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PREFACE

Semiconductor materials in its nanoscale dimension possess unique physical
and chemical propertics. Luminescence properties of semiconductor materials are
sensitive 10 their size and shape: for example, on decrcasing the size below the Bohr
exciton radius the emission band shilts from 740 nm to 450 nm in the case of
spherical CdSe QDs. The tunability ol optical propertics ol QDs. by controlling
their physical dimension in nanometer length scale, allows the [abrication of display
devices, cascadc lasers and light sources of different colors from materials
possessing same chemical composition. Recent studies have shown that QD based
hybrid systems are uscful in the design of photovoltaic devices and in biomedical
applications (for c.g., sensing and imaging). The present thesis, entitled “Cadmium
Selenide Based Core-Shell Quantum  Dots  for Biosensing and  Imaging
Applications™ is mainly focused on the synthesis and characterization of CdSe QDs
overcoated with different shell materials for various biological and chemical sensing
applications. Main objcctives of the present investigation are (i) to develop a novel
method for the optimization of shell thickness in core-shell QD systems, (i) to
synthesis water soluble QDs for biological applications, and (i) to develop QD
based sensors.

The thesis is divided into four chapters; first chapter provides an introduction
to the size, shape and composition dependent properties of QDs. A theoretical
insight into quantum confinement effect in QDs is also presented. Second chapter
presents a novel method based on photoinduced charge transfer process to optimize
the shell thickness of CdSe-ZnS core-shell QDs. Spectroscopic investigations
indicate that phenothiazine binds to the surface of bare CdSe QDs. resulting in
luminescence quenching, by an electron transfer process. Further. experiments with
ZnS overcoated CdSe QDs showed that two monolayers of ZnS prevent the clectron
transfer processes  while  retaining  good luminescence quantum  yiclds.
Methodologics presented. based on photoinduced charge transfer process. can
provide quantitative information on the optimum shell thickness of core-shell QDs,
which can suppress the undesired electron transfer and provide maximum

photoluminescence yield.



Synthesis and characterisation of silica overcoated, water soluble CdSe QDs,
in vitro cytotoxicity analysis, cell imaging and two-photon absorption (TPA)
properties are presented in the lhird chapter. /n vitro studies using human bone
marrow derived mesenchymal stem cells (hMSC) showed that the silanised QDs are
cytocompatible at nanomolar levels. Use of silanised QDs in cell imaging is also
illustrated. Multiphoton absorption studies showed that silanised QDs posscss
improved two-photon absorption characteristics in aqueous media, which makes
them an excellent candidate for biological labeling, imaging and scnsing
applications.

Final chapter demonstrates the use of silica overcoated CdSe QDs in the
selective detection and quantification of (i) biologically important molecules under
physiologically relevant conditions and (ii) trace quantitics of Hg™ ions in the
presence of interfering metal ions. Amino acids and peptides containing free
sulfhydril group (cysteine, homocysteine and glutathione) selectively quenches the
luminescence of silica overcoated CdSe QDs by an electron transter process. In
contrast, molecules which possess disulphide linkage (e.g. cystinc) or thiol
derivatives (e.g. methionine) did not influence the luminescence of silica overcoated
CdSe QDs. The ability of this corc-shell nanohybnid system to selectively detect free
thiols in the presence disulphides have been explored and further utilized for the
selective detection of total free thio] content in human blood serum samples. Among
various metal ions, Hg®" selectively quenches the emission of silanised QDs in
aqueous medium with a concomitant bathochromic shift in the absorption and
emission bands. These changes are attributed to the modification of the electronic
structure of CdSe QDs due to the surface reconstruction; mercuric ion react with
CdSe to yield quantum sized HgSe on QD surface. This exircmely elegant
fluorimetric method, based on silica overcoated CdSec QDs allows the detection of
biomolecules at physiologically relevant conditions and mercuric ions without the

aid of any specialized instruments.

xi



CHAPTER 1

QUANTUM DOTS (QDs): AN OVERVIEW

CdSe ODs of different size under UV excitation

1.1. Introduction to Nanoscience and Nanotechnology

Nanoscience and Nanotechnology deals with the engineering of
materials by controlling their size and shape in the nanoscale size regime (!
nm= 10" m). A comparison of the size domains of various naturally existing
and man made systems is presented in Figure |.1. By definition. nanoscience
is the study of phenomena and manipulation of materials in the nanometer
scale wherein their properties differ significantly from that of bulk.' The word
‘nano’ 1s originated from the Greek “vowvoo™, meaning “dwarf™ and it was
Lohmann who used the prelix "nano’ for the first time in 1908, to address
small organisms having size in the order of ~200 nm scale.” The visionary
idea of controlling matter in the nanoscale regime was proposed by Nobel

laureate Richard P. Feynman, in his famous lecture entitled “There's Plenty of
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Room at the Botom™. dehivered at California Institute ol Technology. in
1959, [n this talk. he outlined the theoretical concept ol manipulating matier
i the atomie/molecular level and the potential applications ol nanoscale
systems. Filteen years later. Aviram and - co-workers proposed  single
molecular electronie device  based on donor m and acceptor 1 system.
separated by a methylene bridge cmolecular rectifiers). In the same vear.
Norio Tanigucht proposed the term "Nanotechnology™ as a successor ol
microlcclnmloi_‘_\-‘.i Theoretical  concepls developed o the  carly vears
highlighted the need Tor precise control ol matier i the nanoscale. however
the nonavailability ol instrumental techniques for their characterization was a

major lmitation.
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Figure 1.1. Comparison ol the size domains ol naturally existing and man
made Sysiems.
Nanomaltertals can be generally classilicd as organic. inorganic and
organic-inorganic hybrid systems. Among various inorganic nanomaterials.
semiconductor and metal nanoparticles have gamed interest - last two

decades due to their unique optical and clectronic properties. governed not
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only by its composttion, bul also by size and shape.(’ Metal nanoparticles in its
colloidal state have attracted mankind cven centurics ago: the medicinal value
of metal nanoparticle in its colloidal state have attracted the civilization in
east, which is well documented in books of ancient Indian Ayurveda like
‘Charaka Samhita® and Vcdas.” Metal nanoparticles have been used for
decorating glass windows (stained glass windows) in many ancient cathedrals
in Europe.®™ Another cxample is famous Lycurgus cup of the 4% century,
which is now displayed in British museum.* This glass cup is embedded with
a small quantity of an alloy of gold and silver having a diamcter of ~70 nm in
the molar ratio of (3:7). Interestingly, the glass cup appears grcen when
viewed in reflected light and transmits red colour when illuminated from
inside. Today, we attribute the special color display in Lycurgus cup (o
surface plasmon resonance of the alloy. The first systematic documentation
on the synthesis of nanomaterials was reported by Michael Faraday in 1857.%
On reducing sodium tctrachloroaurate (Na[AuCly] with a solution of
phosphorous in carbon disulphide, a dcep ruby coloured solution was
obtained which he attributed as ‘finely divided metal’. Recent developments
in the classical wel chemistry methods have enabled the synthesis of various
metal nanoparticles and their alloys by controlling their size and shapc.‘"b
Further, various functional propertics of metal nanoparticles were correlated
with the size as well as shape and these aspects are well documented.”

Excellent research on the synthesis and study of colloidal semiconductor has
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been carricd out by Henglein and coworkers and thesc aspects were
summarized in an earlicr review.'” Theoretical insight on the tunable
absorption and emission properties of semiconductor nanoparticles. when the
size is brought below the Bohr Exciton radius, was provided by Louis Brus in
1984."" Later several experimental mcthods have been developed for the
synthesis of semiconductor nanoparticles and a brief overview is summarized

in the following section.

1.2. Quantum Dots: An Overview

Quantum Dots (QDs) form an important c¢lass of low dimensional
structures with size. shape and composition depcndent physical as well as
chemical properties.'” Photoexcitation of a bulk semiconductor results in the
formation of a bound clectron-holc pair, called ‘exciton’, through the transfer
of an clectron from valence band to conduction band. The freedom of charge
carrier motion 1s completely restricted when all the three dimensions of the
material arc confined in nanometer length scale (for example, excitons in
semiconductors when confined below the exciton Bohr radius). Such
materials are termed as quantum dots (QDs) or zero-dimcnsional materials
(0D)."* One-dimensional (1D) semiconductor nanostructures can be obtained
by confining two of the dimensions of a semiconductor matcrial below the
Bohr exciton radius and quantum rods or quantum wires are the best
examples. Further, a (2D) quantum well structure is obtained by limiting

gquantum confinement in onc of its dimensions i.e., only one dimension of the
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material is in nanoscale regime. The extent of conlincment of charge carrier
motion results in the change in electronic energy levels as illustrated o Figure
1.2: the continuum in case ol bulk semiconductor material was transformed (o
discrete atomic like energy levels due o quantum conlinement. with a
concomitant increase in the lowest energy states.

cB B CB
VB’ VB | B ve

Figure 1.2. Schematic diagram ol the density of states (DOS) in

O
@

c
\

semiconductor structures: from lefl. bulk material. quantum  well,
quantum wire/rod. quantum dot array with quantum confinement in 01,
1D, 2D and 3D respectively (adapted fron reference 12d).

A reduction in size ol a material leads to an increase in the surface area
per unit volume as schematically shown in Figure 1.3 In QDs. significant
percentage of atoms arc occupiced al the surface. For example, a 2.1 nm size
CdSe QD contains ~1400 atoms of which 25 % lie on the surlace and most ol
them possess dangling bonds."™ Surface environment of semiconductor
nanoparticle plays a key role in dictating its properties. Thus, the unique
properties of QDs originatc mainly from two factors: large surface to volume

ratio and the spatial confinement of charge carriers, called as quantum
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. e . . IR . .
confinement cffect or quantum size effect. ™ These aspects are discussed m

the forthcoming sections.
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Figure 1.3. A simple thought experiment showing why nanoparticles

have such phenomenal surlface arca per unit volume tadapted from

reference 12¢)
1.3. Quantum Confinement Liffect

The physical and chemical properties of @ material arce directly related

o the type of the charge carrier motion as well as the space in which their
motion is confined.'” For example. the cnergy levels of an electron arc not
quantized until it is bound 1o an atom, molecule or a material. Once bound.
their motion becomes highly confined in a potential well and quantization scts
in. resulting in quantized encrgy levels. The extent of confimement s directly
related 1o the spatial freedom allowed lTor clectron movement: smaller the
space in which the bound motion takes place. stronger the confinement and
farger will be the energy separation between the allowed encrgics levels. The
nuclear confinement is the strongest type of confinement as the motion of the

nucleons 1s confined 1o a femtometer size scale. This is followed by clectronic



Chaprer [: Quantum Dots (QDs): An Overview
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confinement in atoms. For example. in hydrogen atom the clectron is contined
to a length scale of ~50 pm.®

The spatial restriction in the motion of charge carriers in mctals or
semiconductors can be brought about by reducing the physical dimension of
matter to nanomcter size regime. In the case of semiconductors, a reduction in
the size to nanometer length scale of ~10 nm results in the (i) splitting of
energy levels of valance band and conduction band to discrete quantized
atomic like energy levels and (i1) an increase in the band gap energy. This
phenomenon is explained on the basis of quantum confinement cffect.” Both
these effects are directly observable in the electronic absorption and emission
spectra of direct band gap semiconductor nanoparticles, which is illustrated

by considecring cadmium sulphide as a typical example.

