapto group is the primary Cd binding group both

the amino and carboxyl groups are also believed to be involved.
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Figure 1.8: Cystein, (left) and Penicillamine, (right).

1.7 Chiralit

1.7.1 Circularly Polarised Light and Chirality

Symmetry and chirality are common occurrences in the natural world. % A chiral
molecule is one that has two mirror-image forms, which are not superimposable in
three dimensions. The mirror-image forms of the chiral molecule are classified as
enantiomers. Chiral compounds play an extremely important role in chemistry,
biology and medicine. Here we are going to discuss some basic concepts and
definitions relevant to polarised light (specifically circularly polarised light) and
chirality.

While it is possible to consider light to consist of the particles known as photons, it
must also be remembered that light is also thought as a self-propagating wave. This
transverse electromagnetic wave has a direction of propagation along which it moves;
the z axis. The polarisation of the wave describes the behaviour of the troughs and
crests of the wave, the vector E, along the x and y planes, which are of course
perpendicular to the direct of propagation, the z axis. If we consider the light to be

unhindered and continuous moving in a single direction then the z axis, the direction
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of propagation, is fixed. While it is possible for the vector, E, to also be fixed in
relation to the z-axis this is not always the case. The vector(s) in unmodified or
isotropic light have no set direction or type of movement but consists of all of the
possible types of polarisation. The plane of polarisation is the plane created by the z
axis and the direction/movement of the vector of a specific wave. If the vector stays
in a fixed direction then the wave is said to be linearly polarised. If the vector changes
direction randomly with time then the wave is said to be randomly or un-polarised.
However the vector can also change direction uniformly over time. Moving circularly
in either direction this is known as circular polarisation light and is specified to be left

or right handed depending on the direction of rotation, (Figure 1.9).

Figure 1.9: Right handed circular polarised light. The white line indicates the direction of
propagation. The red and green lines represent the vector E in the x and y axis’s respectively. As
the wave moves in the z direction the vector E rotates clockwise much like a corkscrew. Diagram
referenced from www.ua.es/.../TETS/opfisica/polar/cdedemo/p4.gif

It is this type of light that we are concerned with as it can be preferentially absorbed
by secondary structures in certain types of molecules and crystal structures. Therefore
circularly polarised light can be used as a tool to confirm the presence of these chiral
groups.

The most basic and obvious example of chirality is that of human hands; two
objects which are identical mirror images of each other yet cannot be superimposed
on top of one another. However chirality is not simply confined to the macroscopic

world and can be found everywhere in nature; at the macro scale, the micro scale and



at the molecular scale. Like human hands certain molecules are chemically identical
but yet cannot be superimposed onto of one another. These are stereoisomers;

molecules which have identical molecular formulas but different structure formulas.
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Figure 1.10: One of the simplest examples of molecular chirality bromochlorofluoromethane.

Figure 1.10 shows both enantiomers of bromochlorofluoromethane, one of the
simplest examples of chirality on the molecular level. Although both molecules
appear identical at first glance, any attempt to superimpose one over the other will
prove unsuccessful. If one of the enantiomers is rotated by 180°C along the C-Cl axis
then all atoms in both molecules will be facing in the same direct as we look down.
However these molecules are not one dimensional and as the molecules are flipped
the atoms which once pointed into the plane of the page now point up, and vice versa.
As stated above chiral molecules are also said to be optically active. The reason for
this is quite simple chiral molecules depending on the direction of their chirality will
preferentially absorb left or right handed circularly polarised light. If a molecule is in
the D- or dextrorotary form then it will absorb right handed polarised light, while if it
absorbs left hand circularly polarised light then the molecule is said to be in the
levorotary or L- conformation. Although the R-(rectus-right), S-(sinister-left), system
is more commonly used to name optical active molecules in chemistry, for reasons of
simplicity the D-, L- system remains in use for amino acids and so will be used
through out this thesis.

It is on this principle of preferential absorbance of circularly polarised light that
circular dichroism, CD, spectroscopy works. Unlike absorption spectroscopy where

the light is isotropic CD uses mixtures of left and right handed polarised light and
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measures which component is removed, according to AL-AR, therefore if the
molecule is left handed a positive scan is attained and consequently if the D-
conformation is present in excess then a negative scan is attained. If enantiomers are
present in equal amounts then the sample is said to be racemic and no signal is
obtained. The chiral centre in an amino acid is usually the carbon to which the amino
group is bonded, as with the substituted methane above, (Figure 1.10), it is a carbon
atom with four different substituents that provides the optical activity. Figure 1.11
shows the penicillamine in its D- and L- configurations and their corresponding CD
scans. Both molecules absorb at 232 nm and would therefore be indistinguishable by
UV-Vis spectroscopy but as they preferentially absorb right or left circularly polarised
depending on their handedness they are easily separated by CD. A simple rule when
determining the handedness with amino acids is to use the acronym CO.R.N. Starting
with the hydrogen on the chiral centre follow the other substituents in the following
order: first the carboxyl group, -COOH, then the -R group and finally the amino
group —NH,. If they are arranged clockwise then the molecule is in the L-

configuration, if anticlockwise then the D-.

30
ol HN H
HS ' OH
b HaC CHis O
E H NH,
-10 -
H3C - OH
-20 HS
D- CH; O
-30

200 250 300 350 400 450 500 550 600
Wavelength (nm)
Figure 1.11: CD spectrum showing the scans of free D- and L- Penicillamine. Absorption

maxima is at ~234nm for both enantiomers but negative for the dextrorotary and positive for the
levorotary enantiomers.
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By using chiral molecules as nanoparticle stabilizers it was hoped that they would
retain their chirality. This would perhaps allow the particles to be used in chiral
interactions and sensing. However, what has become apparent in recent years is that not
only do these stabilizers retain their chirality but they also impart it unto the crystal that

they are stabilizing.

