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Student : Yi-Hsuan Advisors : Dr. Hsin-Tien Chiu

Dr. Pi-Tai Chou
Dr. Shiow-Huey Chuang

Department of Applied Chemistry
National Chiao Tung University

ABSTRACT

In this thesis we report the syntheses, characterizations and applications of various II-VI
semiconductor core/shell Quantum dots (QDs), including type-l and type II QDs.

The synthesis of CdSe@ZnX (X=S,Se) core/shell QDs from the CdO precursor through a
convenient, one-pot approach. For the view point of'applications, we have demonstrated two
practical systems one is based on DHLA capped €dSe@ZnS (core/shell) QDs to fluorogenically
probe Hg”" in aqueous solution and solid film at room temperature. Submicromolar sensitivity has
been achieved promptly with this system. The other approach is to modify the CdSe@ZnS QDs with
15-crown-5 in water exhibit excellent selectivity toward K.

Type I CdSe@ZnTe and CdTe@CdSe QDs are prepared from the greener CdO and CdCl,
precursors for core and shell, respectively. The spectroscopy and dynamics of these type-II QDs
interband emissions are studied. The hole transfer rate of CdSe@ZnTe as a function of the core/shell
size has been systematically investigated. Based on the femtosecond upconversion technique, the
first early relaxation dynamics on the CdTe/CdSe type-II QDs interband emission is observed. The
results indicate that the electron separation rate decreases as the size of the cores increases. We
believed that the degree of control on the rate of electron transfer can be crucial in applications
where rapid carrier separation followed by charge transfer into a matrix or electrode is important, as

in photovoltaic devices.

In addition, syntheses of CdSe@ZnTe@ZnS and CdSe@CdTe@ZnTe (core/shell/shell) type-1I
QDs from CdSe@ZnTe and CdSe@CdTe, respectively, have been achieved. In comparison to that
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of type-Il CdSe@ZnTe, although the addition of ZnS only changed the interband emission peak
wavelength slightly, due to the quantum confinement for CdSe — ZnTe interband emission, type-II
CdSe@ZnTe@ZnS gives rise to ~30 folds enhancement of the quantum efficiency. Next, comparing
with the strong CdSe emission, moderate CdSe — CdTe emission for CdSe@CdTe, rather weak
CdSe — ZnTe interband emission was resolved for the CdSe@CdTe@ZnTe structure. Capping
ZnTe to CdSe@CdTe results in a far electron-hole separation between CdSe and ZnTe via a
intermediate layer, CdTe. In the case of CdSe@CdTe@ZnTe structure, a lifetime of as long as 150
ns was observed for the CdSe — ZnTe 1415 nm emission. The result further deduces an enormously
long radiative lifetime of ~10 ms due to the spatial separation of electron and hole via the CdTe
intermediate layer. In the case of CdSe@CdTe@ZnTe structure, upon excitation, the float of
long-lived charge separation may serve as an excellent hole-carrier for catalyzing the oxidation
reaction. Attempts have also been made in synthesizing the ZnTe@CdTe@CdSe type-II QDs, in
which the order of band edges is reversed with respect to the CdSe@CdTe@ZnTe structure, so that
the electron can be floated in the CdSe layer to carry out the reduction reaction. However, at this
stage, this pathway failed due to the difficulty .in synthesizing ZnTe core QDs. Focus on

circumeventing this obstacle is currently in progress.
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Chapter 1. Introduction

In the last two decades of the 20™ century, a new realm conventionally named
“nano-scale”, of matter, which lies between chemistry (molecular properties) and
solid-state physics (bulk properties) has been booming with an unexpectedly fast pace.
Traditionally, chemistry is the study of atoms and molecules, a territory of substances
with dimensions generally less than one nanometer, while condensed matter physics
deal with solids of essentially an infinite array of bound atoms or molecules of
dimensions greater than 100 nm. For long, there exists a significant gap between these
regimes, and one can apply Figure 1.1, in a qualitative manner, to illustrates this gap,
in which apparently no continuity had,‘been..established in between particles of 1 to
100 nm, or about 10 to 10° atoms or moledfules p.er part1cle However, from the end

of the 20™ century through now on the merge between the “top-down”(physics) and

“bottom-up” processes toward fh_,e nénb-sea"l'e'"'-terrétiiry has become obvious, and the
relevant research has attracted muchattentrlonln the fields of chemistry, physics,
material science and even molecular biology. Nowaday, “nanoscience” is believed to
be the most popular terminology worldwide, and its mission may not be fulfilled

without an interdisciplinary team work.

Nanoscale Particles

Atoms / Molecules

Figure 1.1 Size relationships of atoms, nanoparticles, and condensed matter.
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In these nanoscale regimes, _
Metal Semiconductor
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particle sizes are between atoms % Bl MaSeE Aka | Wk NSGESEE R
and bulk materials, in which ‘& ) [‘\) -
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. w
particle was close to molecules § —]— t
. .
level. Two major effects are ) ”
responsible  for  these  size Energy
Figure 1.2 Schematic illustration of the density of
variations in nanocrystal  states in metal and semiconductor clusters.”

properties. On one hand, in nanocrystals, the number of surface atoms is in a large
fraction of the total, namely the surface-to-volume ratio is drastically increased as the
size is decreased. On the other hand, intrinsic properties of the interior of nanocrystals
are transformed from classical regime to the quantum size effects. Independent of the
large number of surface atoms, semiconductor nanocrystals with the same interior
bonding geometry as a known- bulk phase eften exhibit strong variations in their
optical and electrical propertios' with Tespect-to size.”* These changes arise from
systematic transformations in the density of eléctronic energy levels as a function of
the size of the interior, known as quantum size effects. As depicted in Figure 1.2,
nanocrystals lie in between the atomic and molecular limit of discrete density of
electronic states and the extended crystalline limit of continuous bands.”® During the
past two decades, the ability to control the surfaces of semiconductors with near
atomic precision has led to gain detailed insights into the semiconductor structures:
quantum wells, wires, and dots. Neglecting for a moment the atomic level structure of
the material, it is possible to imagine simple geometric objects of differing
dimensionality in a degree of freedom of two, one, and zero, each case being made
out of homogeneous semiconductor material and with perfect surface termination.
Such structures should exhibit idealized variations in density of electronic states

predicted by simple “particle in a box™ type models of elementary quantum mechanics,
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with the continuous levels
Bulk
(Conventional) Quantum

Wire
Quantum Film Quantum
Dot

o w|) w7 A
into a discrete state of the 1D 9 0D

zero-dimensional case / IJJ_ i ‘
1.3).

(Figure Recently,

of the 3D case evolving

Energy

substantial progresses Density of states

) Figure 1.3 Idealized density of states for one band of a
have been made in the semiconductor structure of 3, 2, 1, and “0” dimensions. (In
the 3d case the energy levels are continuous, while in the
preparation and “0d” or molecular limit the levels are discrete)7|D

characterization of materials consisting zero-dimensional quantum dots, particles with

. . . . . 5-13
dimensions in the order of a few nanometers called “nanocrystalline materials”.

One factor driving the current interest in_nanoparticle research is the urgent need
for the further miniaturization of'both optical’and electronic devices.'*'> There exist
practical constraints associated-with current'technologies; due to the diffraction limit,
at current stage, lithographic methods cannet-be used with a resolution much less than
ca. 50 nm. Thus, bottom-up process 1s indispensable in improving the miniaturization.
On the other hand, most semiconducting materials, such as the II-VI or HI-VI
semiconductors, show quantum confinement behavior in the 1-20 nm size range,
depending on the Bohr radius, a size smaller than what can be achieved using present
lithographic methods. Thus, their associated fundamental properties and perspectives
in application are unprecedented. In view of these challenges, the motive of this

research will focus on the study of II-VI semiconductor QDs.

1.1. Theoretical considerations of bulk and nanocrystalline

semiconductors'®



Typically, 1-20 nm size range semiconductor nanocrystallites show optical,
electronic, and mechanical properties distinctly different from those of the

corresponding bulk material elaborated as follows.