N
300 400 500

A, MM

Figure 1.4, Quantum confinement effect in the electronic absorption
spectrum of CdS QDs of ditferent sizes. (inset) A comparison of
energy states while moving from a metal to an insulator (adapted
from reference 14a).
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Macrocrystalline  CdS  has an  absorption onset at 515 nm.
corresponding to bandgap cnergy of 2.58 ¢V; a hypsochromic shift in the
absorption band was observed when its size is decreased to a nanoscale
dimension (Figure 1.4).I4a The absorption spectrum of CdS QDs having 8 nm
size showed a considerable blue shift in absorption onsct with cvolution of a
shoulder, close to 500 nm. These changes can be ascribed to an increase in
bandgap energy as well as to the replacement of continuous cnergy levels
with quantized states. The small hump in the absorption trace represents the
lowest optical transition or first excitonic transition (1S, - 1S.). as
schematically represented (dotted arrow) in the insct of Figure 1.4. The
cffects due to spatial confinement of charge carriers in QDs arc more
pronounced with further reduction in physical dimension. On decreasing the
CdS QD size to 3.5 and 2 nm, the absorption onset showed considerable blue
shift with evolution of sharp first and second excitonic transition in the
absorption profile (Figure 1.4).

Cadmium selenide (CdSe) QDs are another important class of
semiconductor nanomaterial wherein the quantum size cffect on the optical
properties as a function of size is well explored (Figure 1.5)." The
absorbance as well as photoluminescence of CdSe is tuned from around 700
to 450 nm, covering the entire visible spectral window, just by controlling the
size in the range of 6 to 2 nm. In summary, semiconductor nanomaterial

having same chemical composition can emit light through out the visible
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region by inducing quantum confinement effects. 1.c.. just by controlling the

physical dimension in nanometer length scale.

?
<
.|

o=
) v | 2
Q w ©
5 ™~ g | =
2 - — -+ £ D
8 ViV 8 &
o - Y ° |2
© -- = o] .c
o 815
e . o |l o
IRV -
7K
=L
K4 ~
\ U
WY
N \

400 500 600 700
wavelength [nm]

Figure 1.5, (/¢fi) Absorption (solid trace) and emission spectra (dotted trace)
of CdSe QDs. us o function of size. (right) Photoluminescence from CdSe
QDs in solution and in powder form: A visual evidence ol guantum
confinement cffect in CdSe QDs (adupted from rveference 140).

Many other propertics of semiconductor nanomaterials  such  as
oscillator strength. intraband transitions. exciton binding energy. redox
potential of the conduction band edge and valence band edge. dielectric
constant and (one and two-photon) absorption cross scection are dependent on
their physical dimension.'"" For example, oscillator strength accounts for the
probability of the lowest cnergy clectronic transition, which depends on the
joint density of states of energy levels in the conduction and valance band
wherein the optical transition occurs. Further more, it also depends on the

extent of overlap of the envelope wave functions ol electrons and holes. Both

these factors produce a large enhancement in the oscillator strength as a
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function of quantum confinement expericnced in the system. Indirect band
gap semiconductors are known to be poor light emitters since optical
transition in these systems require a change i momentum and thus involves
phonon contribution. However. the momentum selection rule is not involved
m the quantum confined structures, allowing radiative recombination of
excitons. For example. i contrast to silicon  (an  indireet  bandgap
semiconductor). silicon QDs show size dependent photoluminescence with
high quantum yicld.'i

The intraband transitions. i.e.. electron-hole transition  within the
conduction band and valence band are also influenced by quantum size cetfect.
In bulk. these processes require a change in momentum and thus become a
phonon assisted process. Hence. the intraband transitions are weak in bulk
comparcd to iterband vansitions. as the latter requires littde change in
momentum durtng clectronic transition. In the nanoscale regime. the quantum
conlinement relaxes the selection rule and electron can jump from one
sublevel 1o another without changing the momentum. allowing the new
ransitions in the IR region. This process has been utilized 1o produce
quantum  cascade lasers and detectors based on  quantum  conlined
heterostructures.' ™ Similarly. the exciton binding energy is enhanced due to
guantum confinement cffect in nanostructures compared to that of bulk. Also,

the redox potential of the conduction band and valence band are also sensitive
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to size of the QDs which shifts to more positive values for valence band and
negative values for conduction band with decrease in the size of QDs.'°
1.3.1. Quantum Confinement Effect: Theoretical Predictions
Semiconductors are characterized by their well separated, continuous
energy levels labeled as conduction band and valence band with an energy
gap in the order of few clectron volts (< 5 eV). As mentioned earlicr.
promotion of an clectron from the valence band to the conduction band by
external stimuli such as photons creates a bound electron-hole pair called as
exciton.'”  Minimum energy required to generatc an exciton in a
semiconductor material is known as the bandgap encrgy (Eg). The electron
and hole in such an exciton is weakly bound (Wannier-Mot type). due to the
larger distance and high diclectric constant of the medium. For example. the
exciton binding energy in the case of cadmium sulphide (CdS) is 0.05 eV and
the charge carriers arc scparated by 2.5 nm. In contrast, the clectron-hole pair
formed in an organic insulator (Frenkal exciton), is tightly bound in the same
lattice site within a small radius (exciton binding energy in the order of 0.1-1
eV). These systems can be compared with hydrogen atom whercin the exciton
binding energy is 13.5 eV and the charge carriers are separatcd by 0.053 nm.
The small binding encrgy observed in semiconductor offers a very rapid
dissociation of excitons into frec charge carriers which results in electrical

conductivity in scmiconductors. This "quasiparticle’ (i.e., exciton) can be
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treated as hydrogen like system and energy (E,) associated with the spatially
confined system can be deduced from Bohr approximation as follows;™
Eq(k) = Eg - Ry/n” + (W’K7)/2m (L.1)
In the above expression, ‘R,’ represents the exciton Rydberg energy,
which i1s an estimation of electron hole binding energy, ‘h’ denotes (h/2m)
where "h’ 1s the Plank™s constant, 'k’ is the wave vector for exciton (regarded
as zero for optically generated excitons) and ‘m’ stands for mass of clectron.
The Rydberg energy is given by the expression 1.2,
R, = c*/2¢eay (1.2)
where ‘¢’ stands for electron charge, "¢’ for permittivity and ‘ag’ for
the distance separating an electron and hole in an exciton, tcrmed as exciton
Bohr radius. This is an intrinsic parameter for a particular material, given by
the expression 1.3;
ag = eh’/pe’ (1.3)
where ‘W’ represents the reduced electron-hole mass expressed as,
p=1/(U/m. + 1/my) (1.4)
where m, and mh* are etfective mass of electron in conduction band and that
of hole in valance band, respectively. The exciton Bohr radius for various
semiconductor materials is listed Table 1.1, which can be approximately
deduced in the order of few nanometers (~1-10 nm).

According to the quantum confinement theory, electrons in the

conduction band and holes in the valence band are confined spatially by the
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potential barricr of the surface when the size of the material s comparable to
its exciton Bohr diamcter. Due to the confinement of both electrons and holes.
the lowest cnergy optical transition from the valence band to the conduction
band shows an incrcase in cnergy. effectively increasing the band gap. The
extent of quantum confinement depends on the relative physical size of
material and its exciton Bohr size."® When the physical dimension is slightly
larger than the cxciton Bohr diameter. it results in a weak confinement. A
strong confinement is experienced when the physical size is comparable or
substantially smaller than the exciton Bohr diameter.

Various theoretical approaches have been reported to predict the basic
principles governing the relationship between the size of semiconductor
nanoparticle and their band gap, band structure, cxciton encrgies and other
parameters. All cfforts are based on a quantum mechanical point of view, in
which QDs can be trcated as a “particle-in-a-box™ type system where the
energy of the particle is a function of box dimension. The first experimental
evidence for the quantum confinement in clusters came {from the findings by
Ekimov and Onushchenko in case of CuCl clusters having a size of 3 nm.*
Authors observed a blue shift (0.1 ¢V) in the excitonic absorption as a
function of decrease in cluster size. A qualitative theorctical analysis of this
confinement cffect on the bandgap cnergy was put lorward by Efros and Efros
utilizing particle in a sphere and effective mass models as expressed below:™"

Eg(R) = Eg(eo) + (W’m)/2uR’ (1.5)
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where "Eg(R)’ and ‘Eg(ee)’ represent the band gap encrgy of the cluster
as a function of cluster radius ‘R’, and that of bulk. respectively.

Henglein reported a similar size dependent shift in the absorption
spectrum in case of CdS and ZnS colloidal solutions.” The theoretical model
proposed in case of CuCl cluster was quite elementary; it ignored many
important factors including the electron-hole coulombic interactions and used
infinite potential wells. Using the widely accepted cffective mass model
(EMM), a more reliable theoretical approximation was reported by Brus m
1984, describing the size dependent optical properties of CdS QDs.”" In this
model, Brus retained the effective mass model approximation and
incorporated a new potential energy term related to dielectric polarization t
account for the coulomb effects. These aspects are explained as follows.

Absorption of light creates an electron-hole pair which interacts with
the lattice, as well as with each other. The strong coupling of electron and
hole with the periodic potential of the lattice makes them to behave as
“pseudoparticles” with an ‘effective mass’ m, and m,” respectively (the ratio
of the mass of the electron and hole in a semiconductor to the mass of the
electron in vacuum; often smaller than their free masses). Effective masses of

charge carriers for a few semiconductor materials are provided in Tablel.1.
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Table 1.1. Physical constants for some semiconductor

materials. "
Material  Eg,eV  ag,nm  m my
—CdS_ ._.”2.5-8_ 2.8 o 0:|9 Eso
CdSe 1.89 4.9 0.13 0.80
CdTe 1.50 7.5 0.11 0.35
GaAs 1.42 12.5 0.07 0.68
GaN 3.42 2.8 0.20 0.8
Si 1.1 4.3 0.9 0.52

This forms the basis of EMM approximation and mathematically
represented as follows (equation 1.6);
Eg(QD) = Eg(bulk) + (h*n” /2uR*) — (1.786/¢R) (1.6)
This simple approximation. which correlates the bandgap cnergy and
QD size contains two size dependent terms. An additive term for the kinetic
energy gaincd for exciton by quantum confinement cffect with [/R
dependence on Eg and a subtractive term for the columbic interaction (V)
with a /R dependence, which accounts for the mutual attraction between
electron and hole in an exciton. Quantum confinement effect becomes
prominent in case of very small QD sizes since the additive term has 1/R*
dependence. For QDs having larger size, the theorctical model predicted
showed good agreement with the experimental data, however deviations were
observed for smaller QDs due to strong quantum confinement effects. Some

of the basic assumptions used such as (i) the electron and hole in exciton are
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uncorrelated, (i) use of infinite potential well, (ii1) considering QDs as
spherically symmetric entity, (iv) ignoring the coupling of electronic states
with vibrational levels are responsible for the deviation obscrved for smaller
QDs.