1.7.2 Chirality on the nanoscale

Although well documented on the molecular scale, chirality in the nanoscale is a
relatively new field. Using chiral organic molecules as templates it has become
apparent that it is possible to transfer the stabilizers optical activity onto the
nanomaterial. Initially, this involved molecules which bridged the gap between the
molecular and nanoworlds such as chiral supramolecules like La nanoballs or gold thiol
nanoclusters.”” However as the field has progressed, it has been shown that it is
possible to create chiral metallic nanoparticles using chiral molecules as varied as thiol
containing chiral ligands, (amino acids) to chiral polymers, (ONAYP 1S

Initially chiral gold and silver nanoparticles were produced using thiol containing
chiral stabilizers. As amino acids represented a ready supply of compounds which
fulfilled these two prerequisites the main bulk of the work involving chiral metallic
nanoparticles was built around these stabilizers. Much work has been done in this field
in recent years with chiral gold and silver nanoparticles being produced from
penicillamine, cysteine, N-acetyl cystein, etc, indicating that any chiral thiol can be
used as a chiral template. Although it is generally accepted that the source of the
chirality, (in this case the amino group), must also be able to co-ordinate to the
nanoparticles, although this may not be the case.””) An interesting phenomenon is that
the smaller the particle the greater the degree of optical activity with this effect being
more pronounced in silver rather than gold particles.””

One of the more interesting chiral stabilizers is without a doubt DNA. Shemer et al.
demonstrated that it is possible to grow chiral silver nanoparticles on a DNA template
by first functionalising the DNA with silver ions before then reducing the metal ions to
form nanoparticles.!””

DNA is not only an excellent chiral template when growing optically active metallic

nanoparticles, it can also be used to produce a chiral response in racemic mixtures of

single walled carbon nanotubes.”®! This work was later expanded by Peng et al. who
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using chiral diporphyrin as a type of nanotweezers separated carbon nanotubes
according to their chirality.””! Here we see a working example of chiral nanoseperation,
and since the porphyrin can be separated and reused the process is also renewable.

While a number of different theories have been put forward trying to explain the
origin of chirality in nanoparticles most of them drawn the conclusion that the chirality
comes in some shape or form from the chiral stabilizer. Briefly, i). the ligand acts as a
template around which the entire particle must grow, meaning the crystal itself is chiral,
ii). the ligand only affects the surface atoms of the particles leaving the core achiral or
iii). that only the ligand is chiral and this property is somehow transferred onto the
plasmon or exciton band of the metal or semiconductor nanoparticle respectively.
However, it must also be mentioned that using a combination of trapped-ion electron
diffraction, photoelectron spectroscopy and TDDFT calculations a Auss cluster was
shown to be chiral without the presence of a chiral stabilizer. However, recent
publications have dealt with the theory of the chiral footprint. By adding amounts of an
enantiopure ligand to nanoparticles which are racemic it is possible to optically activate
the particles via ligand exchange, giving credence to the stabilizer theory.’® ¢ 1t
therefore becomes obvious that there is still a long way to go to fully comprehending
this phenomenon.

While there is now a great deal of interest in the field of nanoscale chirality, there
has been little or no work done outside of metallic nanoparticles and carbon nanotubes.
In this thesis we shall concentrate on chirality in quantum dots and magnetic
nanoparticles. We hope that these materials will contribute to this already fascinating

area and that they may be applied as luminescent enantioselective sensors and

enantioselective magnetic separation respectively.
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1.8 Magnetic Materials

1.8.1 Introduction

Although known, in its various forms, since the Hellenic age (magnetic ores,
compasses etc) it is only in the last two centuries that the naturally occurring

phenomenon known as magnetism has begun to be more fully understood.

Figure 1.12: The classic pattern of magnetic "lines of force" described by iron filings.!")

Although classically associated with iron containing compounds, the legend of
Magnes tells us of a Shepherd who while tending his flock accidentally strikes the
iron tip of his staff against a lodestone and is magically held to the ground by some
unseen force), the presence of a magnetic field is not however dependant on the
presence of iron ore. Magnetic fields have been found to exist in environments where
iron oxide just can’t exist, from the earth’s core, (where incredibly high temperatures
and pressures which would vaporise the oxide), to space born gaseous anomalies,
where due to the absence of oxygen iron oxide simply does not exist. Therefore a
definition is needed which doesn’t include the presence of iron ore as a necessary

factor.
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1.8.2 Origin of Magnetism

Magnetic fields are generated by the movement of an electric current and vice versa.
On a quantum level the movement of electrons orbiting their respective nuclei could
explain why some materials were magnetic and others are not. Magnetic fields, or
magnetic moments, are a result of two kinds of electron movement. The first is the
orbital motion of the electron around the nucleus of the atom and the second is the
electron spin dipole magnetic moment. The former can be considered as a current
loop, resulting in an orbital dipole magnetic moment along the axis of the nucleus.
The latter is a much stronger source of electronic magnetic moment.

The overall magnetic moment of the atom is the net sum of all of the magnetic
moments of the individual electrons. However, magnetic dipoles will oppose each
other in order to reduce the overall net energy. Therefore in an atom the opposing
magnetic moments of some pairs of electrons will cancel each other out both in orbital
motion and in spin magnetic moments. Compounds with completely filled electron
shell or subshell, will normally completely cancel each other out, diamagnetism,
while compounds with partially-filled electron shells have a magnetic moment, whose
strength depends on the number of unpaired electrons, paramagnetism. These are the
two simplest types of magnetism, however there are others such as antiferro-, ferro-
magnetism and superparamagnetism, which will be dealt with in the next section, as

well at taking a closer look at dia and paramagnetism.

1.8.3 Types of Magnetisation

Diamagnetism

In diamagnetism, n, (the number of unpaired electrons), equals zero. As there is an
even number of electrons and an even number of opposite spins they cancel each
other out and cause the element to have no magnetic field. Any fixed diamagnetic

substance will repel a magnetic field.