1.1.1. Bulk semiconductors

Macrocrystalline semiconductors, if they are free of defects, consist of
three-dimensional networks of ordered atoms. The translational periodicity of the
crystal imposes a special form on the electronic wave functions. An electron in the
periodic potential field of a crystal can be described using a Bloch type wave function
(eq. 1), where u(r) represents a Bloch function modulating the plane wave ¢ (kr) of

wave vector K.

w (k) =olkru(r) (1)

u(r=n)=u(r) - " minteger (2)

In a bulk semiconductor, the large.aumber of atoms leads to the generation of

sets of molecular orbitals withvery similar energies, which effectively form a
continuum. At 0 K the lower energy levels, or valence band, are filled with electrons,
while the conduction band consisting of the higher energy levels is unoccupied. These
two bands are separated by an energy gap (Ey), the magnitude of which is a
characteristic property of the bulk macrocrystalline material at a specific temperature.
Materials normally considered as semiconductors typically exhibit band gaps in the
range of 0.3-3.8 eV, covering an optical response from UV-Vis to higher energy side

of the infrared region.

At temperatures above 0 K, electrons in the valence band may receive enough
thermal energy to be excited across the band gap into the conduction band. An excited
electron in the conduction band, together with the resulting hole in the valence band,

forms an “electron-hole pair”. The conductivity (o) of the semiconductor is governed

4



by the number of electron-hole pairs, the charge carrier concentration (n, normally
expressed in terms of the number of particles per cubic centimeter), and their mobility
(10). Thus conductivity can be expressed as the sum of the electrical conductivities of
electrons and holes expressed in eq. 3, in which ¢ denotes the charge of carrier. In
conventional semiconductors, electrons and holes are the charge carriers. At ambient
temperature, they exist in small numbers as compared to those of the conductors.
However, it should be noted that the carrier mobilities in semiconductors are

substantially larger than that in many conductors.

O =qn.u, +qn, i, €)

The charge carriers in a semiconductor can form a bound state when they
approach each other in space. This bound. electron-hole pair, known as a Wannier
exciton, is delocalized within the.erystal lattice and experiences a screened Coulombic

interaction. The Bohr radius of the'bulk exciton is given in eq. 4 expressed as

hle| 1 1
ag = + 4
Bl [me* m, *} @

where ¢ represents the bulk optical dielectric coefficient, e the elementary charge, and

me* and my* the effective mass of the electron and hole, respectively.

1.1.2. Nanocrystalline semiconductors

Two fundamental factors, both related to the size of the individual nanocrystal,
distinguish their behavior from the corresponding macrocrystalline material. The first
is the high dispersity (large surface/volume ratio, vide supra) associated with the
particles, with both the physical and chemical properties of the semiconductor being
particularly sensitive to the surface structure. The second factor is the actual size of

the particle, which can determine the electronic and physical properties of the material.
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The absorption and scattering of incident light in larger colloidal particles can be
described by Mie’s theory. However the optical spectra of nanocrystalline compound
semiconductors” > which show blue shifts in their absorption edge as the size of the
particle decreases cannot be explained by classical theory.'”' Such size dependent
optical properties are examples of the size quantization effect which occurs'’ when
the size of the nanoparticle is smaller than the bulk-exciton Bohr radius, ag (see eq. 4),
of the semiconductor. Equation 5 defines, for a spherical crystallite of radius R, the
region of intermediate character between that of a “molecule” and that of the bulk

material (/ is the lattice spacing)

[<<R<a, (5)
Charge carriers in semiconductor, .nanocrystallites are confined within three
dimensions by the crystallite. Iaithe case of ideal quantum confinement the wave
function in eq. 1 has to satisfy the boundary conditions of
w(rzR)=0 (6)
For nanoparticles the electron “and’ hole are closer together than in the
macrocrystalline material, and as such the Coulombic interaction between electron
and hole cannot be neglected; they have higher kinetic energy than in the
macrocrystalline material. On the basis of the effective mass approximation, Brus
showed™'*?° for CdS or CdSe nanocrystallites that the size dependence on the energy
of the first electronic transition of the exciton (or the band gap shift with respect to the

typical bulk value) can be approximately calculated using

I

2_2 2
AE h 7r2 1 N 1 | 18e 7
2R* | m,* m,* &R

Equation 7 is an analytical approximation for the first electronic transition of an

exciton, which can be further described by a hydrogenic Hamiltonian,



A _ 32 2 2
H: L vez_h th_ ¢

* *
2m, 2m, g

(8)

re_rh|

In eq. 7 the Coulomb term shifts the first excited electronic state to lower energy,
R, while the quantum localization terms shift the state to higher energy, R .
Consequently, the first excitonic transition (or band gap) increases in energy with
decreasing particle diameter. This prediction has been confirmed experimentally for a
wide range of semiconductor nanocrystallites,” " with a blue shift in the onset of the
absorption of light being observed with decreasing particle diameter. Moreover, the
valence and conduction bands in nanocrystalline materials consist of discrete sets of
electronic levels and can be viewed as a state of matter between that of molecular and

the bulk material.

Equation 7 does not account for a numbet.of 6ther important effects observed in
real nanocrystallites,” such as the coupling of electronic states and effects attributable
to surface structure. Especially, the constants‘ased in the model (the effective masses
and the dielectric constants) are those”for macrocrystalline solids. The model is not
quantitatively accurate and the corresponding calculations deviate from experimental
values, especially for nanocrystallites with a very small size. In such particles the first
electronic transition is located in a region of the energy band, in which the normal
effective mass approximation is not valid. Although eq. 7 is not valid for all types of
semiconductors, from a practical point of view, this model is particularly useful and
the size-dependent energy shift for a number of nanocrystalline semiconductors can
be qualitatively estimated. Furthermore, the model also provides a fundamental
understanding of the quantum confinement effects observed in semiconductor

nanocrystallites.



1.2 Reviews of the Applications to Semiconductor QDs

Certainly, various applications of semiconductor QDs have been reported. Some

representatives are introduced as follows.

1.2.1 Applications of Devices
In addition to the bio-labeling in the application of QDs, because of it unique
optical as well as highly luminescent properties, nanocrystalline could be applied in

light-emitting diodes (LEDs),*>*" photovoltaic solar cell,®®3? and multicolor

H 33-45
lasing.
[ '
% P
= Mg:Ag Ma:AQ
5 40nm Algs 40nm Alg,
g Monolayer QD fap = 0.85 10nm TAZ
£ 35nm TPD Mganolayer QD
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-*z::' fap = 0.62 Glass IT
E frigs = 0.09
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Figure 1.4 Electroluminescence from single monolayers of nanocrystals in molecular
organic devices.?
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efficient luminescence of : 7 ]
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_ Figure 1.5 Hybrid Nanorod-Polymer Solar Cells*®
(Figure 1.4) and observed a

25-fold improvement in luminescence efficiency over the best previous QD-LED



results.

Active layer

(@)

Figure 1.6 (a) Chemical structure of OC,C1-PPV. (b) Photovoltaic device structure.®!

As the hybrid solar cells with semiconductor nanorods and polymers (Figure 1.4)
fabricated by A. Paul Alivisatos et al.*® in
2002 was arrived a power conversion

efficiency of 1.7%, under Air Mass (A:M.)

1.5 Global solar conditions.  Neil |z C.

1
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Greenham et al.”", the next. year, using

OC;Cy-PPV to substitute P3HT: improved

electron transport perpendicular to the plane  Figure 1.7 Schematics of “absorbing”
and “emitting” transitions in CdSe QDs

of the film. Solar power conversion along with intraband relaxation
processes leading to a population

. 7 v ” S 33
efficiencies of 1.8% were achieved under Puildup of the “emitting” transition.

AML.5 illumination. (Figure 1.6)
Five years ago, M. G. Bawendi and his co-workers® had demonstrated the

feasibility of nanocrystal quantum dot lasers. (Figure 1.7)

1.2.2. Optical Properties of Nano-Semiconductor

Quantum size effects have been observed experimentally for many

3

nanocrystalline  semiconductors.>*®  The optical absorption spectrum of a



nanocrystalline semiconductor provides an accessible and straightforward method for
the evaluation of quantum size effects. The absorption of a photon, leading to
excitation of an electron from the valence band to the conduction band, is associated
with the band gap energy (£,). The absorption of photons with energy similar to that
of the band gap, hv > E,, leads to an optical transition, producing an electron in the
conduction band of the semiconductor along with a hole in the valence band.
Absorption of photons with energy much greater than E, leads to excitations above
the conduction band edge; these electrons can lose the excess energy by radiationless

Processcs.