Brus model  was further modified keeping ctfective  mass
approximaution, and by introducing more parameters. The electron-hole spatial
corrclation effect was accounted by Kayanuma and modified the Brus
equation as follows (cquation 1.7);%

Eg(QD) = Eg(bulk) + (h*n" /2uR’) — (1.786/eR) — (0.248Ey,)  (L.7)

Weller and coworkers introduced finitc well depth conditions to confine

exciton and accounted for the size dependence of the energy values for higher

excited states.™ Later, Nosaka used particle-in-a-box finite depth spherical

well model calculation for semiconductor nanoparticle.”™ However, none of

these improvisations were fully successful in correlating theory and
experiment in the case of strongly quantum confined structures.

A different treatment, deviating from the effective mass approximation
was introduced by Wang and coworkers (PbS, CdS) and Lippens and
coworkers (CdS and ZnS), using a molecular orbital calculation method
named as Tight Binding Hamiltonian (TBH).24 Rama Krishna and coworkers
came up with a more precise model named ‘empirical pseudopotential
method” (EPM),” incorporating more parameters related to surface effects,

lattice structure, lattice constants, cluster shape etc. The results were in good
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agreement with that of experimental data, especially for small sized clusters
where strong quantum confinement exists. Comparison between experimental

data and various theorctical models 1s illustrated in Figure |.6.
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Figure 1.6. A comparison of experimental and calculated data (based on
effective mass model (EMM), empirical pseudopotential mode! (EPM) and
tight binding hamiltonian (TBH)) for the dependence of the optical bandgap

(exciton energy) on the cluster size for CdS clusters (adapted from
references 24 and 25).

Many efforts have been reported to improve the above discussed
theoretical models, adaptable for any QD system irrespective of their
composition and size range, to fit with experimental data. Generally, all these
are by incorporating more complex functions, different potential barrier
heights etc., which essentially makes calculations more complicated and time
consuming. For example, conventional EPM was modified by Zunger and
coworkers as semiempirical pseudopotential method (SEPM) by introducing
local density approximation (LDA),”* while Kim and coworkers used planc
wave pseudopotential approach which includes spin-orbit coupling, screened

. . . . 36h
electron-hole coulomb interactions, and exchange interactions.”™ Recently
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Wang er al. used a charge patching method, with advantages over [1EPM 1o
compare the quantum confincment cffect in zero and onc dimensional
nanostructures.”’ Though there were many drawbacks., modified forms of
CMM are sull used, owing to the simplicity and speed in calculations. A
couple of recent variants of this method include multiband EMM by Efros et
al. and EMA-TBH combination by Carceller er al.™ In latter approach.
introduced for silicon QDs. features of tight binding method was adopted to
improve precision of EMA calculations.

A physical picture of size cffects in QDs can be understood from the
clectronic structure of semiconductors in the atomic. molecular and bulk size

. [REIND]
domains. '

The basic building blocks of matter arc atoms. which
constitutes electrons orbiting around atom nucleus. The individual path of an
clectron is designated as atomic orbital (AO) with an associated discrete or
quantized encrgy levels. A combination of several atoms gencrate molecule,
where electrons orbit collectively around more than one nucleus. Thus the

AQs arc shared between atoms. and labeled as molecular orbitals (MOs).

which still have atomic like discrete cnergy levels. When atoms combine to

o)

encrate crystalline solids (e.g. silicon atoms to give crystalline silicon). the

]

clectronic structure can be described in terms of a periodic combination of
atomic orbitals. Compared to atoms or molecules, the electronic structure of
the solid no longer consists of discrete encrgy levels, in contrast they form

broad. continuous encrgy levels, called as energy bands (This is illustrated in
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Figure 1.7. with Si as an ecxample). The intermediate size regime of
nanometer scale exists between molecules having discrete energy levels and a
bulk solid having energy bands. The concept of energy bands are retained in
this size regime with discrete energy levels in band edges. The bandgap
energy in the case of nanomaterials is not identical with bulk matter and

depends on the size and in turn the number of atoms present.

v

QDs

Figure 1.7. Comparison of electronic energy levels for atoms.
molecules  (with  discrete, quantized cnergy levels) and
semiconductors. QDs fall in between molecules and bulk
semiconductors, with discrete energy levels at the band edges
(adapted from reference 13b).

1.4. Synthesis of Quantum Dots

An ideal strategy for the synthesis of semiconductor nanoparticle should
have the following characteristics: (i) control on the size and shape. (ii) high
monodispersity and good crystallinity, (iii) high luminescence quantum yield and
(iv) reproducibility. Two different methods adopted for the synthesis of nanocrystals

include *top-down” and “‘bottom-up” approaches. In the “top-down’” approach, bulk
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crystal 1s crushed down mechanically to nanoscale size regime using various
physical methods. In “bottom-up’™ approach. the constitucnt ions or molecules are
grown atom by atom to nanocrystal of desired shape and size using solution-phase
colloidal chemistry. A brief summary of various methods adopted for the synthesis

ol semiconductor QDs is given below.

1.4.1. Epitaxial Growth Method

The simplest way of producing quantum dots is directly generating
semiconductor particles in gaseous or liquid phase. followed by their controlled
condensation as nanoparticles.  Again, the crystallinity and morphology of the
resulting nanostructures can be guided by using templates or substrates on which the
condensation is performed. This type of growth is called “epitaxial growth’. where
the substrate (the templatc) and the growing semiconductor layer are having
matching crystal lattice parameters. Various cpitaxial methods employed for QD
synthesis are brietly discussed below.

In molecular beam epitaxy (MBE), the growth is performed in a vacuum
chamber wherein the precursors in its elemental or homoatomic form are vaporized
mto a “molecular becam’ and deposited on a substrate (Figure 1.8.). MBE chamber
incorporates in sity characterisation techniques such as reflection high-energy
electron diffraction (RHEED), which allows the real time monitoring of crystallinity
and morphology of the growing layer. When the precursor is in the form of a metal-
organic complex, it is called metal-organic chemical vapor deposition method

(MOCVD) or as mctal-organic vapor-phase epitaxy (MOVPE). This method is
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simple and offers higher growth rate, but lacks real time characterisation as in the
case of MBE. A combination of MBE and MOCVD offers another technique called
as chemical beam epitaxy (CBE) where metal organic precursors are uscd. The
reaction is performed in vacuum, which offers advantages of both the parent
methods. When high deposition rate and high crystallinity are requisites, liquid
phase epitaxy (LPE) is prefcrred, where the substrate is brought into contact with a
saturated solution of film material at appropriate temperaturc and duration. Even
though this method is cost effective, the surface properties of the nanostructure
obtained 1s of poor quality due to low control over morphology.

Substrate RHEED Gun Cryoponnels

[

RHEED Screen Semple Holder Assembly

Figure 1.8. Schematic illustration of MBE growth chamber. The
precursors are fed through effusion cells and the molecular beam
generated is deposited on the substrate (adapted from reference 13a).

Another simple method 1s to usc a laser beam to produce
metal/semiconductor vapor, called as laser assisted vapor deposition (LAVD). Laser
ablation of a solid target leads to production of ablated materials which can be
deposited itself on a substrate or can be directed to substrate with an inert gas flow.

This may also be performed in a liquid phase by keeping the material in a solvent.
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which contains an appropriate capping agent to protect and stabilize the laser
generated nanoparticles. Physical methods are useful in the mass production of
nanocrystals. however it lacks control over size, shape and dispersity. In additon.

these techniques require sophisticated instrumental set up and skilled manpower

which makes it economically unviable.

1.4.2. Chemical Methods

Soft chemistry follows a colloidal synthesis route, a more viable and cost
eftective approach, that can be performed in any laboratory cnvironment. It ofters
several advantages over physical methods. Chemical methods allow the preparation
of wide range scmiconductor nanoparticles and core-shell nanostructures with
excellent control over size, shape and dispersity. This method also allows the
functionalisation of surfaces of semiconductor nanoparticles with various ligands.
and the design of higher order nanostructures through self-assembly.

Colloidal synthesis offers a versatile route, where nanoparticles are grown by
chemical rcaction of their precursors in an appropriate solvent. It follows the usua
nucleation and crystal growth mechanism where the latter process 1s controlled by
the use of an appropriate surfactant or capping agent (sometimes the solvent
molecule itselt serves as capping agent). Control over the size. shape, dispersity and
crystallinity can be achieved by adjusting the reaction conditions such as time
temperature, concentration of the precursor, chemical nature of the capping ligands

and surlactants.,
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The history of colloidal semiconductor synthesis starts in 1980s. with the
initial intercst of using semiconductors for the splitting o water to produce oxyegen
and hydrogen simultaneously.”  Earlier attempts to produce extremely small
particles include (i) siz¢ selective precipitation of dilute colloidal solution and (i)
growing them in confined matrix (templates) such as zcolites. micelles, molecular

sieves, polymers, ionomers, hollow biological molecules. lipid bilayers ete (Figure

l 9)'29['1.(.' 30

Surfactant

WA

Non polar Polar
tail Head

Figure 1.9. Various self-assemblies ol surfactant in colloidal solutions
resulting in (A) normal micelles (3) reverse micelles (C) interconnected
cylinders (13) planar lamellar and (E) omon-like lamellar phase (adapted
from reference 30).

A break through in producing monodispersed QDs of cadmium
chalcogenide such as CdS, CdSe, CdTe, (11-VI semiconductors) was reported
by Bawendi and coworkers in 1993.%' The authors were able o synthesize
highly crystalline QDs using organometallic precursors in the presence ol a
coordinating solvent. trioctylphosphine oxide (TOPO). The rcaction was

carried out at elevated temperatures (~360 °C) under vacuum. using selenium
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precursor (TOPSe: sclenium coordinated (o trioctylphosphine) which was
injected rapidly into solution of dimethylcadmium i TOPO (Figure 1.10).
This resulted in burst nucleation followed by crystal growth leading o
formation of crystalline quantum dots. TOPO served as the main capping
agent and QDs produced possessed narrow size distribution (6.<104% ). having
excellent solubility in nonpolar solvents. Low surlace defects. compared to
other synthetic methods is another advantage ol the high temperature
organometallic synthesis. An excellent control over crystal growth  was
achieved by controlling the precursor concentration, temperature. reaction
duration ete. Further, the organic capping agent. which is electrostatically
bound 1o the QD surface. could be replaced by functionalisation with thiol. [t -
is possible to introduce photoactive or electroactive groups on to the surface

of nanoparticic by following this method (place exchange reaction).

to Varaum Pump

TGP Te Trgeetion
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Figure 1.10. Figure presents an experimental sct-up tor QD synthesis by high

temperature organometallic method. along with an schematic illustration ol
N Al 3 - ~ M 2N -~ M

CdSc QD capped with TOPO (bound to Cd™") and TOP (bound 10 S¢™ ) (adapted

Sfrom reference 36a).
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Numcrous attempts have been made to replace dimethyl cadmium with
other organometallic precursors due (0 ils extreme LOXICIY. pyrophoric nature.
expensivencss  and insmhilil'\:‘.“:" A marked improvement in o the above
synthesis strategy was achieved by Peng and coworkers. by using a non-
pyrophoric and stable cadmium  precursor,  cadmium  oxide  mstead ol
dimethylcadmium. A significant reduction in reaction lemperature (=300 °C)
as well as m size distribution (0,<5% ) was observed for the resulting
nanocrystals (Figure 111, This was attributed to the thermyal stability as well
as slow decomposition of the cadmium oxide compared to dimethy lcadmium.
which led to a slow and homogencous nucleation and crystal growth

U

(avoiding Ostwald’s ripening). -

. "w-‘"

Figure 1.11. Photographs illustrating the various steps in the synthesis of
CdSe QDs: (A) conunencement of reaction with CdO and TOPO mixure.
(B) after selenium injection tat 300 °C). (C) wlier reaction under day light
and (D) under UV illunination.