Paramagnetism
Paramagnetic materials possess unpaired electrons which may be randomly
orientated. When a magnetic field is applied to any such substance the field of the

atom aligns with the field of the magnetic field and causes the atom to be slightly
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attracted to that magnetic field. This intensity increases depending on the size of n,
i.e. the number of unpaired electrons. Each electron in an atom possesses a spin
magnetic moment which, in turn, possesses an orbital magnetic moment. The
combined spin and orbital magnetic moments give rise to the overall magnetic
moment of the atom. However, the atom will only show an overall resultant magnetic
moment (i.e. display paramagnetic behaviour) if there are unpaired electrons present

in its valence shell.

Ferromagnetism

A substance is ferromagnetic when its magnetic dipole moments have a tendency to
adopt a parallel arrangement.'®”! Ferromagnetism is caused by the parallel spinning of
electrons in the atoms of the material, forming domains, or areas of stronger
magnetism. In an unmagnetized ferromagnetic material, the domains are aligned at
random so there is no overall magnetic effect. If a magnetic field is applied to that
material, the domains align to point in the same direction, producing a strong overall
magnetic effect. Their ability to retain their magnetism even after the field is removed
is probably the most recognizable feature of ferromagnetic materials like magnetite.
Permanent magnetism arises if the domains remain aligned after the external field is
removed. Ferromagnetic materials, (such as magnetite), exhibit hysteresis*, (Figure

1.15).

*Hysteresis: The most common way to represent the bulk magnetic properties of a
ferromagnetic substance is to the magnetic induction B at various field strengths H.
However plots of M vs H may also be used, (Figure 1.7), as B = po(H + M). The
loop is used to determine the suitability of ferromagnetic materials for various
application. For example, electromagnets need to have low coercivity and remanence
in order to reduce the magnetic field to zero as and when needed, whereas permanent
magnets need these values to be high in order to retain as much magnetisation as

possible.[*]

Anti-ferromagnetism
An antiferromagnetic material is defined as one in which the strongly coupled atomic
dipoles favour an antiparallel arrangement.!®?! Anti-ferromagnetism is associated with

compounds such as manganese oxide (MnQO). Adjacent ions behave as tiny magnets

27



(in this case manganese ions, Mn*") spontaneously aligning themselves at relatively
low temperatures into opposite, or antiparallel, arrangements throughout the material.
This causes the material to exhibit almost no gross external magnetism. In
antiferromagnetic materials, which include certain metals and alloys as well as some
ionic solids, the magnetic moment is cancelled out as the magnetically active atoms or
ions align themselves in opposite, antiparallel, directions. These compounds are
temperature dependent and at low temperatures exhibit no response to an external
field. This is due to the antiparallel ordering of atomic magnets been rigidly
maintained at this low energy. As the temperature is increased some atoms break free

of this restricted arrangement and align themselves with the external field.

Matenal magnetized
to saturation by

Magnetization akgnment of domains.
of material \g =
When drving magnetic fieki drops %
1o zero, the ferromagnetic material v | -
retains a considerable degree of The material follows a non-linear
magnetzation. This is useful as a magnetizabon curve when
magnetic memory device. | { magnetized from a zero feld value.
> -
Q) - 4 4 Applied magnetic
~ H field intensity
The driving magnetic field must be
reversed and increased lo a large
value to drive the magnetization 1o The hysteresis loop shows the "history
zerc again, dependent” nature of magnetization of a
DoRD G ferrapagnelic malerigl. Once the
IR N material has been driven to saturation,
Vao @ bl b the magnetizing field can then be

dropped to zero and the material will
retain most of its magnetization (it
remembaers its history),

Toward saturation in
the opposite direction

Figure 1.13: Hysteresis curve illustrating the relaxifity, (or lack there of), of a ferromagnetic
substance. It is customary to plot the magnetization M of the sample as a function of the magnetic field
strength H, since H is a measure of the externally applied field which drives the magnetization.*!

Ferrimagnetism

A ferrimagnetic material is one in which the magnetic moment of the atoms on

different sublattices are opposed, as in antiferromagnetism. However, in ferrimagnetic
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materials the opposing moments are unequal and a spontaneous magnetisation occurs.
This happens when the sublattices consist of different ions, such as Fe* and Fe’*, as
in magnetite. Ferrimagnetic materials are like ferromagnets in that they hold a
spontaneous magnetisation below the Curie temperature, and show no magnetic order,
i.e. are paramagnetic, above this temperature. Ferrimagnetism is exhibited by ferrites
and magnetic garnets. Magnetite was originally classified as a ferromagnet before

Néel's discovery of ferrimagnetism and antiferromagnetism.

1.9 Magnetic Nanoparticles

1.9.1 The Nano-size Effect

One of the most remarkable properties of nanosized magnetic particles is their ability
to exhibit superparamagnetism. For example below a certain ‘critical size’, ~10 nm,
magnetic iron oxide nanoparticles exist as a single magnetic domain as opposed to a
multidomain in the bulk state.!® Particles of this size are called superparamagnetic.
In this case even though the temperature is below the Curie or Néel temperature and
the thermal energy is not sufficient to overcome the coupling forces between
neighbouring particles, the thermal energy is sufficient to change the direction of
magnetization of the entire nanocrystallite. Superparamagnetic nanoparticles do not
retain any residual magnetisation after removal of a magnetic field and for this reason
do not agglomerate as much as paramagnetic particles. Ferrofluid, also know as a
magnetic fluids, consist of colloidal magnetic nanoparticles (~10 nm) dispersed with

6] True

the aid of a surfactant, stabilizer, in a continuous carrier phase i.e. water.
ferrofluids are stable, meaning that the solid particles do not agglomerate and phase
separate even in extremely strong magnetic fields. If a magnetic colloid does not fit
these conditions, i.e. is 1-3 orders of magnitude bigger than 10 nm, agglomerates in
the presence of a magnetic field, then it is no longer considered a ferrofuild and is
now a magnetorheological fluid.'®”? Magnetic fluids are widely used as contrast agents

in magnetic resonance imaging (MRI) for medical diagnostics and in magnetic field

assisted cancer therapy.” ®7% Magnetic nanoparticles have been extensively studied
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because of the increasing interest in applications as different as spintronics and drug
delivery systems.l”"”*! By producing these ferrofluids using chiral stabilizing ligands
we hope to add another dimension to them by allowing them to target chiral centres
within the body. However, as these particles are not UV, and therefore CD, active it is
quite difficult to prove if particles stabilized with one enantiomer are different from
the other. While early magnetic studies do seem to indicate some difference between
D- and L- stabilized particles, there is no clear understanding and explanation for
these phenomena. Thus this area will require more intensive and detailed studies to be

performed in the near future.