The absorption (4) of light by a semiconductor material with thickness / can be
expressed by an expression analogous_to the Beer’s law (eq. 9), where R represents

the absorption coefficient of the solid andiisa-function of the radiation frequency.
A=al 9)

All electronic transitions are ‘subject to-selection rules; for semiconductors the
requirements besides the fulfillment of 7v > E, is that the wave vector, K, should be
conserved. Kphoon 1S small when compared with the wave vectors of the electron

before (K.) and after excitation (K'¢).

k., +k =k’ (10)

k,=k' (11)

The absorption coefficient for a photon of a given energy is proportional to the
probability (Pi), the density of states in the initial state (n;), and the density of
available final states (ny). This process must be summed for all possible transitions

between states separated by an energy difference equal to the energy of the incident

photon.
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a(hv) o« Zﬂf.ninf (12)

Semiconductors in which there is conservation of the wave vector for optical
transitions are referred to as direct band gap semiconductors (see Figure 1.8a) and
have large absorption coefficients. A useful expression relating the absorption
coefficient and the photon energy of a direct transition near the threshold* is given by
eq 13. Semiconductors where the lowest electronic transition, between the valence
band and the conduction band, is formally forbidden are said to have an indirect band

gap (Figure 1.4b) and normally have small absorption coefficients.

a(hv) o« (E, —hv)"? (13)

The “band gap” energy of a nanocrystalline semiconductor can be
experimentally estimated from . its optical “spectrum and by using eq 13.
Experimentally, quantum size effects are observed as a shift toward higher energy
values for the band edge (a blue shift); as-compared to the typical value for the
corresponding macrocrytalline materiak. Nanoerystalline samples often show a peak(s)
in the optical spectra at room temperature. It is noticeable that the oscillator strength
(directly proportional to the absorption coefficient) increases as the particle size
decreases, due to strong overlapping of the wave functions of the confined charge

carriers.”
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In the studies of luminescence II-VI compound semiconductor, monodispersed

E

Direct transition Indirect transition
(a) (b)

Figure 1.8 Excitation across the band gap by photon absorption: (a) direct process; (b)
indirect process.

systems have focused mainly on CdS and CdSe.*”** Cadmium selenide is of interest
since light emission can range across the visible region simply by varying the mean
diameter of the nanocrystals. As aresult, herein, wealso would like to focus on the
luminescent CdSe nanocrystalline and-theirrapplications in both introductory and

experimental sections.

1.2.3. Semiconductor QDs as Biological Imaging Agents

Luminescent semiconductor nanocrystal (normally called “quantum dots, QDs”
in this thesis) was combination and made by different element in periodic table e.g.
IIB-VIA (CdS, CdSe, CdTe, ZnS, ZnTe...ctc.) or IIIA-VA (InAs, InP, InN, GaN,
GaP, GaAs...etc.), especially CdSe have recently been wildly synthesized and used as
labels for bioanalytical application. Their optical properties have significant
advantages compared with the organic fluorophores frequently used. Nanocrystals
possess high brightness (product of extinction coefficient and quantum yield), with
the emission peak wavelength continuously tunable because of quantum size effects.

Despite of their broad absorption characteristic, the corresponding emission generally

12



reveals a narrow spectral line width (which typical full width half maxima (fwhm) of
25~35 nm), and they do not suffer from photobleaching. Many labeling experiments
can therefore be performed with luminescent nanocrystals, which are not possible
with organic dye, e.g. multicolor labeling with a minimal set of filters, long-term
monitoring of dynamic processes, bleach-free scanning confocal fluorescence

microscopy, and others.

The pioneers of this approach were started out in 1998 when Chan and Nie, and

CdSe

Normalized fluorescence

1771 1033 729 564 460
Wavelength (nm)

Figure 1.9 Size- and materials-dependent emission spectra of several surfactant-coated
semiconductor nanocrystals in a variety of sizes.*

Alivisatos et al. published the seminal papers on quantum dots (QDs) bioimaging

431 The key factor in using QDs grown in organic solvents was the

sequentially.
successful phase transfer to water with minimal loss of emission, while maintaining a
bioactive surface. In the researched of Alivisatos and co-worker, they approached the
problem by growing three layer of silica (SiO;) shell around CdSe@ZnS
nanoparticles that makes CdSe@ZnS QDs water soluble (Figure 1.9), and used silica
chemistry to couple ligands to the shell, which were then utilized in coupling reaction.

The resulting materials (which could be engineered to have a maximum quantum

yield of 21 %) were used to label mouse fibroplasts (Figure 1.10).**”° The labels

13



appeared photostable when compared to
conventional dyes. Constant excitation of
bioactive QDs over 4 h with a 488 nm
Argon ion laser resulted in constant
emission intensity. In contrast, Rhodamine

6G dyes bleached in 10 mins under

identical experimental condition.
Figure 1.10 Mouse 3T3 Fibro-plast labeled
with color- tunable QDs.*
Subsequently, Chan and Nie applied

a simpler method for making CdSe@Zn$S nanoparticles water-soluble and bioactive.”'
Solution exchange of the organic ligands on the QDs surface for mercaptoacetic acid
(MA) resulted in soluble nanoparticles, that have a pendant carboxylic acid group for
coupling. They also reported the.observation.of receptor-mediated endocytosis of the
luminescent particles when incubated with HeLa cells (Figure 1.11). Further
experiments with immunoglobulin. G-QDs-conjugated incubated with bovine serum
albumin (BSA) and a specific polyclonal
antibody demonstrated a tendency for the
dots to aggregate when the antibody
recognized the so-called fab fragment of
the immunoglobulin G. Ever since these
two papers have been the basis of

numerous relevant studies.

) ) Figure 1.11 ZnS-capped CdSe QDs that is
In one approach, DNA is the ideal covalently coupled to a protein by

mercaptoacetic acid.”
synthon for programming the assembly

of nanoscale building blocks into periodic two- and three-dimensional extended

structures. On the Mitchell and co-worker’s approach in 1999, it could be utilized
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effectively to guide the construction of macroscopic network assemblies of not only
Au nanoparticles”>>® but also successfully in luminescent QDs.”” In their study,
Citrate-stabilized gold nanoparticles are ideally suited for direct surface substitution
reactions, since the citrate-Au interaction is relatively weak. In comparison to this,
modification of QDs with DNA has proven to be much more difficult than for gold
nanoparticles. Alternatively, alkylthio functionalized DNA can be used to replace
surface bound citrate to generate stable particles with surface bound oligonucleotides
susceptible to hybridization with complementary oliginucleotides or particles. The
synthetic strategy was shown in Figure 1.12. Another approach for linking
biomolecules was reported by Orden and co-workers™ in 2001, they also investigated
CdSe@ZnS QDs conjugate biotinilated bovine serum albumin (bBSA) and
tetramethylrhodamine-labeled streptavidine (SAv-TMR), and observed enhancing
TMR fluorescence caused by fluorescence resonance-energy transfer (FRET) from the

QDs donors to the TMR acceptors (Figure-1-13):

% O e
o ¢
Qo 3
R o U e} L
Fr ] 1)DMAP N I _HS" N A
'€ ) -SCH,CHLCOH ——  {{ ) =SCHCHLO™ ——— £ -
9\(&/\ : 2H.0 G)U soHono DNA S A
Qs Q‘E)N - XN Q&}N \%p- Os %c“sz“ Ko\‘ -
O i N \bc)o / \ ;2)00 fP\
9? N 5 TAC-GAG-TTG-AGA-ATC-CTG-AAT-GCG 3 —---\E{\J\J

£ 1=S+(A),-ATG-CTC-AAC-TCT TAG-GAC-TTA-CGC-{A) -8~ ()]

<IN For simplicity, only a single

i.'_‘E-'_:_J/.? ZnSiCdSe core/shell nanoparticle hybridization event is depicted, and
TOPQ is not shown.