Several other synthesis protocols were reported by varying  the
cadmium precursor (e.g. cadmium acctate. cadmium  stearate).  reaction

medium (e. ¢. octadecenc. olive oil) and capping agents such as amines. latty

. . . 3 . - . . - . .
acids, phosphonic acids ete.”” Design and  fabrication  of anisotropic
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0
semiconductor nanostructures such as nanorods (quantum rodsy. nanowires
(quantum wires), dipods. tripods and tetrapods have drawn attention i recent
years, These nanostructures are having high potential especially in Tabricating
nanoclectronic. photovoltaic and energy storage devices due to therr shape
dependent  propertics. For example. CdSe nanorods  possess polarized
emission related with their eylindrical symmetry which makes them a novel
photonic material (lor ¢.g.. laser systems). A collection ol recent reviews on
the synthesis ol 1sotropic and anisotropic semiconductor nanostructures, their
characterisation and vestigation of their properties are listed in References

35 and 36.

1.5. Characterization of Quantum Dots

A wide range of spectroscopic as well as microscopic techniques are
available for the characterisation of semiconductor nanoparticles. A brief
description ot various  technigues  used 1 subsequent  chapters  Tor
characterization of nanomaterials is discussed below.
1.5.1. UV-Vis Spectroscopy

Among  spectroscopic methods, UV-Vis absorption and  emission
spectroscopy Is a very simple technique which 1s widely used for the
preliminary characterisation of QDs. QDs show size dependent absorption
and emission spectra and the theoretical determination ol its size is possible

[rom these data. For example. the size of CdSe QDs having diameter "D™ can
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be predicted from the corresponding absorption spectrum by using following
relationship (1.8), where “i," is the first excitonic absorption maximum.’
D= (1.6 x 10" - (2.7 x 1097 + (1.6 x 107, - (0.4)k, + 41.5 (1.8)

Similarly, stokes shift and the broadness of emission peak (FWHM) is
also an indirect measure of the surface imperfections and size distribution of
the nanocrystals.37
1.5.2. X-ray Diffraction (XRD)

X-ray diffraction analysis is a versatile tool, which provides
information about the size as well as the crystallinity of the nanostructure.
The elastic scattering of a bcam of monochromatic X-rays (of wavelength *.7)
by the periodic lattice of the sample can be analyzed based on Bragg's
relation. The XRD pattern of the nanoparticles is usually characterized by
broad diffraction peak. The width of the diffraction peak (B) at an angle (0)
can be correlated to the size of the material using Debye-Scherrer equation as
given below;””

Particle size (D) = 0.90%/Bcos0 (1.9)
1.53. Electron Microscopy

Electron microscopy is one of the most powerful microscopic
techniques used for characterizing nanomaterials wherein electrons and
magnetic lenses are used to image the sample, instead of photons and optica

lenses in optical microscope. The maximum theoretical resolution that can be

achieved with visible light, based on Abbe’s equation, is in the order of 22(
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nm. There is an obvious advantage in using electron beam for imaging. For
cxample. spatial resolution down to | nm can be achieved by usmg an
electron beam accelerated at 100 keV (possesses a wavelength of ~370 pmy,
This forms the busic principle of the various clectron microscopic technigues
such as scanning clectron microscopy (SEM) and  transmission  electron
microscopy (TEM). In the case of TEM, a focused clectron beam (1-4 keVy is
allowed to interact with the specimen and the transmitted electrons are
collected on a fluorescent screen to generate the (2D) images. Typicl
examples for TEM 1mages for CdSc semiconductor nanoparticies of various

shapes are shown in Figure 1.12.
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Figure 1.12. Bright field TEM images of CdSe nanocrystals
of different shapes: (A) quantum dots. {B) rods (C) wire and
(D) tnipods (adapred from reference 36).
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1.5.4. Energy Dispersive X-ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS or EDX) is an clectron
spectroscopic technique used to explore the chemical composition of the
sample. In this technique, an electron beam is allowed to impinge the sample
surface leading to the ejection of an electron from the inner shell (e. p., K
shell), leaving a vacancy. This vacant space is filled by an electron from an
outer higher-energy shell (e. g., L shell) and the difference in energy between
the higher and lower energy shell may be released in the form of X-rays (‘Ko
emission). The number and the energy of the X-rays emitted from a specimen

is the fingerprint of the constituent clements in the sample.

1.6. Exciton Dynamics and Optical Properties of QDs

In semiconductor nanoparticles, excitons could be generated by
external stimuli such as, photons (photoluminescence), by injection of an
electron-hole pair (clectroluminescence), by electron mpact
(cathodoluminescence) or by chemical reaction (chemilu1r1in<—:scerwe).3S The
study of charge carrier generation as well as their recombination dynamics
has received considerable attention in recent years. Issues of interest include
multicxciton gencration, recombination, trapping, carrier-carrier interaction
and their dependence on particle size, shape and surface characteristics.
Figure 1.13 illustrates major pathways of charge carrier relaxation for an

exciton in QDs.
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Figure 1.13.  Schematic illustration of  exciton
recombination modes in QDs: (1) Single exciton
generation, (2) & (3) electron-hole relaxation, (4) band
edge emission, () trap state emission and (6) nonradiative

recombination.

Excitation of QD with photons of energy higher than its |
energy leads to generation of an electron in conduction band and a ho
valence band. The first step is the relaxation of electron and hol
conduction band edge and valence band edge, respectively. Due
interaction of electron/hole and phonon, the energy is released as loc:
vibrations. This process occurs in the time scale of 100 femtosecond:
Once the electron is relaxed to the bottom of the conduction band and
to the top of the valence band, they can recombine radiati
nonradiatively. The radiative recombination 1s called as bar
recombination and the lifetime is in the order of nanoscconds or long

the case of organic fluorophores, QDs show ‘Stokes shift” in emissic
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shift mn the emission maximum to longer wavelengths compared o the lirst
excilonic absorption maximum. When lower Iying encrey levels or “wap
states” are present within the bandgap (due (o surlace delects, nternal delects.
unsaturated bonds cte.y. the charge carriers are trapped. imhibiting the band
edge recombination process. Such wap states can be close to band edges
(shallow traps) or away (deep traps). o which exciton migrates at a faster
time scale. typically in a few pieoseconds. Trapped charee carries when
recombine  radiatively,  produce  trap-state emission (usually - broad).
considerably red shifted with respect to band cedge emission. Depending on
the nature of the trap states, the exciton lifetime may vary from nanoseconds
o microseconds or even longer.

Other important aspeets ol charge carrier relaxation in QDs include
generation of multicxcitons, luminescence  itermitiency cle.” In Tormer
process. more than one exciton is gencraled from a single photon, exceceding
quantum eflicieney beyond one. Luminescence termittency originates from
the relaxation of a high cnergy exciton creating another exciton. which

follows an auger process, making QD ionized and nonluminescent.

1.7. Quantum Dots: Applications in Modern Technology
The potential applications ol semiconductor nanoparticles cover a wide
area from production ol ecnergy 1o storage. clectronics 10 photonics.

biomedical science to hiotechnology and so on. Among these. QD based solar

. - ELIR .
cell systems have received much atention.™ Tunable  bandgaps ol
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semiconductor allows the absorption of the broad spectrum of wavelengths
that reach earth and there by fabrication of ‘rainbow solar cells” are
considered.  Another aspect of recent interest is the multiple exciton
generation efficiency in quantum dots. which boosts the Tight harvesting
ability in QD based solar cells.™

Elcctronics is another field wherein novel materials are required for
further miniaturization. QDs possess superior electron transport and optical
properties. and they actively considered as elements in diode lasers. amplifiers

i

and light emitters (e.g. Light emitting diodcs).'“'

Green ; QOrange

Figure l.14. Emission from flexible CdSc/ZnS-clay lms
having nanocrystals of varying size, excited using UV light
(adapted from reference 41b).

Emission ol QD has specific Gaussian distributions: displays based on
these systems can more accurately render the colors that the human eye can
perceive (Figure 1.14). Also, QDs require very little power since they are not
color filtered. This is an added advantage as in an ordinary liquid crystal
display, two-thirds of the light is lost in filters, which are used 10 produce red,

green, and blue pixels.



Chapter 1: Quantum Dots (QDs): An Overview 32

Another 1nnovative application of QDs i1s in modem biomedical
analysis (cell imaging and targeting. therapcutics) and in the development of
novel chemical sensors. The unique physicochemical properties of QDs.
coupled with the inherent increasc in signal-to-noise ratio makes these
systems promising candidates for sensing applications.™ A dctailed review on
the use of QDs as biosensors, exploiting their outstanding properties, is

described in Section 4.1.

1.8. Focus of the Current Work

The overall focus of the thesis involves the synthesis and
characterization of CdSe QDs overcoated with shell materials for various
biological and chemical sensing applications. Second chapter deals with the
synthesis and characterization of CdSe and CdSe/ZnS core shell QDs. The
primary attention of this work is to develop a simple method based on
photoinduced charge transfer to optimize the shell thickness. Synthesis of
water soluble CdSe QDs, their cytotoxicity analysis and investigation of
nonlinear optical properties form the subject of third chapter. Final chapter
deals with development of QD based scnsor systems for the selective
detection of biologically and environmentally important analytcs trom

aqueous media.
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CHAPTER 2

Optimization of the Shell Thickness of
Core-Shell Quantum Dots

CdSe ZnS

PT

Abstract

Photoinduced charge transfer process between  cadmium  selenide
(CdSe) quantum dots (QDs) possessing varyving monolayers ol zine sulphide
(ZnS) shell and hole scavengers such as phenothiazine (PT) and N-
melhylphenothiazine (NMPT), were investigated for optimizing the shell
thickness of core-shell quantum dots. Spectroscopic investigations indicale
that phenothiazine binds onto the surface of bare CdSe QDs. resulting in the
photoluminescence quenching. by scavenging the hole formed in the valence
band of photoexcited QDs. Further. experiments with ZnS overcoated QDxs
showed that two monolayers of ZnS prevent the electron transfer processes
while retaining good luminescence quantum yields. Methodologics presented
here, basced on photoinduced charge transter process can provide quantitative
information on the optimum shell thickness of core-shell QDs. which can
suppress  the undesired  clectron  transler  and  provide  maximum

photoluminescence yield.
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2.1. Introduction

The unique photophysical properties of semiconductor quantum dots
(QDs) offer considerable promise as components in optoelectronic devices
(for example. in photovoltaics)' and as tags for bioimaging. labeling. and

sensing.” Excitation of QD yields highly reactive electron-hole (exciton)
charge carrier pair. The photogenerated electron or hole can be transferred
into the molecular adsorbates, and the transfer rate depends on many flactors
such as rclative redox potential. size and shape of the nanoparticle. QD-
acceptor distance, interfacial environment etc.’ In a recent investigation,
Scaiano and co-workers have observed nonlinear cffects in the quenching of
the photoluminescence (PL) of CdSe QDs by free radicals, namely, TEMPO
(2.2,6.6-tetramethylpiperidine-N-oxide free radical) and 4-amino-TEMPO
involving an electron exchange mechanism which is dependent on the size of

Elactron
exchange o

I.Il
(7Y

Figure 2.1. Nonlinear effects (dependent on nanoparticle
size) in the quenching QD luminescence by nitroxyl free
radicals (adapted from reference 4).
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The luminescence properties of bare QDs arc highly influenced by the
surrounding medium: for example their interactions with biomolecules such
as adenine and dopamine, result in Juminescence quenching through an
electron transfer process. thereby limiting their use in biological systems as
fluorescent labels or biosensors.” Also. bare QDs are highly susceptible (o
oxidation; exposed selenium sites on CdSe QDs react with molecular oxygen,
resulting in the formation of SeQ, and Cd™, thereby leading to toxicity and
degradation.”™ One of the most successtul strategics adopted lor imparting
photostability and improving the photoluminescence clficiency of QD is to
overcoal with an inorganic shell material having similar lattice parameters
and higher bandgap energy (Eg). Preferred shell materials in case of CdSe
QDs include zinc sulphide (ZnS). zinc selenide (ZnSe) and cadmium sulphide
(Cd$).”"" A comparison of lattice parameters and bandgap energy lor various
overcoating materials used for CdSe QDs is given in Figure 2.2, Among these.
ZnS is more preferred as an overcoating material, owing (o its higher bandgap

energy. imparting more confincment of exciton in core malterial.