1.10 Aims of this work

Chiral compounds are extremely important in chemistry, biology and medicine from
molecular recognition to heterogenous catalysis. Chirality has also been envisaged to
play an important role in nanotechnology. To date most of the research in this field
was focused on chiral organic and metallorganic molecules and their supramolecular
structures. However, the area of chiral inorganic nanoparticles is currently in the very
early stage of its development. There are only a very limited number of publications
on the preparation of chiral metal nanoparticles. These include mainly gold and silver
nanoparticles prepared using chiral thiol containing stabilisers. However, surprisingly,
similar chiral nano-systems based on quantum dots (QDs) have not yet been reported
at all. Thus the main scope of this work is to combine chiral molecules and QDs in
one species and produce chiral QDs. The aim of this project is develop novel chiral
QDs, explore this area in details and establish fundamental principles influencing the
structure and properties of chiral QDs. In this project we are going to produce and
investigate new chiral CdS, CdSe and CdTe nanosystems.

Our initial task in this project is to develop and optimise synthesis of chiral QDs using
various chiral thiol stabilizers and investigate their structure and optical properties.

We plan to prepare a series of new CdS, CdSe and CdTe QDs using commercially
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available enantiomeric thiols (penicillamine, cysteine) as capping agents. We also aim
to establish a correlation between the ratios of chiral stabilizers and the photophysical
properties of chiral QDs. This work will be particularly important for understanding
of the fundamental properties of chiral QDs and development of their potential
applications. The absorption, luminescence and CD properties of all QD materials
prepared will be examined in details. In selected cases we will conduct a very
thorough study using time-resolved methods.

Another objective will be to investigate the specific interactions between chiral QDs
and selected enantiomeric biomolecules. We believe that chiral QDs have a lot of
potential as fluorescent assays for biological and chemical analysis. Certainly, it
would be too ambitious to try to investigate interactions of QDs with a large variety of
chiral biomolecules. This sort of work would require enormous resources and would
be very time consuming. Therefore, in this part of the project we would like to focus
our work only on the interaction of chiral QDs with selected chiral amino acids, drugs
and DNA samples. We anticipate that chiral QDs should give a characteristic
luminescent response (e.g. quenching of the luminescence) while binding to chiral
species due to the energy (or charge) transfer processes.

Finally we also aim to prepare chiral magnetic nanoparicles and “all in one
“fluorescent-magnetic—chiral nanocomposites.

Chiral QDs and fluorescent-magnetic—chiral nanocomposites are expected to
possess very exciting properties, which could lead to a multitude of applications in

photonics and biotechnology.
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Chapter 2. Experimental

2.1 Starting Materials

Cd(Cl104),.xH,0 and thioacetamide, CH3CSNH;, 99%+, Na,TeOs, 99%, and NaBHy,
99.99%. coumarin 153 and rhodamine B were supplied by Aldrich. The various
stabilizers D-Cysteine > 99% and L-cystein > 99.5% were purchased for Fluka while
D-Penicillamine, 97-102% [sic] and L- penicillamine, 99% from Aldrich. Na,SeSOs3
was prepared using Na,SOs, 98%, and elemental Se, 99%, which were supplied by
Aldrich and Riedel-de Haén respectively. Ferric chloride hexahydrate (FeCl;: 6H,0)
and ammonium hydroxide (NH4OH, 0.88M) were obtained from BDH Chemicals,
while Ferrous chloride tetrahydrate (FeCl,- 4H,O) was obtained from Aldrich.
Millipore water was deoxygenated by boiling for 30 minutes and then cooling it to

room temperature under argon.

2.2 Spectroscopic and Miscellaneous Equipment

2.2.1 UV-Vis Absorption spectra

UV-Vis absorption spectra were recorded at room temperature using a SHIMADZU
UV2101 PC UV-Vis scanning spectrometer. The samples were examined in a 1 cm
quartz cell. The solvent used was water. Particle absorption is a function of the Beer

Lambert law.

A=gel

Where c is the concentration of the sample, 1 the path length of the cell and ¢ the

extinction coefficient of the species for a wavelength A and in a solvent S.
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2.2.2 PL spectroscopy

Emission spectra were recorded using a Perkin Elmer LS 50B. Fluorescence was
detected at right angles to excitation. All samples were measured in a lcm quartz
fluorescent cell with excitation and emission monochromators, slits, set to Snm unless
otherwise stated. All samples were excited 20 nm below initiation point unless

otherwise stated.

2.2.3 Circular Dichroism measurement

CD activity measurements were made on a JASCO J-810 CD/UV spectrometer. As

with UV-Vis and PL measurements the samples were examined in a 1 cm quartz cell.

2.2.4 Infra-Red spectroscopy

Infra-red spectra were recorded in the region between 4000 cm™ to 400 cm™ on a
Mattson Genesis II FTIR spectrometer. Samples (solid) were dispersed in KBr and

recorded as clear pressed discs.

2.2.5 Raman spectroscopy

Raman spectra were measured by Mr Joseph McCarthy, (Chemistry), with a
Renishaw 1000 micro-Raman system. The excitation wavelength was 514.5 nm from
an Ar' ion laser (Laser Physics Reliant 150 Select Multi-Line) with a typical laser
power of 3 mW in order to avoid excessive heating. The 100 x magnifying objective
of the Leica microscope was capable of focusing the beam into a spot of

approximately 1 um diameter.