Figure 1.12 The generation of DNA-linked QDs assemblies.*®
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Figure 1.13 Schematic of the FRET binding assay mechanism and normalized absorption and
emission spectra.®®

Phagokinetic track studies into the motility of human mammary epithelial tumor
cells and nontumor cells were undertaken in 2002 by Parak et al.”” In this approach,
thin layers of silica capped CdSe@ZnS were deposited on collagen coated substrates,
followed by the plating of cells. Traditional dyes cannot be used owing to
photobleaching, while large submicrometer gold particles used previously interfered
with cell motility. As a cell passed through the substrate, the uptake of the
luminescent cells as a function of time ‘was-ebserved with the confocal fluorescence
microscopy. In less than 3h, the tumor ‘cells engulfed nanocrystals, which then
clustered in the cytoplasm, presumably in the vesicles. Further experiments revealed

that nanoparticles were restricted to the cytoplasm and had not entered the nucleus.

Figure 1.14 Uptake and transport of QDs by breast tumor cells using confocal
microscopy.”
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The migratory pathways of the tumor cells could be differentiated by imaging the
substrate and observing areas free of nanocrystals, as a result of the uptake. Imaging
of substrates plated with noncancer cells (non-migratory) revealed an intact layer with
little evidence of motility. These results confirmed cancer cells are both invasive and
migratory, whilst noncancer cells are non-invasive and relatively immotile (Figure
1.14).

On salient remark should be pointed out is that Chan and co-worker in 2002
demonstrated water soluble, biocompatible and color-tunable QDs successfully
applied for the biotechnology and bioengineering.®® Their approach also employed
CdSe@ZnS as QDs and varying the emission color by tuning the QDs particles size
(Figure 1.15, up). In addition, they improved the bioconjugation methods via various
chemical modifications: (a) use of'a bifunctional ligand such as mercaptoacetic acid
for linking QDs to biomolecules via a stable amide bond formation (b) TOPO-capped

QDs bound to a modified acrylichacid-pelymer by hydrophobic force (c) QDs

(a) Bifunctional linkage (d) Electrostatic attraction

4 . P » -—_ ¥ -
03 OHe CON Qi - { enoucie

(b) Hydrophobic attraction

i COOH

Q=P HNOC{ co-NH- I{iumoletz._d_éi

e TIRAL s

(e) Nanobeads
(c) Silanization
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: : ‘: ‘ .. :-..r
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Figure 1.15 (Up) the distinguishable emission colors of CdSe@2ZnS QDs excited with a
near-UV lamp; (down) schematic illustration of bioconjugation methods.*
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solubilization and bioconjugation using a mercaptosilan compound (d) positively
charged biomolecules are linked to negatively charged QDs by electrostatic attraction
(details will be elaborated throughout the thesis) (e) incorporation of QDs in

microbeads and nanobeads. (Figure 1.15, down).

One of the first papers
describing in vivo studies using
QDs are based on
mercaptoacetic acid capped
CdSe@ZnS, which were then

incubated with thiolated

peptides. This protocol of

Figure 1.16 Design of QDs coated with either peptides
only-or with peptidés and PEG, then intravenous
delivery of this QDs:into specific tissues of the mouse.**

passivating the QDs surface
was published by Akerman et
al.®! Three specific peptides were used.in this-approach, peptide CGFECVRQCPERC
(GFE), which binds to a membrane dipeptidase on the endothelial cells in lung blood
vessels; F3, which binds to blood vessels and tumor cells in certain tumors; and LyP-1,
which binds to lymphatic vessels and tumor cells in certain tumors. QDs coupled to
F3 alone displayed a tendency to aggregate, which was overcome by co-passivating
with thiolated polyethylene glycol (PEG) that is known to minimize molecular
interactions, improving colloidal stability, and inhibiting nonspecific binding. The
QDs were then injected into the tail veins of specifically xenografted mice and left to
circulate for up to 20 minutes before the relevant tissues were harvested. As
hypothesized, dots passivated with GFE were found in the lungs, and dots capped
with F3 and LyP-1 was found in the targeted tumors, whilst the subcellular

fluorescence pattern suggested the dots were internalized into the cells. GFE capped
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dots were not detected in tumors. The dots were not found in the brain, heart, kidney,
or skin, but were observed in the liver and spleen regardless of the peptide used,
except when co-passivated with PEG, which reduced co-adsorption by 95% (Figure
1.16). Despite the above applications, there are still problems using specifically
capped QDs as biolabels. Simple surface-capping-agent exchange as described by
Chan and Nie®' results in a material with decreased emission efficiency and poor
colloidal stability.

Growing a silica shell on the particles as described by Alivisatos et al.”® results in
a stable material, but is difficult to do, hard to control and a time consuming process.
For either method, an important problem for the QDs biolabels to be addressed is the
tendency of nonspecific adsorption and aggregation when taken up by cells. Various
researchers have addressed theselissues, and the improving methods include the
addition of small polymeric speeies.on the surface of silica capped QDs, or the use of
electrostatic interactions to abserb aiptetein-on, the QDs surface which can act as a
bridging agent.

In 2002, Dubertret et al. reported a simple way of making bioactive quantum

F
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bioconjugation by hybridization. Ideally, the dots need to be slightly bigger than the
core, stabilizing the micelle. If the particles are too small, the stability of the micelle is
affected and multiple dots can inhabit a single cavity. Simple QDs micelles were
injected into Xenopus embryos and used in vivo studies. The micelles appeared to be
cell autonomous, had little toxic effect on the cells and were stable in vivo showing no
signs of aggregation after 4 days. The micelles were used to successfully label
numerous cell types, and remained luminescent throughout embryonic development

despite pigmentation and background fluorescence (Figure 1.17).

In another approach, deep tissue in vivo imaging and blood-flow monitoring
studies were also carried out by Webb and co-workers in 2003 using CdSe@ZnS
capped with an octylamine modified polyacrylic acid.”® The probes were determined
to have two-photon action cross Sections’(a measure of brightness for imaging) of up
to 47000 Goeppert-Mayer (GM) ‘units, an-order of magnitude higher than organic
molecules designed for similat biological-functions and close to the theoretical
maximum for CdSe dots, estimated at'50000 GM. The dots appeared stable for
months and the action cross-section remained constant, however, a large fraction of

nonfluorescent dots were also observed. No evidence for blinking (fluctuation of

Figure 1.18 Deep tissue imaging of a vasculature system.®®
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radiation intensity) was observed and it is suggested that this phenomenon averages
out and is unlikely to be an issue in nanoparticle imaging applications. It was
observed that the sizes of the quantum dots are similar to fluorescent dextrans, which
make them ideal for angiography. Intravenous injection in live mice was also carried
out to examine skin and adipose tissues, both of which are highly scattering and have
a high refractive index mismatch. The vasculature system was clearly observed
through unbroken skin up to 250 mm deep. Compared to similar imaging agents such
as fluorescent dextrans (compare Figure 1.18 a and d), quantum dots shows
significantly clear image with less power, attributable to the high action cross-section.
Figure 1.18 shows images obtained from the study, highlighting various structures
(the blue color is collagen autofluorescence). The mice used in the study showed no ill
effects from the cadmium-containing labels and investigations are ongoing as to the

suitability of heavy-metal containing labels.

DHLA cap DHLA cap b Polyacrylate cap

+ Z
thI:jI / - / VZZ / -
N - 4 Avidin +
T+ x PG
CdSe/ - *

| Ab
core

7\

Figure 1.19 Three strategies for bioconjugation to QDs probe.

Semiconductor quantum dots are becoming highly efficient tools for biological
imaging and have numerous demonstrated advantages over conventional dyes. Other
studies of note include the imaging of the cancer marker Her2, live cells, performed
by Wu et al.** and Jaiswal et al.®’ respectively in 2003 (see Figure 1.19), the QDs
consists of a CdSe core passivated by a ZnS shell. The surface cap is negatively
charged, with carboxylate groups from either DHLA or an amphiphilic polymer.

Proteins are conjugated to the DHLA-QDs electrostatically either (A) directly or (B)
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via a bridge consisting of a positively charged leucine zipper peptide (zb) fused to
recombinant protein G (PG). The latter binds to a primary antibody (Ab) with
specificity for the intended target. In (C), antibodies, streptavidin, or other proteins are
coupled covalently to the polyacrylate cap with conventional carbodiimide chemistry.
Also, the quantum-dot doped polystyrene beads designed for assays have attracted
much attention®® (Figure 1.20). The beads are particularly note worthy as they are
internalized into the bead core without requiring surface exchange, thus maintaining
their luminescent efficiency. The controlled
manner, in which this was achieved,
allowed for the development of a quantum

dots bar based assay.