Shell Lattice Mismatch (%)  Eg.eV

.v.i'_o .':4'
BCOE

7nSs 10.6 37

7nSe 6.3 2.7
CdS 149 2.4

Figure 2.2. (I.elt) A cartoon representation of bare and core-shell QDs. (Right)
Lattice mismatch and bandgap cnergy (Eg) of various shell materials recommended
for CdSe QDs (Eg: 1.7 eV) (references 9-11).
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Overcoating also prevents the leakage of core materials therchy
reducing the toxicity of QDs.” However. the luminescence quantum yield
decreases with increasc in shell thickness, limiting their use in optoclectronic
devices.” These results clearly indicate the need of oplimizing the shell
thickness ol the overcoating layer. A few attempts have been made to follow
the overcoating process using X-ray photoelectron spectroscopy (XPS) and
Raman spectroscopy”™'*'® and these aspects are summarized below.

Bawendi and co-workers have investigated the overcoating of 7ZnS
over CdSe QD by following the ScO, peak in X-ray photoclectron spectrum.
along with TEM and small angle X-ray scattering analysis. The pecak
corresponding to SeO, peak was not observed for the samples having >1.3

monolayers (MLs) of ZnS, upon exposure to air {or 80 h.”

e
v N\

Intensity [a.u.]

50 55 80 65
Binding energy [eV]
Figure 2.3. X-ray photoelectron spectra of ZnS overcoated
CdSe QDs: (a) bare CdSe, (b) 0.65. (¢) 1.3, and (d) 2.6
monolayers of ZnS. (adupted from reference 9).
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A method based on Raman spectroscopy has been proposed by
Baranov er a/. 1o control the quality of ZnS overcoated CdSe (CdSe-ZnS core-
shell) QDs."* Authors have suggested a morphological mransition from semi-
disordered cohercnt to incoherent epitaxial growth when the shell thickness is
more than 2 MLs. Recently, Lu and coworkers extended the same technique
for determining the shell thickness and interface parameters of CdS
overcoated CdSe QDs, based on the first-order and higher-order Raman

scattering studics. '

ll\
N/)]“‘\W”wmr:

\LO2 IML

,l\ " 23ML
~/,.” / ai\-/ A“-N"" "\/"\,M«.v
i
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Figure 2.4. Optical Raman spectra for bare CdSe QDs and
CdSc-CdS core-shell QDs with different shell thickness. The
blue shift in the longitudinal optical phonons of CdS shell is a
function of shell thickness (adapted from reference 16).
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Synthesis of corce-shell QDs is now routinely carried out in many
laboratories; procedures that do not require any specialized instrumentation
are more desirable for monitoring the overcoating process. Photoinduced
charge transter dynamics between core-shell QDs possessing varying shell
thickness and hole scavengers may be a convenient method for probing the
overcoating process. Herein, we present a novel methodology for probing the
overcoating process by following the luminescence quenching of core-shell
quantum dots. possessing varying shell thickness, in the presence of various

hole acceptors.

2.2. Results and Discussion
2.2.1. Characterization of CdSe and CdSe-ZnS QDs

CdSe QDs capped with trioctylphophine oxide (TOPO) and a small
pereentage of trioctylphosphine (TOP) were synthesized (referred as “bare
QDs") and overcoated with ZnS of varying shell thickness (0.65-3.9 MLs) by
following reported procedures (details of QD synthesis and ZnS overcoating

- - - SN P AT
are provided in the experimental section).

QDs of three diffcrent sizes
were  synthesized and characterized using  absorption and emission
spectroscopy. Corresponding spectra and their photographs under UV
illumination are presented in Figures 2.5 and 2.6, respectively. The absorption
spectra clearly showed the evolution of multiple excitonic peaks, indicating

the change from continuum in energy levels to discrete energy levels, arising

due to size quantization effect.'”” The first excitonic peak (1S(e)-1S;,(h)



"N

Chapier 2. Optimization of the Shell Thickness of Core-Shetl Quannon Bor 4

transition) is a measure ol minimum encrgy required lor clectronic transition
(handgap cnergy: Lg), which shifts to longer wavelengths with an increase i
the crystal size. A similar red shift is also observed in the corresponding
emission maxhima, with an increase in QD size. The Stokes shift (~12 nm)
observed i these systems is Tound (o be small indicating that band cdge
emission is the predominating radianive decay channel. The presence ol
surface defects can broaden and shift the emission band o longer wavelength.
These results confirm that the QDs produced are ol high quality  with
minimum surtace defects. Also, the Tow tull-width at half-maximum (FWHM
<30 nm). which is an indicator of dispersity. suggests that the QDs obtained
are monodisperse and is further confirmed by HRTLEM imuges presented in

Freure 2.9A.

B
E
. )"
g 0.2 z
] £
g c
% =
L1 1Sie)-18, ¢thi ; r
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ol SRS 0 - : - _
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Figure 2.5. (A) Absorption and (B) emission spectra of CdSe QDs of

three dilferent size in toluence. excited at 390 nm.

A i |u‘|ll

Figure 2.6. CdSc QDs of three different size (A) in day light and (B)

unnder UV illumination.
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The diameter (D) of the quantum dots can be theoretically estimated
from the wavelength corresponding to the first excitonic transition (A) in the
UV-Vis spectrum by following relationship. reported by Peng and coworkers
(cquation 2.1)."" From these results, concentration of QDs (C') were obtained
by ustng Beer-Lamberts law (equation 2.2-2.3).

D=(161 x 107K - (266 x 10X +(1.62 x 10 - (043)A +41.57  (2.1)
C=A/]lx¢] (2.2)
C=A/[Ix5857 D)y "] (2.3)
where “A7 18 the absorbance, /7 is the optical path fength (em) and “&7 is the
molar extinction coellicient.

Cudmium Sclenide can form either “hexagonal-wurtzite” or “cubic-zine
blende™ type structure (JCPDS files No. 8-459 and 191911, We have carried
out X-ray diffraction (XRD) analysis and the results are presented in Figure
2.7, Analysis of the X-ray dilfractogram indicated the presence of hexagonal.
wurtzite-type structure. It is reported that the QDs produced by high
temperature synthetic method adopt a hexagonal, wurtzite-type structure. The
X-ray diffractogram contains broad peak instead ol sharp line like spectra,
which is reported as a characteristic feature of small size particles. The XRD
pattern can be further correlated o the size of the nanoparticle (D) using
Debye-Sherrer formula (equation 2.4),7

1D =(0.89 L)/ (B cos0y;) (2.4)
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where "7 is the wavelength of X-ray, 'B" 1s the FWHM (A8) in radians of the
corresponding  diffraction peak angle "6g’. The lattice spacing (d) was
calculated as 0.346 nm from the Bragg’s equation (2.5), corresponding to the
strong diffraction peak at [002] plane. This result 1s 1n good agreement with

the standard JCPDS d-value reported for CdSe hexagonal structure.

d = (nk)/ (25in0) (2.5)
002
4001 J 100]"2 t

0 ‘ | 1z

300

Counts

200

100

15 30 45 60
26

Figure 2.7. Powder XRD pattern of TOPO capped
CdSc QDs, cxhibiting hexagonal, wurtzite structure.
(Inset) Theoretical XRD pattern for bulk CdSe crystal.

Encrgy dispersive spectroscopy (EDS), which is a surface chemical
analysis technique, was used for the elemental identification of the QDs. The
characteristic Ko’ and ‘Lo’ lines in the EDS spectrum (Figure 2.8)
corresponding to ‘Cd’ and ‘Se’, is in good agreemcnt with the reported

2
values.”
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Figure 2.8. EDS spectrum of TOPO capped CdSe QDs
prepared on a copper grid. Inset shows the theoretical "Ko
and "La’ line energy values.

As a representative example, the size of the QD emitting at ~600 nm
was deduced from absorption and emission spectroscopy, XRD analysis and
from HRTEM images and these results are presented in Table 2.1. Based on
the "D’

value obtained from various techniques, the average size was

estimated as 4.16 nm (error between various techniques: =5 %).

Table 2.1. Estimation of size of QDs, emitting at ~600 nm.

from spectroscopic and microscopic methods.

Method QD size (D), nm
Absorption spectrum 4.01
Emission spectrum 4.30
XRD 4.01
HRTEM 4.30

Average Size 4.16
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We have further varied the thickness ol ZnS shell around CdSe core
and all further studies were carried using the CdSe QDs having an average
size of 4.2 nm (emitting at =600 nm). Overcoated samples were capped with
TOPO in all the cases. 1t is earlier reported by Bawendi and coworkers that
the ZnS core-shell system having shell of 3.1 A corresponds to onc
monolayer, i.c.. the distance between consecutive planes along the [002] axis

. g ” \ . . . i}
i bulk wurtzite ZnS along the major axis of the prolate-shaped dots.

0.10 Dl
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o
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Figure 2.9, Reprosentative HRTEM imizees of (A) CdSe QDs and (B) CdSe QDs
overcoated with 3.9 monolayers of ZnS. (C) Photographs under UV irradiation. (D)
Absorption and luminescence spectra of bare CdSe QDs (blue trace) and overcoated
with 3.9 monolayers of ZnS (orange trace).
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The ZnS overcoated CdSe QDs were characterized by UV-Vig
absorption spectroscopy, XRD and HRTEM and these results are discussed:
HRTEM images and the absorption and emission spectra of bare QDs having
an average core size of 4.2 nm is presented in Figure 2.9A. D0 The samples
were [urther overcoated with ZnS shell ol varying thickness. Based on
HRTEM studies, core-shell QDs were found to be nearly monodisperse.
Number of MLs was estimated based on the concentration of diethylzine and
hexamethyldisilathiane used. HRTEM images of core-shell QDs having 3.9
MLs of ZnS shell is presented in Figure 2.9B and other core-shell systems.,
having varying shell thickness of ZnS, arc shown in the experimental section.
The absorption as well as the emission spectra underwent a slight
bathochromic shift upon overcoating with ZnS shell, accompanied by a
dramatic ncrease in the luminescence quantum yield (Figures 2.9D), which s
iltustrated in the photograph shown in Figure 2.9C. The absorption and
luiminescence properties of bare and overcoated QDs have been discussed in

. ¥ ; URDNR . :
detail in various reports. Barc QDs possess surface defects due (o
dangling or unsaturated Cd™" and Se™ sites. which act as traps Tor excitons.
cnhancing phonon assisted  recombination thereby lowering  luminescence

guantum vield. An epitaxial growth of ZnS shell over CdSc core passivates

the trap states weading to higher lumimescence quantum yicld
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The bathochromic shitt in the absorption and emission spectra (Figure
2.10) observed after overcoating is attributed to the partial leakage ol the
exciton into the shell material.” The luminescence vyield of CdSe QDs

mereased initially with ZnS overcoating, which decrcased with  further

mcrease in shell thickness (Figure 2.10B).