2.2.6 Dynamic Light Scattering

A Malvern Zetasizer was used to elucidate the size of the nanoparticles and
aggregates in solution. It employs a light source which emits at 633 nm. The angle of

reflection is then used to calculate individual particle sizes.
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2.2.7 Emission Lifetime Decay Measurements

Luminescent Exponential decay measurements were performed using a Horiba

NanoLED Fluorohub S.P.C.C.

2.2.8 Microwave

The microwave used in these experiments was a conventional domestic microwave, a

Samsung TDS Grill. All reactions were heated at 850W for 1min 10sec.

2.2.9 Transmission electron microscopy

All low resolution transmission electron microscopy (TEM) images were taken with
the help of Mr Neal Leddy, Centre for Microscopy and Analysis-TCD using a Jeol
2100 TEM. The TEM was operated at a beam voltage of 100 kV. Samples for TEM
were prepared by deposition and drying of a drop of the powder dispersed in millipore
water onto a formvar coated 400 mesh copper grid. CdTe high resolution images
were preformed using STEM and HRTEM and were taken with help of Dr Peter
Nelist and Dr. John Hutchisonon, Department of Materials, University of Oxford,
using a VG HB 501 STEM and a JEM 4000EX respectively. CdSe AFM and dark
field images were taken using a Philips XL30 Scanning Electron Microscope with the

help of Dr Kai Sun, University of Michigan.

2.2.10 Magnetisation measurements

Magnetisation measurements were carried out by Dr. Munuswamy Venkatesan
(School of Physics, TCD) using a SQUID (Superconducting Quantum Interference
Device) magnetometer, which is available in Prof. M. Coey’s laboratory in the School

of Physics.
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2.3 Experimental details for Chapter 3

Preparation of CdS nanoparticles

2ml of a basic aqueous 1 x 10M solution of Stabilizer, (2 x 10° moles of D-, L- or
Rac), was added to 45 ml of millipore water in a 100 ml round bottomed flask. The
pH was adjusted to 11 by the dropwise addition of 1M NaOH. 4ml of a 1 x 10° M
Cd(Cl04),.xH;0 and 2ml of an 1 x 10°M of CH3;CSNH, were then added and the
solution was stirred vigorously. The resulting homogeneous solution was then
transferred to a conventional microwave and irradiated for 70 seconds at 850W. The
resulting clear, colourless, solution was stored in the dark for at least one day. The
volume of the colloid was then reduced to ~5Sml using the rotary evaporator and
propan-2-ol was added to precipitate out the nanoparticles. The particles were
collected by centrifugation. The particles were washed several times with a propan-2-
ol, water mixture, (9:1), and finally re-dispersed in millipore water. UV-Vis, CD and

fluorescence spectroscopy was carried out on the stable suspensions in water.

Computer modelling of CdS-Pen chiral clusters
Density functional calculations were performed by Dr. Simon D. Elliott (Tyndall
National Institute, Cork)

2. 4. Experimental details for Chapter 4

2.4.1 Preparation of Na,SeSOj;

This water soluble selenium salt was prepared by dissolving 0.0947g of Na,SO; in
50ml of degassed millipore water. Once dissolved 0.0315g of Se was then added. The
apparatus was set up for reflux and put under a constant flow of argon. The mixture
was stirred vigorously to ensure the insoluble Se did not simply stick to the sides of
the round bottom flask. The mixture was heated under refluxed at 110 °C overnight.

The resulting clear colourless solution was used immediately.
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2.4.1 Preparation of CdSe nanoparticles

CdSe particles were prepared as above however the thioactemide was replaced with
Na,SeSO; and all reactions were carried out in degassed millipore water. The water
was degassed by first heating to boiling point and then cooling to room temperature
while bubbling with argon from twenty minutes. The resulting clear, yellow, solution
was stored in the dark for at least one day. The volume of the colloid was then
reduced to ~5 ml using the rotary evaporator and propan-2-ol was added to precipitate
out the nanoparticles. The particles were collected by centrifugation. The particles
were washed several times with a propan-2-ol- water mixture, (9:1), and finally re-
dispersed in millipore water. UV-Vis, CD and fluorescence spectroscopy was carried

out on the stable suspensions in water.
2.5. Experimental details for Chapter 5

2.5.1 Preparation of CdTe nanoparticles

CdTe particles were prepared as above however the Na,SeSO; was replaced with
Na,TeO;. Degassed water was not used however 2ml of 1 10'M NaBH, was added
before the solution was microwaved. The resulting clear, orange/red, solution was
stored in the dark for at least one day. The volume of the colloid was then reduced to
~5ml using the rotary evaporator and propan-2-ol was added to precipitate out the
nanoparticles. The particles were collected by centrifugation. The particles were
washed several times with a propan-2-ol, water mixture, (9:1), and finally re-
dispersed in millipore water. UV-Vis, CD and fluorescence spectroscopy was carried

out on the stable suspensions in water.
2.5.2. Preparation of CdS/CdTe core-shell structures

Heating under reflux

40 ml of CdTe core particles were degassed and heated to 40°C under constant
stirring. To this colloid was then added, dropwise and concurrently, 4ml of 1 x 10°M
Cd*" solution and 2ml of 1 x 10°M Na,S.9H,0 solution. The particles were heated for

a further 30 minutes and then examined.
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Microwave heating

The above experiment was repeated however the core particles were not heated. The
Cd*" and S* addition were made at room temperature and thioacetamide served as the
S* source. Once the additions were complete the particles were heated in the

microwave for 70 seconds at 850 Watts

Ultrasonic treatment

The above experiment was repeated however once the Cd*" and S* addition were
made the particles were then placed in a sonic bath at room temperature and sonicated
for an hour. Again the core/shell particles were examined using UV-Vis and PL

spectroscopy.