Other novel approaches.’ in QD‘S‘

conjugated to bio-molecules “are  briefly

discussed as follow. In 2001, Mattoussi et'al.~ Eiglife 1.20 Microbead containing various

. : levels of CdSe@2znS QDs.*
described a novel approach to the coupling *

of biomolecules with

semiconductor  quantum flexible peptide linker

/ interchain disulfide bond

dots.’” They prepared a / ) e
X basic leucine zipper

recombinant protein linker

\ COO-
that contained a basic C‘oo_
leucine  zipper  motif,
Ser Ser Ser!Asn Asn Asn Asn Asn Asn Asn Asn -A;n-: Leu Gly Ile
. . TCG AGC TCG:MC AAC ARC AAC AAT AAC AAT AAC AACCTC GGG ATC
which induces a net = SoTTToTToossssssss--o----
Glu Gly Arg|/Cys||Gly Gly Ser Ala Gln Leu|Lys Lys Lys|Leu Gln

GAG GGA AGG ||IGCHGGT GGC TCA GCT CAG TTG|AAA AAG ARA|TTG CAR

positive charge, thereby

Ala Leu[Lys Lys Lys|Asn Ala Gln Leu|Lys [Trp|Lys|Leu Gln Ala
GCA CTG|AAG AMA RAAG|ARC GCT CAG CTG |AAG |TGG|ARA|CTT CAA GCC

allowmg eleCtTOStatlc Leu|Lys Lys Lys|Leu Ala Gln Gly Gly Asp ***

CTC|AAG AAG AAA|CTC GCC CAG GGT GGG GAT TAA TCbe:lGA GTC GAC

binding to negatively . o . .
Figure 1.21 Recombinant protein linker contains a functional

protein moiety, MBP, and a basic leucine zipper motif.®’

22



charged semiconductor QDs (Figure 1.21). Functional proteins, such as bioactive
enzymes or binding proteins can be attached to the leucine zipper motif through the
flexible linker chain by means of genetic engineering. The use of a model fusion
protein, which consists of the maltose binding protein (MBP), allowed the preparation
of biofunctionalized 4-nm CdSe@ZnS quantum dots possessing 19 protein molecules
per nanoparticle. The conjugates had the full biological functionality of the MBP as
well as the undisturbed photoluminescent properties of the quantum dots. Moreover, it
was observed that the binding of the leucine zipper is beneficial to the stability of the
nanoparticle stability in aqueous solutions. The QDs linkage to biomolecules based on
other methods have also been reported.®” One who is interested in the relevant

subjects can refer to recent review papers.’**°

1.2.4. Exceptional surface modification of quantum dots

In view of QDs surface modification; as elaborated in the previous sections, it is
clear that the water-soluble QDs-linked biological-imaging was prepared mostly by
capping with a mercaptocarboxylic acid (HS—RCO,H) layer, e.g. mercaptoacetic acid
(MA), mercaptopropionic acid (MPA), and dihydroxylipoic acid (DHLA)

51,57,66,71,73,82
etc.”

The main reason for using thio- (—SH) derivatives as a linkage is that
its affinibility to QDs was much higher than other functional groups. In addition to

this general method, a surface modification without sulfur linkage have recently been

developed and is named as the “polymer—coated water soluble QDs”.

For example, Klimov and co-workers have successfully employed
hydrophobically modified polymers to solubilize nanoparticle (or QDs).*™
Low-molecular weight polyacrylates modified with octyl chains were developed to
stabilize and encapsulate QDs, rendering them soluble in polar media e.g. water or

alcohol. The amphiphilic polymer encases the nanoparticle, creating a micellar shell
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around QDs. The hydrophobic groups are then cross-linked to stabilize the
QDs-polymer conjugate for preparing shell cross-linked knedels (SCKs) (Figure 1.22).
The exploration not only yields polar solvent soluble QDs but also to manipulate the

resulting QDs-polymer complexes into assemblies.

@0&09%@ A
vfwﬂjﬁ B Tj:ﬁ:

Figure 1.22 Formation of the porlymer-QDs”showi‘r]g and idealized micellar polymer shell
(40% octylamine- modified PAA) encapstuilating the @Ds.

Also in 2004, Nie’s group: 'd‘evelopﬁcf;l a pblyrﬁgr coated QDs and applied to in

vivo cancer targeting.®® Because of strong h}}drophobib interaction between TOPO and

the polymer hydrocarbon, these tWo‘léS;er “bdnd”‘(na‘ctually not a really chemical bond
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QD capping ligand QD capping ligand: TOPO O:P%
TOPO
PEG PEG: poly (ethylene glycol)
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small-molecule drug,
inhibitors
Block copolymer Hydrophilic Hydrophilic

Z=23% wt, X +y = 77% wt
) ’ R & R o &
d &F £ e

O & & CsHy-NH
& £ 8! 17 2 ) s
~fCHCH}fCHCHEfC HE-C‘—CHZ—CE—‘CHE—CE + ———>—fCHCH}fCHCHEAC HE—C\—CHE—Cé‘CHQ—E{/:h
2} o} =} % % o ) QG KGN
OO OO W @ Oo %O @ w ‘n‘ ’S:\\
¥ 2 LN
4 % % % W
Hydrophobic Hydrophobic Hydrophobic"

Figure 1.23 Schematic illustration of bioconjugated QDs for on vivo cancer targeting by
modified polymer on surface.®®
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formation, just an attraction between aliphatic chain) to each other and form a
hydrophobic layer. The proposed scheme is depicted in Figure 1.23, consisting of: (a)
Structure of a multifunctional QD probe, showing the capping ligand TOPO, an
encapsulating copolymer layer, tumor-targeting ligands (such as peptides, antibodies
or small molecule inhibitors) and polyethylene glycol (PEG), (b) chemical
modification of a triblock copolymer with an 8-carbon side chain. This hydrophobic
side chain is directly attached to the hydrophilic acrylic acid segment and interacts
strongly with the hydrophobic tails of TOPO. Dynamic light scattering shows a
compact QD-polymer structure, indicating that QDs are tightly wrapped by the
hydrophobic segments and hydrocarbon side chains. Other laboratories like Zhang et
al.*® and Pellegrino et al.*’ also prepared water-soluble polymer-coated QDs only by

varying the surface polymer.

Another novel attempted sutface modification on QDs is using the concept of
electrostatic attraction. Jaffar ef-al.*® reported the modification of CdSe@ZnS QDs
surfaces with polyelectrolyte coating layer-by-layer (LbL). Although the first step was
modified by mercaptoacetic acid (MAA) on the CdSe@ZnS QDs surfaces, this
strategy provides a novel concept to change the electrostatic of the surfaces. Since the
surface was fully negatively charged upon modification with MAA, subsequent

modification of the surface with positively charged substituents such as polyallyl

- + e
MAA PAA PVSA =
e —_—> + >
- - + - -
o

' Trioctylphosphine oxide (TOPO)
$  Mercaptoacetic Acid (MAA)

M Polyallyl Amine (PAA)
h Polyvinyl Sulfonic Acid (PVSA)

Figure 1.24 QDs surfaces modification and modifying the surface charge arbitrarily by
coating different polymer.®
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amine (PAA, positively charged polymer) are necessary. As a result, they keep on
modifying the polyvinyl sulfonic acid (PVSA, negatively charged polymer) to the
polymer-coated QDs, followed by reversing the charge alternatively as shown in

Figure 1.24.

By the same layer-by-layer (LbL) technique, Hong et al.* went one step further to
work on magnetic QDs by changing polymer to polyallylamine hydrochloride (PAH)
and polysodium 4-styrenesulfonate (PSS). They also varied the surface charge by

fine-tuning negative or positive charge at will.