A B ZnS WMLs
0.15‘- 3t —0.00
= 0.65

-;, . 1.30
] - —— 260
Z 0.0 =9tk 3.90
= ]
s E
- =

0.05 = 1F

0.00 : . 1 - 1 s = g e — i & ~ |

450 500 S50 61 550 6IM) 650
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Figure 2.10. [fTect of ZnS overcoating (0-3.9 Mls or 0-1.2 nm) (A} on

absorption and (B) on emission spectra of CdSe QDs.

Increase in the luminescence quantum elficiency (Figure 2.11) in the
mitial stages of ZnS overcoating mdicates an epitaxial growth of shell. which
leads to an effective passivation of surface traps in barc QDs. The subscequent
increase in the ZnS MLs resulted in the reduction of PL. which is attributed to
the generation of mistit dislocations. resulting from the stramn at the interface

. . . . . Y
due to lattice mismatch (12%) between the CdSe and ZnS.

6}/30 70
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Figure 2.11. Effect of ZnS overcoating (up to 3.9
MLs) on PL quantum yield (®p;) of CdSe QDs.

2.2.2. Effect of Electron Donors

We selected electron donors such as phenothiazine (PT) and N-
methylphenothiazine (NMPT) to probe the viability of charge transfer process
with photoexcited QDs, as a function of thickness of the shell. Comparison of
redox potentials of CdSe QDs having a diameter of 4.2 nm (valence band
edge redox potential 1.61 V against NHE)** with phenothiazine and N-
methylphenothiazine (E,x of PT and NMPT are 085 and 1.03 V,
respectively; against NHE)® indicate that a photoinduced charge transfer
process between these systems is thermodynamically feasible. Upon addition
of varying concentrations of PT (0-7 mM) to bare CdSe QDs, (in toluene) the
absorption spectral profile remained more or less unaffected, while the
luminescence underwent dramatic quenching as shown in Figure 2.12A. Based
on the absorption spectral studies, the possibility of any chemical degradation

of QDs is completely ruled out. In all the cases, QDs were selectively excited
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(490 nm) and the possibility of energy transfer process was ruled out due to
absence of any spectral overlap of the donor-acceptor pair. Stern-Volmer plot
for lumincscence quenching, upon addition of PT, followed a nonlinear

behavior (Figure 2.12B) and is attributed to the existence of more than one

electronic state or a combination of static and dynamic quenching

. 2627 . . o .
mechanisms.”®*’ These aspects are discussed in detail in Sections 2.2.3.

0.15F A N 40 B /‘
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Figure 2.12. (A) Absorption and luminescence spectra of bare CdSe QDs in
toluene, upon successive additions of 1 mM PT; excited at 490 nm

(OD~0.09). (B) Corresponding Stern-Volmer plot showing the effect of PT
(A)and NMPT (m) on the luminescence intensity of bare CdSe QDs.

Further,

the effect

of N-methylphenothiazine (NMPT;

methyl

derivative of PT) and other electron donors such as phenoxazine (PO) and

phenoxathiin (PI) on PL of bare CdSe QDs were investigated (Chart 2.1.).
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PT (0.85V)

Cr

PO (0.85 V)

Hj

ranle
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NMPT (1.03 V)

CLIC

Pl(141 V)

Chart 2.1. Electron donors used in [uminescence quenching

experiments with bare QDs along with their oxidation potential
: e 27.28

against NHE.™™

Interestingly, the luminescence of bare CdSe QDs was practically
unaffected upon addition of NMPT (Figure 2.12B), even though the process
was thermodynamically tavorable. It is anticipated that the hole scavenger
fails to interact with the surface of QD. plausibly due to the steric restrictions
imposed by the N-methyl group in NMPT. The spectral changes observed on
addition of varying concentration of phenoxazine (PO) were similar to that of
PT: the absorption profile (Figure 2.13B) remained unaffected on addition of
PO (0-10 mM) whereas a dramatic quenching in the [uminescence was
observed. In contrast, the addition of phenoxathiin (PI) had no atfect on the
PL of bare QDs (Figure 2.13C), since the process is thermodynamically

unfavorable (£, of PLis 1.41 V against NHE).”
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Figure 2.13. Effect of (A) PT, (B) PO, and (C) PI (0-10 mM) on the
luminescence intensity of bare CdSe QDs. Excited at 490 nm, OD ~

0.07. in toluene. (Insets) Respective absorption spectra in toluene. (D)

Relative  luminescence intensity as a function ol quencher

concentration.

A better insight on photoinduced charge transfer process can be
obtained by considering the thermodynamics of the process using Rehm-
Weller equation, by estimating the driving torce from electrochemically and

3 8 i 293 . . .
spectroscopically measured quantmcs.“g"’(’) In a recent investigation, van Beek
et al. have demonstrated the light induced electron transier process between
the quantum dots and polythiophene and estimated the driving force for

. . . . 1
photoinduced charge separation using the equation 2.6;

AG® = E (D) - Eg(A) - gy + C (2.6)
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where AG® 1s the driving force for photoinduced charge separation,
E.«(D) represents the oxidation potential of the donor, E,.4(A) is the reduction
potential of the acceptor (CdSe QD), and &y stands for the zero-zero
cxcitation energy, Le., the smallest bandgap calculated from the absorption
onsct of QD, and C is a solvent-dependent term (the constant C is expected
not to exceed a few tenths of an electron volt). From Figure 2.12A. gy was
estimated as 2.07 eV, corresponding to an absorption onset of 600 nm. Free
cnergy changes were calculated for various electron donors used in our

studies and the results are summarized 1in Table 2.2.

Table 2.2. Free energy changes associated with
photoinduced charge transfer process between CdSe
QDs and various electron donors.

Electron E(D),V

AG’, eV

Donors vs NHE
PT 0.85 +0.02 + C
PO 0.85 +0.02+C
NMPT 1.03 +0.20+ C
B 1.41 +0.58 + C
PPD 0.26 -057+C

* Ereg(A) =-1.24 V against NHE, and gy = 2.07 eV,

The estimated AG® value for the photoinduced charge separation with
CdSe is close to zero for PT. PO and NMPT indicating feasibility of the

clectron (ransfer process. The luminescence studies ~how  a  drumatic
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quenching in all these systems except for NMPT. In the case of NMPT. the
hole scavenger fails to interact with the surface of QD due to the steric
restrictions imposed by the methyl group. However, the estimated AG® value
is found to be more positive in the case of PI and no luminescence quenching

was observed.

2.2.3. Optimization of Shell Thickness

Ideally, the large bandgap material used as shell should form a uniform
luver over QDs. any voids on the surface can affect the photostability and
induce leakage of the core material leading to cytotoxic effects.”” We have
analyzed the overcoated sample carefully by using HRTEM, and these 2D
imuages could not provide any information other than an increase in the overall
size of the material. One of the objectives of the present investigation is (0
develop a simple methodology for estimating the optimum thickness of
overcoating material. which can inhibit the undesired clectron transfer without
losing the luminescence property.

The PL quenching cxperiments were further carried out with a series of
core-shell QDs of varying shell thickness, using PT as electron donor. For this
purpose CdSe QDs overcoated with 0-3.9 MLs of ZnS were used.
Experiments were carried out in toluene and the QD samples were excited at
490 nm, so that CdSe core is selectively excited (bulk bandgap of ZnS is 3.6
eV corresponding to an absorption onset ~350 nm).*> As in the case of bare

QDs, the luminescence was quenched for core-shell QDs with low shell
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thickness in presence of PT (Figure 2.14A,B). In contrast, the luminescence
quenching efficiency was found to decrease with an increase in ZnS shell

thickness (>2 MLs) as shown in Figure 2.14C.D.
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Figure 2.14. Effect of PT (0-10 mM) on photoluminescence and (inset)
absorption spectra of CdSe QDs with (A) 0.65, (B) 1.3, (C) 2.6 and (D) 3.9
MLs of ZnS; Excited at 490 nm, OD ~0.10, in toluene. (E) Relative changes in
the luminescence intensity including for bare QDs and (F) Plot for log (I1o/1)

against varying concentration of PT.
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Relative changes in the luminescence intensity (Io/I; lo and |
represents the PL intensity in absence and presence of PT respectively) CdSe
QDs possessing (), 0.65, 1.3, 2.6 and 3.9 monolayers of ZnS in presence of P'1
are presented in Figure 2. 14E.

The nonlinear effects observed in the PL quenching of CdSe QDs has

6.3

been reported by various groups? “*and in our study the relative PL intensity
(Io/T) showed an exponential relationship with the concentration of PT, as per
equation 2.7.%°

To/l = ! (2.7)
where ‘o’ represents the static quenching constant. A plot of log (Io/I) versus
the concentration ot PT shows a linear relationship (Figure 2.14F), and the ‘o’
values for CdSe QDs possessing 0.0, 0.65, 1.3, and 2.6 monolayers of ZnS arc
deduced as 277, 184, 42, and 12 M", respectively, from the linear fit plots.
The ‘¢’ values remained more or less the same for CdSe-ZnS QDs possessing
shell thickness more than 2.6 monolayers (=12 M™).

To explore the luminescence quenching mechanism further,
experiments were repeated as a function of temperature (at 298 K and 323 K)
and results are shown in Figure 2.15. 1t was observed that the quenching rate
decreases considerably at elevated temperature for both bare (‘o at 298 and
323 K is 290 and 151 M, respectively; inset of Figure 2.15A) and overcoated
samples (‘o at 298 and 323 K is 174 and 96 M, respectively; inset of Figure

2.15B). PT forms a weak complex with QD surface [QD---PT] which



Chaprer 2: Optinizatnion of the Shell Thickness of Core-Shell Quantum Dots

(s ld]

dissociates at higher temperature preventing photoinduced charge transfer

Process.
1 st | A
6l - E ]_GII y ’
Zo si ; | o
= = . | a
32 40r g 00 2 4 6
[T}, mM A
A
20+ v
. v
A v
A v 7
) 4 v ¥ N N ' M
2 4 6 8

| Phenothiazine}, mM

To/1

[Phenothiazine], mM

;I.ﬂi . B A
40F 0.5 .
Tl ST a
e,
%7 4 s
20k [PT]. mM 2 .
A
v
A v
A v
A v v
0 L 2 . :
2 4 6 8

Figure 2.15. Relative changes in the luminescence intensity of (A) bare CdSe
QDs and (B) ZnS overcoated (0.65 MLs) CdSe QDs upon the addition of PT at
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323 and 298 K respectively. Inset shows the corresponding plots of log (Io/l)

against the concentration of PT.