2.5.3 Photoannealing experiments

A 500 Watt Hg lamp was used in the photo-annealing experiment. All annealing took
place in a 1ecm quartz fluorescent cell and under N,. A water filled cell was used to
filter out any infra-red radiation. 4ml of the Cys-CdTe colloid was placed in a lidded
quartz cuvette and bubbled with argon for 10 minutes. The colloid was then exposed
to the light for a set period of time and then examined on UV-Vis or PL spectroscopy.
The cuvette was then replaced in front of the lamp and the experiment was continued

as necessary.

2.5.4 Preparation of CdTe nanowires

As prepared CdTe particles were reduced in volume to around Iml using a rotary
evaporator. 0.5 ml additions of propan-2-ol and methanol were then made until the
colloid turned cloudy. The colloid was then centrifuged at 3000 rpms. Once the pellet
was isolated it was then redispersed in a 50:50 mixture of a NaOH solution, (p.H = 9),
and DMSO. This was then placed in a laboratory oven for up to three hours at 80°C.
ul samples were taken every hour and made up to their original, (prewashing), volume

with p.H 9 NaOH_,q) and then examined on UV-Vis, Pl and CD spectroscopy.
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2.6. Experimental details for Chapter 6

2.6.1 Preparation of maghemite nanoparticles

100ml of millipore water was first placed in a 250ml round bottomed flask heated to
boiling point and then cooled under a constant flow of argon. Simultaneously 5.55 x
(i moles; 0.153g, of FeCl;.6H,0 was dissolved in a sample tube containing Sml of
millipore water and 0.056g; 2.77 x 10™ moles of FeCl,.4H,0O was also dissolved in a
separate sample tube containing Sml of millipore water. To these Fe solutions was
then added 0.041g and 0.0136g of penicillamine respectively. These coloured
solutions, (Fe3+ dark blue; Fe** lilac), were then combined and added to the 100 ml of
degassed millipore water. The resulting solution was continually bubbled with argon
for another 1min. 6ml of NH4OH, (0.88M), solution was then rapidly injected into the
iron solution and the flask was capped. The flask was physically agitated over night,
turning dark green upon addition of ammonia but turning dark black after 30 seconds
or so. The mixture was left shaking overnight. The following day the particles were
magnetically separated using 0.5 T magnet and washed several times with millipore

water.

2.6.2. Preparation of CdS - maghemite nanocomposites

Core/Shell

2ml of D-Pen maghemite solution, (1.5 x 10°M), was diluted into 40 ml of millipore
water. Under constant stirring was then added, 4 ml of Cd(ClO4),.xH,O, 2ml of
Penicillamine and 2 ml of CH;CSNH,. All there solution had a molar concentration of
1x 10 M. The p.h was adjusted to 11 and the resulting solution was microwaved at
850W for 70secs. The flasks containing the resulting solutions were wrapped in tinfoil

shaken overnight
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Addition of CdS QDs
2ml of maghemite nanoparticle solution was added to 40 ml of as prepared Pen-CdS
nanoparticles. The flasks were wrapped in tinfoil and shaken overnight. The product

was isolated by magnetic separation and washed several times with water.

2.7. Experimental details for Chapter 7

Preparation of penicillamine functionalised TiO, nanoparticles

0.058g of Ti-penicillamine-ethoxide precursor (supplied by Prof. V. Kessler, SLU
Uppsala, Sweden) was dissolved in 50 ml of propan-2-ol and heated to reflux under
stirring after been bubbled with Ar for thirty minutes. Once at 110°C a few drops of
ethyldiamine were added follow by 1 ml of freshly prepared 2M NaOH solution. A
white precipitate was immediately observed and the solution was refluxed for an hour
before being allowed to cool. The solution was centrifuged and the pellet was
redispersed in iso-propanol. Both the pellet and supernatant were examined on UV-Vis

and CD spectroscopy.
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Chapter 3.

Preparation and characterisation of chiral CdS

nanoparticles

3.1 Introduction

Due to quantum confinement effects resulting from their nanometer size, fluorescent
semiconductor nanocrystals or quantum dots (QDs) have remarkable optical, physical
and chemical properties, which differ markedly from the bulk material." The ability
to tune their optical properties, combined with the ease of surface modification has led
to QD’s proposed application in infer alia light emitting devices, fluorescent sensors
and bioassays. [+ 4 6]

As mentioned in the introduction; luminescent semiconducting nanoparticles can be
prepared from a variety of materials, which include CdSe, CdTe, ZnS, and PbS and of
course CdS."" Their optical properties are directly related to the particle size, shape
and most importantly the condition of the individual particles surface(s). As illustrated
in the example of CdTe, Section 1.3, a decrease in particle size is accompanied by a

26 Emissions

shift in the absorption and emission spectra to shorter wavelengths.!
which are near the longest wavelength absorption of the particle are referred to as
intrinsic or band edge luminescence. The origin of the intrinsic emission is due to
hole/pair radiative recombination from shallow trap states rather than from the band
edge.“z] The luminescence which appears at a longer wavelength is due to the
recombination of charge carriers via surface traps and is referred to as defect
emission. It should be noted that defect emission is one of the very important

(27331 The coating of these particle’s

characteristics of CdS based nanomaterials.
surfaces with a modifier, which usually takes place during particle formation, not only
prevents Ostwald ripening from occurring but also decreases the rate of non-radiative
decay and normally increases the quantum yield.”® In addition coating of inorganic
CdS nanocrystals with biocompatible ligands not only improves their quantum yields

but also increases their hydrophilicity and reduces their toxicity, two important factors
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if they are to be used in any biological applications. There are literature reports,
which show that CdS as well as other Cd containing quantum dots may be used as
probes or sensors.!** ¢

While a lot of work has been carried out using various organic molecules as quantum
dot stabilizers, (including the sulphur containing thio-organic acids, alcohols and of

2,243 there has been very little reports on procedural optimisation

course amino acids
of QD synthesis.”> * With a few exceptions little has been done in the way of
statistical analysis to determine what effects, (if any), the concentrations of the
various reactants has on the properties of a family of substances where factors such as
size, shape, and surface conditions, are crucial in determining the particles
optoelectronic properties.