) ) ) OH
Of particular interest is LOH
OH
the method recently reported H‘ o I HN™ ~NH2
N/*-VOH HoN Wm . /—/_NWNHz
by Peng and co-workers,” in HS’\”’K\ f_( HNA _/—)‘j \_\—NMNHQ
,\ro HQN—/‘/ ~_NH,
which a new strategy, N\COH
OH
dendimer bridging is G3-OH dendron G2-NH, dendrimer
developed for simultaneous
N- OJLO NaO ?
formation and
Homobifunctional linker Sulfo-NHS-Biotin
functionalization of Figure 1.25 Four key compounds used of Peng’s work.*®

biocompatible and bioaccessible CdSe@CdS semiconductor box nanocrystals; namely,
a dendron box around each colloidal semiconductor nanocrystal. Apparently, as
shown in Figure 1.25, the use of four key compounds as extended linkers constructs
the overall framework. In this protocol, CdSe plain core or CdSe@CdS core/shell
nanocrystals coated by a monolayer of organic dendron ligands (dendron nanocrystals)
with hydroxyl groups as the terminal were chosen as the starting systems because of
their potential biocompatibility and stability. A generation—two (G2) amineterminated
dendrimer was then used as the cross-linking and functionalization reagent, which

yielded much more stable cross—linked nanocrystals than did the simple diamine or

26



N
on
Ol
oy
Oy

. ]
] ~ c ) e
4,2 v L% E°z
40 S AR
) N P % o, 0
) 3
ey o " o 1/; \’z"\\\ “o-N
Hr : ¢
B %5 oM o
HO oH o o o
O o o ¢ %
wo ’ o X 9 o wo O gy
W 4 N-00-N Yola Uy
W 0% : OO o, O
‘\D % Q [s] o @ \‘)1 ’4#’
Fody 0% Activation Fe. o gole
TErzE = 0 %7 o o
Y s

e
S L o
‘*-\-5.uy"?: NH:’&- oT ¥
N 4
o 0
Hey
H
m[: . é'{N“ 4 f_f’NHz
Ho A x
0.0
o
W3 &4 T
S, PEg !
T St '6 )]
(s <_NH
Py H —
I s 2

Figure 1.26 One-pot formation of amine box nanocrystals.91
trisamine cross-linking reagents. The chemical, thermal, and photochemical stability
of the resulting amine—terminating bex ‘Iiaho'c':'ryst_als (amine box nanocrystals) formed

by dendrimer bridging are compérable tb!?t}lat"no:f .the,"ﬁrst generation box nanocrystals.
Note that the first greneration box nar[locrystals are not biocompatible and need to be

further functionalized for bloapphoatlons (Flgure 1.26).The amine groups on the
surface of the box nanocrystals provide versatile and reliable conjugation chemistry

under mild conditions”® (Figure 1.27). Using one of the conjugation methods, biotin
molecules were readily coupled onto the  gox- ,g"ﬁocwstms BOXB;,‘;‘,;”C?QS;;,Q,S Avidin

HN -

. . . ! ' Sl ;
amine box nanocrystals. The biomedical ol ke
~ - = —b S .~

applications of those superstable box T, (Bn)
nanocrystals were demonstrated by the

> O SCL ST
quantitative and reproducible precipitation

é, L < ; d*
of the picomole amounts of avidin with C"

the biotinylated box nanocrystals.

Avidin-biotin/box-nanocrystal conjugates
(precipitated from the solution)
Figure 1.27 Schematic procedure for the
formation of aV|d|n biotin/box nanocrystal
conjugates.*?
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1.3. The Backgrounds of Core/Shell Quantum Dots

1.3.1. Type-1 CdSe@ZnS(ZnSe) Core/Shell Quantum Dots

o

Due to their remarkable size dependent AT
1'1.,;% k¥
T v f
photophysical  properties and versatility Wv::: 00‘52‘;‘: ;{:f:w
\,\M"ﬂp’o ° il ..r'JI__
toward chemical modification (vide supra), - '22‘62102 oe¥ i
| 1333
semiconductor quantum dots (QDs) have ’ S $‘5 2 ‘: 29 e
‘:"W‘J::Fv» ‘Jb;:?):')o*».%:?
received  considerable attention,”'>'*2"¥ b i ) RN
“ fin,
i £

among which cadmium chalcogenides have
Figure 1.28 Nanocrystal surrounded

by TOPO chains anchored to its

been actively playing a role in the relevant g ace.

II-VI QDs synthesis due to its high luminescence yield, monodispersity, uniform size
and shape. Consequenlty, upon coupling to e.gl:bio-molecules, the luminescent QDs
may serve as an ultra-sensitive biological probe.*”*> Numberous synthetic routes have
been developed for the preparation of monodispersed cadmium chacogenide. Herein,
I’d like to elaborate a specific one-pot reaction:toward modification of the highly
luminescent QDs (e.g. CdSe@ZnS). This synthetic route was developed via the
collaboration between Professor Chou and our groups. Of particular interest is the
reagents incorporated are environmentally safe and much less expensive (vide infra).
Prior to this QDs scenario, it is necessary to have brief introduction on notions
regarding certain terminologies in this field as well as to review several common
synthetic methods recently developed by other contributors.
1.3.1.1. Surface Passivation

Nanocrystals synthesized from liquid-phase epitaxy frequently need a certain
surfactant or called “stabilizer” to make the nano-structure stabilized, by capping the
surface with surfactant molecules. Normally this is called “organic surface

passivation” as shown in Figure 1.28. For example, TOPO (Trioctylphosphine Oxide)
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is the very popular ones. Howevevr, there is a barrier of steric hindrance and

electrostatic repulsion between organic TOPO chain surrounding the QDs surface.

It should be noted that the resulting particle might contain some non-absorbed
parts, which are called “unpassivated atoms”. Such imperfect atoms also make
stacking fault and become “defects”, which may significantly influence the stability
and photophysical properties of QDs. There are two radiative pathways commonly

applied for the nanocrystals

. Band Edge cs i TS
excited by photons. As I—p N~ Ang
shown in Figure 1.29%, the vB

CB s
first one is the band edge iy
SS !
emission. The concept of
VB —
this is the same with the s
s W
|_> TS
bulk semiconductor, i.e. the . :
Deep Trap L = e
emission from electron and Size Dependent (~ Ps)

Figure1.29 Common emission mechanism of the
hole recombination. The semiconductor nanocrystal.

other one is the deep trap emission. There are additional energy levels commonly
called the surface state (SS) originated from bare (or unpassivated) atoms. In the CdSe
case, selenium is always considered as the unpassivate atoms because cadmium has
higher affinity toward organic surfactant than selenium. This midgap state of the
surface could be either electron donor or even electron acceptor. These states strongly
affect the emission property as well as reduce the luminescence efficiency. The key
factor to synthesize high quality QDs is to control the passivated surface of
nanocrystal. In other words, the manipulation of controlled the chemical and physical

properties of the particles.
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1.3.1.2. Protective Types Core/Shell Structure

Core/shell type composite quantum dots exhibit novel properties. These make
them attractive both experimentally and practically. The properties of core/shell QDs
are highly dependant on the inorganic surface passivation and obey the principles of
quantum well. Previously, Figure 1.28 shows passivation and stabilization of organic
surfactant (e.g. TOPO or TOP), on CdSe QDs. Nevertheless, due to imperfect surface
passivation and rearrangement of the surface atoms, deficient quantum confinement
effect on the surface may takes place. Overcoating nanocrystallites with inorganic
materials of higher band offsets has been shown to improve the photo-luminescence
quantum yield (QY). This is achieved by passivating surface nonradiative

recombination sites. As

illustrated in Figure 1.30,

Organic
Matrix

ZnS or CdS shell capped

CdSe QDs always provides

CdsSe

Organic
Matrix

higher quantum efficiency

(QE) and photo stability

Organic
Matrix

due to the confinement of

the carrier on the edge of
Figure 1.30 Bared CdSe QDs and inorganic surface

the energy band offsets, passivation core/shell type-1 QDs.

and consequently reducing the loss of the carrier by trapping or tunneling.”*** Herein,
we call the case as type I core/shell QDs that the valence band of core is higher in
energy than that of the shell, while the relative energy level is opposite in the

coduction band.