Time correlated single photon counting studies (TCSPC) for bare and

overcoated CdSe QD samples were carried out, and the results for bare QDs

are shown in Table 2.3. Luminescence decay kinetics of CdSe QDs showed

multicxponential decay characteristics. The origin  of multiexponential

emission decay for metal chalcogenides has alrcady been investigated in

detaill and is attributed to trapping sites within the nanoparticle,” and to the

blinking effects.”" The lifetime and amplitude components of bare (and ZnS

over coated) CdSe QDs did not show any significant changes in presence of

PT (Table 2.3). This result further confirms that the interaction of PT with

QDs is static in nature.
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Table 2.3. TCSPC data for bare CdSe QDs in presence ol PT.

[PT], mM )y NS THNS Ty NS Ty Ns X
0 20016%) 14(61%) 46(23%) 31 1.12
2 39(17%) 13(629%) 43(21%) 30 1.18
4 37018%) 13(62%) 4320%) 27 1.12
6 3.9018%) 13(63%) 44(19%) 28 115
8 3.8(16%) 13(64%) 5020%) 32 1.14

Bare CdSe QDs form weak complex with PT and elliciently scavenges
the photoexcited hole formed in the valance band. Various photocheniical
process arc presented below.

CdSe+hv ——»  CdSc (e +h)
CdSce (¢ + h) ———  CdSe + hy’ (radiative decay)

rT
CdSe (¢ +h) ———»  CdSe™".... PT* (PICT)

Bawendi and coworkers have reported that overcoating QD with a thin
layer of ZnS (1.3 < MLs) can lead to a non-uniform ZnS shell.” In the case of
QDs with .65 and 1.3 Ml.s of ZnS, P'T complexes through the voids in the
shell as illustrated in Scheme 2.1,

Scheme 2.1. Complexation of PT with (A) bare and (B) ZnS

overcoated CdSe QDs having voids.
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Luminescence quenching in fluorophores is discussed based on several
models. including the Perrin model.™ In a recent study. Scaiano and
coworkers have reported that the quenching radius. 1.c.. the donor-acceptor
distance is influenced by the size of quantum dots.” The quenching radius can
be better viewed as an action radius” for the quencher and can be obtained by
using Perrin analysis as given by the equation 2.8, [t assumes that an effective
quenching sphere exists about the donor (or acceptor, in current study) and 1f
the quencher molecule 1s outside the quenching sphere it does not quench at
all.

a=N,V (2.8)

where "o 18 the static quenching constant. "Ny7 1s Avogadro’s number

and "V7 s the quenching volume. For example. in the case ol a quencher
molecule such as TEMPO, the quenching radius (0.9 nm) can reach across the
nanoparticle when its size 1s smaller, where as for larger QDs. the interaction
is restricted with the excitons near the surface.™ The quenching volume of the
bare and overcoated QDs was estimated, and these results arc presented as
Table 2.4, The quenching volume was found to decrcase with an increase in
number ol ZnS MLs. 1t also indicates that the overcoating prevents charge-

transler interaction of PT with QD. at higher shell thickoess.
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Table 2.4: Quenching volume of bare and 7nS
overcoated CdSe QDs

/nS MLs a, M V.em?'

0 277 46 107
0.65 184 3% 10
.30 42 7x 107
2.60 12 2x 107"

63

In order to obtain quantitative information on the optimum shell

thickness, which can suppress the undesired electron transler process and

providc maximum radiative decay. PL quantum yield () and the stalic

quenching constant (@) for CdSe-ZnS core-shell QDs were plotted as a

function of ZnS monolayers ([Figure 2.16).

0.4

0.2

0.0

7ZnS MLs
Figure 2.16. Changes in the PL quantum yield (<b) and static
quenching constant (@) as a function of number of ZnS ML.s.

The lumincscence quantum yield increases with the number of ZnS

monolayers (P (barc) 0.08, @ (1.3) 0.44. and ®;(2.6) 0.48) and further
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decreases slightly (b (3.9) 0.44), whereas the static quenching constant
dramatically decreases. On the basis of the "®@, 7 and “u” values presented in
Figure 2,17, 10 is concluded that two monolayers (corresponding 1o 0.65 )
ol ZnS shell is the optimum shell thickness Tor a 4.2 nm dhameter CdSe
quantum dot, which inhibit charge transter processes and provide maximum

PL quantum yicld.

2.3. Conclusions

It has been demonstrated that the ZnS shell in CdSe-ZnS QDs plays an
important role not only in modulating the Tuminescence quantum  yield but
also in regulating the charge carrier transfer dynamices from excited core 0
clectron donors. Steady state and time-resolved Tuminescence studies sugeest
that the clectron donors bind o the surface of CdSe QDs leading (o
luminescence quenching. Time resolved luminescence experiments as well as
the temperature dependent studies further confirm that the interaction is staitic
in nature. Further photoinduced charge-transfer dynanmics between CdSe
quantum dots (QDs) possessing  varying monolayers ol ZnS and  hole
scavengers such as phenothiazine (PT) was investigaled. Based on the studies
it is concluded that two monolayers of ZnS shell is the optimum shell
thickness for a 4.2 nm diameter CdSe quantum dot. which inhibit charge
transfer processes and provide maximum luminescence quantum  vield.
Luminescent core-shell QDs. with optimum shell thickness. which do not

involve any electron-transfer intcractions. are ideal for bioimaging. and



Chapter 2: Optimization of the Shell Thickness of Core-Shell Quantum Dots 63

methodologies presented here are uscful for probing the overcoating process

in semiconductor QDs.

2.4. Experimental Section
2.4.1. Materials and Methods

General details of solvents, rcagents and cquipments/instruments uscd
for synthesis, characterisation and studies are provided in thc Appendix.
Reagents such as trioctylphophine oxide (TOPO), trioctylphophine (TOP),
cadmium oxide (CdO), Se powder, dodecylamine (DDA), hexadecylamine
(LIDA), tetradecylphosphonic acid (TDPA), phenothiazine (PT). phenoxazine
(PO). phenoxathiin (PI), diethyl zinc (DEZ) and hexamethyldisilathiane
(HMDST) were purchased from Aldrich and used as such, except PT, PO and

P1. which were further purified by recrystallisation from dry benzene.

2.4.2. Synthesis of TOPO capped CdSe QDs

A pot mixture containing CdO (0.067 g, 0.52 mmol), dodecylamine
(3.8 g, 20.72 mmol), TOPO (2.7 g, 6.9 mmol) and tetradecylphosphonic acid
(0.40 g, 1.44 mmol) was heated to 300 °C under vacuum, until CdO dissolves
completely to produce an optically clear solution. At this temperature, an
injection mixture containing TOPSe (selenium powder in TOP, 83 pL, 0.083
mmol) in TOP (5.2 mL, 2.5 mmol) was introduced. After desired crystal

growth, the reaction was arrested by reducing the reaction temperature down
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to ambicent conditions. The QDs thus obtained was purified by reprecipitation

with methanol.

2.4.3. Synthesis of CdSe-ZnS Core-Shell QDs

In a typical procedure, to grow a ZnS shell of 0.4 nm thickness on
CdSe core (4.2 nm), a pot mixture containing CdSe QDs (11.6 uM), TOPO (4
g. 10.3 mM) and HDA (2 g, 8.3 mM) was heated to 160 °C under inert
atmosphere. A solution of DEZ (47.9 ul, | M solution in hexane) and
HMDST (8.9 pL, 0.049 mM) in TOP (3 ml) was added drop wise, under
gentle strring, over a period of 30 minutes. Then the reaction mixture was
cooled to room temperature followed by addition of 10 mL 50%
butanol/hexane mixture. Finally, the CdSe-ZnS core-shell QDs were purified
by reprecipitation with methanol and redissolved in tolucne. QDs were

characterized by HRTEM (Figure 2.17) und XRD analysis (Figure 2.18).

Figure 2.17. HRTEM images of ZnS (2.6 MLs) overcoated CdSe
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Figurce 2.18. Powder XRD pattern of ZnS overcoated (2.6 MLs)
CdSe QDs.

2.4.4. Synthesis of N-methylphenothiazine (NMPT)"

H ?HJ
N a N
L0 — OO
S S
(a) CHsl, NaH, dry THF, dark, 24 h, rt.
Phenothiazine (2 g, 10 mM) dissolved in dry tetrahydrofuran (15 ml.)
was stirred with NaH (0.36 g, 15 mM) under argon atmosphere in dark for | h
to produce the N sodium salt. Methyl iodide (1.9 g, 20 mM) was added, and
the solution was further stirred for 24 h at room temperaturc to give N-
methylphenothiazine, which was extracted with diethyl] ether. After treating
the ether layer with anhydrous sodium sulfate, solvent was evaporated to give
solid product which was chromatographed over ncutral aluminum using
hexane to yield 90 mg (42 %) as pure product: mp 100-101 C:; IR (KBr) V, s

3739, 3608, 3055, 2887, 2818, 2353, 1782, 1573, 1556, 1454, 1330, 1265,
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1138, 1039, 864, 758. 532.35, 503, 455, 435 cm’: 'H NMR (CDCl: 300

N

MHz) & 3.37 (3H. s5), 6.79-7.16 (aromatic 8H, m). ""C NMR (CDCl5. 75 MHz)
0 35.31 (alkyl), 114.04. 12246, 123.51. 127.18, 127.37, 14583,
FAB(m/z):Found (C;HNS) 213.10, Exact Mass: 213.06. The absorption

and emission spectra of PT and NMPT are shown in Figure 2.19.