Chirality is one of the most important factors of molecular recognition and therefore
development of chiral luminescent nanosized probes would provide very useful tools
tor both chemistry and biology. Although there have been some recent publications

43. 44 . e
(4344 hanoparticles, similar systems

on the preparation of chiral gold™*" **! and silver
based on QDs have not yet been reported.

The main aim of this part of the work is to combine chiral molecules and CdS QDs in
one species and produce chiral QDs. We plan to use various chiral stabilisers (for
example D- or L- penicillamine) to prepare CdS, CdSe and CdTe based quantum dots
and then study their photophysical properties using various instrumental techniques.
We also plan to investigate the effects of both D- and L- enantiomers as well as the

racemate on the photochemical and photophysical properties and the surface

chemistry of these particles.

3.2 General synthetic approach to the preparation of CdS QDs

The dots were prepared using a slightly modified method of that reported by Ni et
al.’! However in this case chiral amino acids stabilizers were substituted for tri-
sodium citrate.[* ** Also while the stock solution concentrations recommended by Ni
et al. were used, a 2 statistical study which will be explained in the following section,
was then employed for first the penicillamine and then the cystein preparations using

quantum yield as the main response.'*”!
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1. 2ml of 1 x 10°M Stabilizer
in 45ml of water. Final 2. p.H is adjusted to 11 using
concentration in  overall 2M NaOH

reaction is 2 x 10°m.

3. 2ml of 1 x 102M solution 4. 2.5ml of 8 x 10 M solution
of Cd(ClO4)2.H,0 in water. of CHsCSNH, in water. Final

Final concentration in overall concgntrgnon I_l; overall
reaction is 2 x 10°m. reaction is 2 x 10”m.

6. Sample was microwaved
for 1min 10sec at 850W.

Figure 3.1: Schematic representation of CdS preparation. The example used is the first point in a 2* study of
CdS. Both Cd and stabilizer concentrations are systematically increased while S concentration stays fixed at
2 x 107 moles.

The CdS nanocrystals were prepared in water using aqueous solutions of
Cd(Cl0O4),.6H,0O and CH3;CSNH,. Briefly, as shown in Figure 3.1, an aqueous
stabilizer solution was first prepared and its pH was adjusted to 11 using NaOH. Both

the cadmium perchlorate and thioacetamide solutions were then added. This precursor
solution was then place in a microwave and heated for Imin 10 seconds at 850W. The
freshly prepared particles were then placed in the dark and allowed to mature for at

least 24hrs. This method of reaction initiation ensures that the thioacetamide

decomposes in such a way as to release sulphide ions into solution as quickly and
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uniformly as possible, therefore allowing for the instantaneous formation of numerous
nucleation centres. These numerous nucleation centres should result in nanocrystals of

the uniform size.

3.3 22 Statistical Analysis for the preparation of
Penicillamine capped CdS

Cd: S: D-Pen vi).4:1:2

- vii).4:1:4
1=2x 10€m 18% n/a%
2=4x10"m
4=8x10"m
v).2:1:4
iii).2:1:1 1A 24%
12.8% 11%
$).1:1:1 ). 1:1:2
8.2% 1.2%

Figure 3.2: 27 statistical analysis of D-Pen-CdS. Quantum yields for each point were measured against
Coumarin 153 in MeOH.

Keeping the sulfide concentration fixed at point 1). of the study, that is at 2ml of a 1 x
10 M stock solution- (2 x 10°m). The Pen-CdS system was re-examined using a 2’
model. The points investigated were at 4 increasing and intersecting levels, Figure
3.2. These axis’s or levels correspond to the volume of the 1 x 10”M stock solution
used, starting with 2 ml of all three reactants and then doubling the volumes of Cd,
along the y axis, and Pen, along the x axis, however the X component, in this case S,

remained constant at 2ml, (Figure 3.2).
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Figure 3.3: Absorption and emission spectra showing points 1-7 of a 2° statistical analysis of D-Pen-
stabilised CdS QDs. The excitation wavelength in all emission spectra was 360nm.

Although quantum yield was the primary response studied during over the course of
this analysis all particles produced were also examined using UV-Vis, PL and CD
spectroscopy. Quantum yields were measured against a solution of Coumarin 153 in
methanol. Figure 3.3 shows both absorption and emission spectra for batches 1-7.
Batches 2, 5 and 7 demonstrated very poor absorbance and emission properties.
Meanwhile batches 1, 3, 4 and 6 demonstrated much better optical properties. In cases
where cadmium is in excess (batches 3 and 6), strong distinct band edges are formed,
and the luminescence is quite strong and further shifted to the red than others in the
batch indicating that these are the larger particles. As the overall concentration of
metal and stabilizer are increased relative to the sulfide concentration an increase in
both particle concentration and quantum yield occurs. This is more than likely a result
of the excess Cd been used to remove hole traps on the surface. Particles which posses
an equal ratio of Cd to stabilizer, (1 and 4 but not 7), behaved quite similar to those
mentioned above, although their quantum yields were slightly lower. Batch 4 does not
posses the initial gradient before reaching the peak and because of this its emission
maxima is slightly blue shifted. As the batch 6 demonstrated the highest emission as

well as the strongest absorption it was identified as the best in these studies.
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Batches where the penicillamine concentration was higher than that of the Cd
resulted low concentrations of particles been formed. This is evident from the lack of
strong absorbance around the 340nm mark. This low particle concentration is due to
the strong chelation effect of penicillamine on the Cd ions present in solution. Once
removed there is no longer a driving force to cause the hydrolysis of thioactemide
which would otherwise push the particle formation reaction to the right. Using Origin
it is possible to present the above quantum yield data as a function of Cd and

penicillamine concentrations in the form of 3-D diagram (Figure 3.4).

Table 3.1: Absorption, circular dichroism, emission and excitation, quantum yield for 2° statistical
analysis of D-Pen CdS.