The passivation also increases more protection and stability than the core only

and the organically passivated core nanocrystals. The following example™ illustrates
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the property changes of the core/shell
structure. Although the stability was
investigated by differentiating the bare
(organic TOPO-coated) InAs cores and
InAs@CdSe (or InAs@ZnSe) core/shell
samples, its suitability should be applied to
other QDs. By comparing absorption and
emission spectra of the fresh samples and of
samples that were kept for 10 months in a

solution saturated with oxygen under

daylight conditions, the results shown in

Figure 1.31 clearly indicate that InAs cores

- A: InAs core
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Figure 1.31 Comparison of stability of core

. - 48 - - ".andtwo types of core/shell QDs.**
under these conditions exhibited b

considerable quenching by a faqtbr of 40-(Figure 1. 31A). These phenomena indicate

substantial oxidation of the bare InAs core. The core/shells under similar conditions

show a very different behavior. For InAs@CdSe and InAs@ZnSe core/shell QDs the

absorption shifted slightly to the blue and the

QY decreases from 16 to 13% and 19 to 15%
respectively (Figure 1. 31 B, C). Evidently, the 0.94

photo-stability of the bare QDs is not as great GaAs|

as that of the core/shell type QDs.

Despite the superiority of core/shell QDs,
there are certain limitations of applying the

shell layers. Particularly, two factors determine
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Figure 1.32 Summary of the band

offsets (in eV) and lattice mismatch (in

the quality of shell passivation. The major %) between the InAs core and other
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concern lies in the lattice mismatch between the core and the shell materials. It is
important in the synthesis of heterostructure core/shell nanocrystal because extremely
large lattice mismatch could enable tension during the shell passivation and
eventually result in the collapse or defect of nanocrystallines. As shown in Figure
1.32 the InAs core and the CdSe shell have a minimum lattice mismatch, while there
is a mismatch as high as 10.7% between the core and the ZnS shell resulting in the
difficulty of growth.”* The other major factor is that the shell band offsets should be
covering the core one. For example, the band offsets of the CdSe shell caps the InAs

core and the ZnSe shell caps the CdSe core (vide infra).

1.3.2 Type-1I Core/Shell Quantum Dots

Despite well-documented studies of type-l core/shell semiconductor quantum
dots (QDs), studies of type-1I @Ds.are relatively rare. In contrast to type-I core/shell
quantum dots (QDs) possessing-band:offsets-in-that the conduction band of the shell is
higher in energy than that of the core, while the relative energy level is opposite in the
valence band, type-II QDs’ valence and conduction bands in the core have both lower
(or higher) than those in the shell materials’ (see Figure 1.33). Thus, upon excitation,
the carrier of type I is predominantly confined to the core, while the other is located in
the shell. This spatial separation of charge carriers (electron and hole) leads to several
characteristic differences from the type-I QDs. On the one hand, type-II structures
allow reaching an interband emission with an energy gap that would be otherwise
unavailable with type-I structures. On the other hand, the charge separation in type-II
QDs should make these materials more suitable in, for example, photovoltaic
applications, in which QDs may replace dye chromophores so that one of the
photocarriers is injected from the QDs into a matrix before the occurrence of

electron/hole recombination. Furthermore, because of the fluorescence emission of
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type-II QDs can be tuned .
A. Typical Type-1 Quantum Dots (ex. CdSe/ZnS):

into near-infrared (NIR)

CdSe

Organic

region, they are wildly used Ligands

Potentials

in bio-imaging applications.

. B. Type-11 Quantum Dots (ex. CdSe/ZnTe, CdTe/CdSe):
For example, Bawendi et al. o
(=
N

CdSe

cdse CdTe

in 2004 developed the use

Organic Organic
Ligands Ligands

Potentials

of NIR or infrared photons

as a promising approach for
p & app Figure 1.33 lllustrations of the energy band gap difference

. . . . ) between (A) type-l and (B) type-Il QDs.
biomedical imaging in

living tissue.”®”” They demonstrated that these type-Il QDs allow a major cancer
surgery, sentinel lymph nodemapping, to be performed in large animals under

complete image guidance.

Most type-II nanocomposites reported have been grown by molecular beam

%899 which unfortunately limits its-preparation in either one-dimensional or

epitaxy,
two-dimensional structures. Recently, based ‘on a colloidal template (ie; TOPO), a
seminal work on the chemical syntheses of type-Il CdSe@ZnTe (core/shell) and
CdTe@CdSe (core/shell) QDs using Cd(CHj3), as a Cd precursor has been repor‘[ed.95
The soft-template approach is provides both feasibility and versatility toward further
chemical modification. In this thesis, we will discuss in chapter 3, the synthesis of
CdSe@ZnTe (core/shell) type-II QDs via a greener precursor CdO is reported. Also,
we will discuss their corresponding excited-state relaxation dynamics. The results
reveal that the rate of photoinduced hole injection decreases as the size of the core
increases, but independent of the thickness of the shell in the CdSe@ZnTe QDs. Note

that in the case of CdSe@ZnTe QDs, both the valence and the conduction bands in

the core are lower than those in the shell (see Figure 1.33).
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Scheme 1.1 Plot illustrating the CdTe, CdSe and TiO,
band offsetsalignment in energy. (e and o denote
electron_and hole, respectively)

Alternatively, in Chapter
3, we also report the other
type-II QDs, CdTe@CdSe. Scince both of its valence and conduction bands in the
core are higher than those in theshell materals. Upon excitation, electron injection is
likely to be from the conduction band of the shell (i.e. CdSe), providing a driving
force to an electron acceptor. When properly constructed using TiO,, commonly used
in the dye sensitized solar energy cell (see Scheme 1.1), as the acceptor, an useful

structure can be anticipated.

1.3.3. Type-1I Core/Shell/Shell Quantum Dots

One disadvantage of using type-II QDs, such as CdSe@ZnTe, in applications,
lies in its much weaker quantum efficiency in general. Since the interband emission
originates from the spatially separated CdSe — ZnTe transition, its associated
radiative lifetime is expected to be long. Thus, any radiationless process, such as the

floating of hole-carriers to the surface of the QDs, will drastically quench the
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emission intensity. In order to enhance the quantum efficiency toward the NIR
application, we will reporte in Chapter 4, the encapsulation of a third layer to achieve

the CdSe@ZnTe@ZnS and CdSe@CdTe@ZnTe (core/shell/shell) structures.

Potentials (eV) Potentials (eV)
(A) L (B) L
- o o 4
-3.0 — -3.0 —
-3.6
ZnTe
-4.0 — -43L. 3 -4.0 —
£.I8
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1.7eV - 5.1
6.0 — B-Gey -6.0 —
- 6.0
-7.0 — © -7.0 —
-7.2
-8.0 — -8.0 —

Scheme 1.2 Plot illustrating the CdSe, CdTe, ZnTe and ZnS band offsets alignment in energy.
(Data are taken from ref. 100). Note that the changes of band gap and hence the relative
energies in the interfacial regions are neglected in this diagram.

As shown in Scheme 1.2A, the conduction band in ZnTe is well above that in
CdSe, while the valence band of ZnS is below that of ZnTe. Upon excitation, electron
and hole are strictly confined in CdSe and ZnTe, respectively, encapsulated by ZnS.
Thus, floating of the hole-carrier to the surface of ZnS can be significantly reduced,
resulting in the enhancement of CdSe — ZnTe interband emission intensity. In
Scheme 1.2B, both vanelnce and conduction bands in ZnTe are well above that in
CdTe, forming a cascade type of band edges in a sequence of CdSe < CdTe < ZnTe.
Upon excitation, electron and hole are eventually confined in CdSe and ZnTe,

respectively. Thus, the lowest lying elecron/hole combination, thermodynamically,
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should originate from CdSe (electron) and ZnTe (hole). The rate of recombination is
expected to be rather slow because charge separation is enhanced via an intermediate
CdTe layer. Thus, in additon to its synthetic challenge and future chemistry
perspectives, the associated photophysical peoperties of CdSe@CdTe@ZnTe
(core/shell/shell) type II QDs are also of great importance. Detailed results will be
discussed at Chapter 2.

Structural characterization of the synthesized Core@Shell@Shell QDs has been
made via TEM, EDX, XPS and XRD. Photophysical properties were investigated via
the absorption, interband emission and its associated quantum efficiency as well as
relaxation dynamics. In view of applications in biomedical imaging, dihydrolipoic
acid (DHLA) encapsulated water soluble CdSe@ZnTe@ZnS QDs were also prepared

and the corresponding two-photon.eross section was measured.

1.4. The Applications of Core/Shell OQDs Efforted in This Thesis

1.4.1. The Metal lon Probes

Sensing toxic metal ions is essential in monitoring of the environment, the
control of chemical processes, and medical applications. Of particular importance is
the selective detection of the mercury ion (II), which is biologically highly toxic and
is known to cause a variety of phenomena in humans, such as damage to the central

nervous system and resulting neuropsychiatry disorders. Currently existing sensors for

the detection of Hg>", such as thin-films device of gold,'”" organic probes,'*>'"
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polymeric material'™ and bio-composites,'” are subject to certain inferiorities. These

include high operation temperatures and complexity,'”' latively low sensitivity,

1921% “and slow response due to the long-time

non-aqueous environments,
eqeq 105 . . .
equilibrium. ™ Ever since Pederson et al. discovered numerous metal ions could be
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detected by cyclic polyethers (crown ethers) in 1967.'"

Numerous strategies of metal
ion-sensors have been designed. Among these, organic fluorophores linked with ion
recognition sites turn out to be the most popular metal ion probes. For example, our
co-workers, P. T. Chou et al., developed a highly sensitive Ca®" and Na" probe by
anchoring organic fluorophore with a aza-crown that is suitable for the ion sizes, the

design has achieved an excellent result (see Figure 1.34).'%®

However, most of organic
dyes acting as fluorophore tend to have narrow excitation spectra, and often exhibit
broad emission bands with red tailing, which, due to spectral overlap, makes
simultaneous quantitative evaluation of relative amounts of different probes present in
the same sample difficult. To overcome such a barrier, Kim and co-workers have
successfully prepared gold nanoparticles with the capability of sensing heavy metal
ions.*" In their work, a simple colorimetric technique for the detection of small
concentrations of aqueous heavy.metal i1ons; including toxic metals such as lead,
cadmium, and mercury was describéd:"As.depicted 1n Figure 1.35, they used 13.6 +
0.4 nm diameter gold nanoparticles-capped with 11-mercaptoundecanoic acid (MUA)
as a probing system. Aqueous suspensions of the functionalized gold nanoparticles
displayed intense plasmon absorptions that rendered the suspensions red. Aggregation
of the particles (e.g. by addition of a metal ion salt solution) yielded both a shift in
plasmon band energy and a substantial increase in long-wavelength Rayleigh
scattering, resulting in a red-to-blue color shift (Figure 1.35).

Although this case successfully utilized gold nanoparticles as the metal ion probe,
highly luminescent semiconductor QDs with broad excitation spectra and narrow,
symmetric and tunable emission spectra could be superior to colorimetric metal ion
sensor using gold nanoparticles. In 1996, Sooklal et al. demonstrated that manganese
ion could be probed by ZnS QDs.'” Similar works were performed by many groups

110-112
S

employing quenching the fluorescence of semiconductor nanoparticles, Cd and
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CdTe.'” More recently,
the group of Pang
published two  papers
about the use of CdSe
QDs and CdSe@ZnS QDs
modified with bovine
serum albumin
(BSA)'"*!° for Ag" and
Cu*" detections,
respectively. In Chapter 2,

the design and the
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Figure 1.34 Metal ion probe by the organic fluorophore
anchored with aza-crown.'®

Figure 1.35 Heavy-metal ion recognition and binding of the
functionalized gold nanoparticle.®*

properties of the high sensitivity metal ion probes with type I core/shell QDs will be

discussed.

1.4.2. Intermolecular Energy Transfer Systém

Furthermore, in order to extend the applications of type-I QDs, continuing the

idea of metal ions probe by aza-crown,'® (see Figure 1.34) we developed an energy

transfer system with crown-dithio QDs. Herein, the Intermolecular Energy Transfer

are briefly introduced as follows.

A. Aromatic Hydrocarbons

Among the hydrocarbons anthracene is

probably one of the most thoroughly studied
molecules. If anthrancene solutopns are irradiated | Hﬁ%

in the absence of oxygen, the product is

b

Figure 1.36 Colormetric
responses for metal ion
recognition.'%°
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dianthrancene. If oxygen is present, however, the product is the bridged peroxide.
Furthermore, the photophysical properties of the novel hexapyropheophorbide
a — fullerene hexaadduct (FHP6) compound (Figure 1.37) were studied by Roder
et al. using both steady-state and time-resolved spectroscopic methods''®. It was
found that neighboring pyropheophorbide a (pyroPheo) molecules covalently
linked to one fullerene moiety due to the length and high flexibility of carbon

chains could stack with each other.

FHPI
Figure 1.37 Structural formula of FHP6 and the reference compound FHP1.

116

B. Carbonyls

Another important type of molecule participating in photochemistry is that

containing the carbonyl group. Regioregular silylene-spaced copolymers
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composed of an energy gradient with three different chromophores recently have
been achieved by Yen-Ju Cheng and Tien-Yau Luh.""” Upon excitation of the
donor chromophore (D1), only emission from the acceptor (A) was observed.
Efficient and sequential energy transfer across three different chromophores
along the polymeric backbone may proceed smoothly in these silylene-spaced

copolymers. (Figure 1.38)

Polymer 1a

Normailized Flourescence Intensity (a.u.)

300 350 400 450 500
Wavelength (nm)

Figure 1.38 Concentration-dependent fluorescence spectra of an equal
molar mixture of two compounds in CHCl3.**’

C. Protein—protein interactions

A twofold increase in quenching constant was noted for KI quenching of
AEDANS fluorescence emission in the presence of apoE CT domain, indicative
of alterations in Ab conformation upon interaction with apoE CT domain. (See
Figure 1.39) Narayanaswami, V. and his group''® propose intermolecular FRET
(Fluorescence Resonance Energy Transfer) analysis as a discriminating approach
to examine apoE/Ab interaction, a potentially critical factor in early events

involved in amyloid formation.
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The development of molecule-based ion sensors has been a pivotal issue
currently receiving considerable attention. A prototypical detection scheme lies
in two requirements, namely a sensing moiety with satisfactory ionic selectivity
and the sensitivity, i.e. the measurable changes in response to the recognition.
Among numerous methodologies, the exploitation of ionophores incorporated
with optical transduction as a reporter seems to be a very promising one.'” In
this approach, ionophores are usually coupled with a molecular chromophore, of
which the associated spectral properties in either absorption or emission are
sensitive to the environmental stimuli. Up to this stage, a large portion of
chromophores being developed are hydrophobic, which consequently limits their
applications in aqueous media. Recently, metal nanoparticles have been emerged
as an important colorimetrictreporter due ‘to their extremely high extinction
coefficient (i.e. absorptivity).that is alse very-sensitive to the transition from
mono-dispersion to the ' aggregationsy, resulting in a distinct color

>28L120-122 Eor the case of gold nanoparticle, this phenomenon of which is

change.
well known as the surface plasmon absorption, the color change upon

aggregation is due to the coupling of the surface plasmon resonance as a result of

the proximity between two Au nanoparticles.'”>'*® Recently, based on a

201 299
A N— Trp Trp Trp }— cl
B
[
I 3
D

N =|y-Glu-Cys-Gly = C

Figure 1.39 Fluorescence Resonance Energy Transfer Analysis of
Apolipoprotein E C-Terminal.**®
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1.5.

sandwich complex of 2:1 between 15-crown-5 and K" [12-19], Chen and
coworkers'?’ reported on capping the Au nanoparticles with the 15-crown-5
functionality and the resulting 15-crown-5 functionalized Au nanoparticles were
successfully exploited as a novel prototype to probe K', in which the
transduction is signified by subtle changes of the surface plasma resonance, i.e. a
colormetry type of sensing mechanism. On this basis, other crown
ether-modified metal nanoparticles, especially those of II-VI and II-V
semiconductor composites, may serve as an alternative, taking advantages of
their superior fluorescence properties such as high quantum efficiency and
narrow bandwidth (good contrast luminescence color), etc. In Chapter 2, we
report the design and synthesis of 15-crown-5 functionalized, water soluble
CdSe/ZnS quantum dots (QDs) as well as their exploitation as a sensing unit
toward K in aqueous -solution. The' sensing mechanism utilizing either
aggregation property in single size-QDs-as well as the Forster type of energy
transfer in dual color QDs system renders ‘a great versatility and flexibility in

view of future applications.
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