D-CdS Abs CD Ems Ext Q.Y
il 342nm;0.56 | 386nm;3.2 | 497nm | 367nm | 8.2%
364nm:;-0.9
334nm;10.3
2 405nm;0.06 n/a 574nm | 398nm | 1.2%
3 339nm;1.1 377nm;2.7 | 521nm | 380nm | 12.8%
358nm;2.4
338nm;15
4 342nm;0.9 376nm;06 | 477nm | 37Inm | 11%
358nm;04
340nm;14
5 379nm;0.2 | 384nm;2.2 | 519nm | 348nm | 24%
6 335nm;2.3 348nm;3.2 | 509nm | 382nm | 18%
319nm;-5.5
290nm;1.45
7 328nm;0.09

48



Rai.
enICI”amine

Figure 3.4: 3-D representation of a 27 statistical analysis of the formation of D-Pen CdS using quantum
yield as the response. Note how the yields peak at points where both metal and stabilizer are opposite to

each other. An Origin 7.5 random xyz matrix was used to generate the graph.

Examination of Figure 3.4, where the z axis is quantum yield, shows that the particles

with the highest luminescence are formed at the two opposite points of the study. That

is where the Cd concentration is at its highest and penicillamine is at its lowest and
vice versa. However this is a purely mathematical model and does not take into
account the chemical constraints. For example, if the penicillamine concentration is
too high then the particle formation reaction will not proceed. However, if the Pen
concentration is too low then the particles will not be adequately stabilized and will
therefore undergo Oswalt ripening. This will eventually either cause the particles to
return to the bulk or precipitating from the solution entirely.

By using the statistical study to examine the particles it is possible to see how
altering the reactant ratios and concentrations really affect them. For example the
Stokes shift between the excitation peak and emission peaks change dramatically
depending on the ratio of Cd to Pen, Table 3.1. That is to say batches with the same
ratio of metal to stabilizer have very similar, though not identical shifts, e.g. 1&3
130 nm and 106 nm, 2&5 176 nm and 171 nm, and 3&6 141 nm and 127 nm. These
numbers are quite unusual in that the batch with the highest relative concentration of

penicillamine in batches 2&S5 are the ones with the largest Stokes shift, this is unusual
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as this means that they have the most defective surfaces even though they should be
more passivated than the others.

Also close examination of the CD response, Table 3.1, shows that there is clearly
some link between the quantum yield of the particles and the optical activity. Batch
5, despite having little or no absorbance at the band edge region, still has one of the
highest CD response at this region. However, batch number 5 has the highest quantum
yield of all particles produced in this study. This premise will be the central theme of
this thesis and it is from this point that this work will continue to draw links between
both the type and strength of individual particle types luminescence and their optical
activity, or lack of it. If the rest of the particles in the study are examined no obvious
link is seen between quantum yield and their optical activity. However, if the second
and not the first band in the CD spectra are examined a clear relationship is seen
between the QY and the second CD peak. As the QY increases so to does the strength
of the second CD signal, Table 3.1.

The batch number 6 was chosen due to its high QY combined with strong sharp
absorbance and high particle concentration. The other samples in the study were then
discarded and from here on only penicillamine capped CdS with a ratio of 4:1:2
Cd:S:Pen will be discussed.

As shown in Figure 3.5 these particles have quite a complex absorbance signal
with a shoulder at 379 nm, a peak at 335 nm, and a second shoulder at 301 nm. This
type of absorption spectrum has been shown to be quite common for defect emitting
CdS nanoparticles. The sharp signal at 335 nm has been previously shown to be pH
dependant and generally speaking the higher the p.h the stronger the peak.[**! As the
pH of the particle solution is lowered the luminescence is reduced and finally
disappears leaving only the CdS absorbance band at ~379 nm. Previous studies of
dialysisized CdS particles have concluded that this peak is a result of a charge transfer
transition from the carboxylate head group of the complex to an acceptor state at the
particle surface.[*!

The signal at 301 nm is believed to be the second exciton peak with the shoulder at
379 nm belonging to the first exciton peak. Another possibility is that the multiple
bands are due to the presence of different sizes/types of nanocrystals. However,
mixtures of particles can be easily separated using size selective techniques and this
will be seen later in this chapter. The production of CdS nanocrystals is confirmed by

comparing the energy of the shoulder at 379 nm, (3.27¢V), with that of bulk CdS
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which absorbs at 478nm, (2.6eV) at room temperature, (Figure 3.6). This increase in
band gap energy combined with the accompanying decrease in absorbance
wavelength can only be accomplished by a decrease in the diameter of the crystal to a

point less than that of the Bohr radius of its exciton, i.e. quantum confinement.

1.8
1.6
1.4

1.2

Absorbance

0.8
0.6
0.4

0.2 \

270 320 370 420 470
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Figure 3.5: Abs spectra of D-Pen capped CdS measured at various pH’s 12, 9, and 6. Note the
loss of the sharp peak at 320nm as the pH is reduced. This is due to the protonation of the surface
carboxyl groups. Note as this protonation also removes the particles negative charge which repels
individual particles from one another the bandedge red shifts and scattering increases as
individual particles begin to aggregate.
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Figure 3.6: Absorption, (blue), emission, (red and green), and excitation spectra of D-Pen CdS. Despite
the strong degree of quantum confinement as illustrated by the sharpness of the absorption and excitation
shoulder at 337nm and 384nm respectively, the emission scans clearly demonstrate the presence of a large
number of surface defects. Emission spectra were excited at 360nm, (red), and 380nm, (green). The
excitation spectrum was recorded at 525nm.
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Quantum confinement is confirmed by the presence of the shoulder at 379 nm,
(3.27eV), when compared with that of bulk CdS which absorbs at 478 nm, (2.6eV) at
room temperature, (Figure 3.6). This increase in band gap energy combined with the
accompanying decrease in absorbance wavelength can only be accomplished by a
decrease in the diameter of the crystal to a point less than that of the Bohr radius of its
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>