0.3t 1
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= 0.2} !
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300 400 300

Wavelength, nm
Figure 2.19. Absorption and emission spectra of PT (solid line)
and NMPT (dotted line) in woluene. excited at 330 nm.
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CHAPTER 3
L |

Silica Overcoated CdSe Quantum Dots for
Biological Applications

Abstract

Silica overcoaled. walter soluble CdSe QDs were synthesized and
characterized and carricd out 1s i vitro cytotoxicity analysis. The two-photon
absorption (TPA) properties ol silica overcoated QDs were investigated in
detarl and their potential use in cell imaging was explored. Trioctylphosphine
oxide (TOPO) capped CdSe QDs synthesized in organic medium was made
water soluble by overcoating with silica shell using two dilTerent silica
precursors: aminopropyl trimethoxysilane (APS) and tetracthyl orthostlicale
(TEOS). CdSe QDs overcoated with TLOS vielded stable water soluble core-
shell systems with high silica shell thickness. however their Tuminescence
properties were found to be poor. In contrast. APS overcoated QDs were
found to be luminescent with good quantum yield. Cytotoxicity analysis
based on MTT assay in human bone marrow derived mesenchymal stem cells
(hMSC). showed that silica coated CdSe QDs are cylocompatible in
nanomolar levels. Multiphoton absorption studics showed that silanised QDs
possess  improved  two-photon absorption ((TPA) characteristics in - water
compared 1o the TOPO capped QDs in organic medium. This allowed the
excitation of QDs in biological water window using ncar-infrared (NIR)
radiation. These results indicate that silica overcoated CdSc QDs arce usctul

for biological labeling. imaging and scnsing applications.
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3.1. Introduction

Quantum dots of II-VI and -V semiconductors offer numcrous
applications in biomedical science, particularly for the detection ol ions and
molecules, drug and gene delivery. cellular imaging. diagnosis and treatment
of discases.'™ These systems possess unique properties compared to the
conventional organic fluorophores: the most significant one is the size. shape
and composition dependent optical propcrtics.(’ Broad absorption spectrum
allows  simultaneous excitation of various QDs using single  excitation
wavelength and the narrow luminescence ot QDs allows multiple signal
collection. avoiding spectral overlap. QDs possess higher molar extinction
cocfticient, large two-photon absorption cross section. high luminescence
quantum yicld and longer lummescence lifetime compared to conventional
dyes. The longer lifetime is particularly usetul for investigating living cells by
climinating autolTuorescence. Large two-photon absorption cross section of
QDs permits the use of NIR wavelength for excitation (imaging by exciting in
the biological water window). Recent studies have been tfocused on the design
of QD bascd bioprobes, which possess specilic activity and their interactions
with biomolecules.” Among various 1-VI and [1I-V semiconductor QDs,
cadmium chalcogenides are widely investigated since the synthetic protocols
for these systems arc optimized. However. the cyloloxicity associated with
these systems and the poor solubtlity in aqueous medium limits their use in

. . .. o
biological applications.™
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3.1.1. Toxicological Effect of Quantum Dots
As mentioned in the previous scction, the cytotoxic effects of cadmium
based QDs, is a major concern, particularly the use of thesc systems for in

TJa-t

vivo studies.”™™ The cytotoxic effect of bulk CdSe is well documented while
the cytocompatibility of their ‘nano’ analogues is still under investigation.
Cadmium and zinc have similar atomic structure and chemical bchavior.
However, the latter is considered as an essential element, while the former

7d
¢ Recent

one is highly toxic having no (known) role in animal metabolism,
reports indicate that the cadmium ions (Cd™) is responsible for the
toxicological effects in cadmium chalcogenide based QDs.® The surface of
QD 1s susceptible to oxidation, unless properly protected, resulting in the
release of free Cd** ions. This leads to cell death and these aspects were
investigated in detail by Parak and coworkers (Figure 3.1).* The sulfhydril
group of critical mitochondrial proteins can take up the free cadmium ions in

cell, leading to oxidative stress and mitochondrial malfunctioning, called as

cadmium heptatoxicity.’

Cdse Oxidation

Figure 3.1. Photographs showing the Cd* induced
(released form CdSe QDs) cell death, in liver culture
model (adapted from reference 8b).
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Any measure that can prevent the oxidation and escape of Cd** from
QD surface can reduce the toxicity of CdSe QDs. For example. overcoating
with ZnS 1s found to be an effective strategy for suppressing the cytotoxic
effects of CdSe QDs (and enhancing the luminescence quantum yield).” Apart
from this, water solubility of QDs is an essential criterion for their use in
hiological systems. Various reports on the synthesis of water soluble QDs

with reduced toxicological effects are discussed below.

3.1.2. Synthesis of Water Soluble QDs

Highly monodisperse QDs can be prepared by following high
temperature organometallic synthesis: however. their solubility 1s limited to
nonpelar medium. These QDs can be made soluble in water by exchanging
with ligands having hydrophilic moiety. Alternatively, QDs can be directly
synthesized in water, but the monodispersity is low compared to the former
method. Various approaches for the synthesis of water soluble QDs are
summanized in Figure 32,10 Among these, the most recommended method 18
silanisation, where QDs are overcoated with a silica shell.'™ The cytotoxicity
cffects are reduced, since the core constituents are well protected inside the
silica shell.'" Silica cozting bused on ‘reverse microemulsion’ method is the
most versatile approach which was developed simultaneously by Ying and

12 3 13
coworkers - and Nann and coworkers.
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QDs
Synthésis in Zns . Synthesis in
Aqueous Phase Overcoating Organic Phase

Hydraphobic

Ligand . .
Exchange .~} -, Interactions
[ Water Soluble QDs

thl A schematic representation of variaus stratcgies towards water soluble QDs.

3.1.3. Quantum Dots for Multiphoton Fluorescence Imaging

[0 vivo bioimaging ols are mainly been hampered by poor lissuc
penctrauon ol visible light. In contrast, NIR radiation has less scattering and
absorption by biological  tissue.  climinating — interlerence  Irom
autoluorescence. Optical tmaging using NIR radiation in the biological water
window (Figure 3.3) is more appropriate for larger organisms (and for deep

. ; . Cod
Lissue migimg ).

0 |
e < NIR window »
=
z 1
kS
=
£ |
£
- 01
Q
I
£
2
o 00
<70
|
100 500 600 700 800 900 1000

Wavelength (nm)
Figure 3.3. Biological water (NIR)  window: the
absorbance by biological molecules 1s minimum compared

to the visible region. (adapted fron reference 14)
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Multiphoton imaging is a novel technique wherein biological samples
are excited using NIR wavelengths. offering local excitation at the focal point
of the objective with least specimen damage. Multiphoton absorption 15 a
nonlincar process resulting trom the simultancous absorption (no intermediate
state exists) of moere than one photon of longer wavelength (/o) by the
chromophore as illustrated in Figure 3.4, Whether it is a single photon or
multiphoton process, the luminescence (fivpr) 1s Independent of the mode of
the excitation. Various aspects on multiphoton processes and its applications
are summarized in recent reviews.” Other than photostability and brightness,
QDs also possess excellent multiphoton absorption (MPA) characteristics.
two or three orders higher than conventional Muorophores. These aspects
make QDs a promising candidate for multiphoton induced [luorescence

- . 16
imaging.
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Figure 3.4, Two photon absorption process in
QDs: total encrgy is conserved as vy = 2
Also, the luminescence 15 independent of mode of
excitation process.



Chapter 3. Silica Overcoated CdSe Quantun Dors for Biological Applications 78

In the present study. we have developed a modified ‘reverse
microemulsion’ procedure which was adopted for overcoating CdSe QDs
with silica. Details of the synthesis and characterization are presented in the
subsequent sections. Further, the cytotoxicity analysis and nonlincar optical
properties of silica overcoated CdSe QDs were investigated and the results are

also presented.

3.2. Results and Discussion
3.2.1. Overcoating of CdSe QDs with Silica

CdSec QDs capped with TOPO was synthesized by following the high
temperature organomctallic synthesis method as described in Chapter 2.
Absorption and luminescence spectra of QDs arc presented in Figure 3.6. The
absorption profilc showed thc characteristic excitonic peaks and the
luminescence spectrum was found to be narrow (FWHM ~35 nm). HRTEM
results confirmed that the QDs are monodisperse. having an average size of
43 nm (Figure 3.7A). QDs obtained were found to be soluble in nonpolar
solvents.

QDs were further overcoated with silica shell by tollowing a ‘reverse
microemulsion method’ to render water solubility and to impart
cytocompatibility. (Details of the procedure adopted for overcoating with
silica arc provided in the experimental scction). TOPO layer on CdSe was

first exchanged with silica precursors and then introduced into a
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microemulsion system. formed by cyclohexane as oil phasc and igepal as the
surfactant. After the place exchange reaction, the pH of the medium was
increased. The alkoxy groups of silica precursors initially undergo hydrolysis
followed by condensation to yield silica shell (Stober process) and the core-
shell QDs thus obtained were found to be soluble in aqueous media. A

schematic representation of the overall process is given in Figure 3.5.

I
§¢V% N\ W._% s Arb
= T e - S - - ’ ]
o a QS & .,V
AN 7 AT A
TOPO capped QDs After Reprecipitation Place exchange
in Chioroform with Methano! with APS
Suractant YOPO APS
o = 4
Purification |

Purification

Stlanised QD Hydrolysis and Condensation

In reverse micelles

Figure 3.5. A schematic representation of the silanisation
procedure adopted.

In the present study, silica overcoated QDs were prepared using
tetraethyl orthosilicate (TEOS) or aminopropyl silane (APS) as silica
precursor and both yielded water soluble nanohybrid systems. However, their
photophysical properties showed considerable difference. Overcoated QDs
were characterized using various spectroscopic techniques and transmission

electron microscope (TEM) as presented below.
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Absorption spectral features of silica overcoated CdSe QDs, prepared
using TEOS as precursor were found to be similar to that of TOPO capped
QDs. These results indicate that the overall size and electronic structure of the
QDs were not affected upon overcoating (Figure 3.6A). However, the
overcoating results in a dramatic quenching in the luminescence of QDs
(Figure 3.6B). This is attributed to the poor passivation of QD surface by the

TEOS. on removal of TOPO."’
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Figure 3.6. (A) Absorption and (B) luminescence spectra of CdSe QDs:
TOPO capped (dotted trace) and silica (TEOS) overcoated (solid trace).
HRTEM images of TOPO capped and silica overcoated CdSe QDs are
presented in Figure 3.7. From the TEM images. it was observed that more
than one CdSe QDs are cntrapped in the silica shell and the overall diameter
of the nanohybrid system was found to be ~40 nm. Even though silica
overcoating provided solubility in water, the poor luminescence properties

and large shell thickness limit their use in biological imaging and sensing.
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Figure 3.7 HRTE images of CdSe Ds (4.3 n) ()TO capped
and (B-D) silica (TEOS) overcoated.

Further, we have used aminopropyl silane as precursor for overcoating,
which yiclded highly luminescent and water soluble CdSe QDs with excellent
shelf life. Details of the synthesis and purification are presented in the
experimental section. The absorption and luminescence spectral profiles of
the silica overcoated CdSe QDs, using APS as precursor, are similar to TOPO
apped QDs (Figure 3.8). Overcoated QDs were luminescent and stable under
physiological buffer conditions (pH 7.3), which make them a promising

candidate for biological applications. Photophysical properties of CdSe QDs
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capped with TOPO and overcoated with silica are summarized in Table 3.1. A
hypsochromic shift (4-7 nm) was observed in the absorption (first excitonic
band) and in the luminescence maximum with an enhancement in
luminescence yield upon overcoating (14% for silica overcoated and 9% for
TOPO capped) with silica. Primary amines (due to their Lewis basc character)
are reported as good surface capping agents for CdSe QDs.'® The amino group
in APS efficiently passivates the QD surface upon overcoating, climinating
shallow trap states and thereby facilitating the band edge luminescence
exclusively. Thus the enhancement in the luminescence property may be
attributed to the surface reconstruction and the formation of a thin silica shell.
The full width at half maximum (FWHM) of the luminescence band before

and after overcoating is estimated as 35 and 39 nm, respectively.

04} 14
-
g 0.3 134
3 2
g 0.2 12 5
< 2
0.1 112
0.0 0

400 500 600
Wavelength, nm

Figure 3.8. Absorption and luminescence spectra of
CdSe QDs: (dotted trace) TOPO capped in chloroform and
(solid trace) silica (APS) overcoated in PBS (pH 7.3).
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Table 3.1. Comparison of photophysical properties of CdSe QDs capped with
TOPO and overcoated with silica.

First Excitonic QY (%)
oD Absorption Luminescence FWHM,  (standard used:
) Wavelength, Wavelength, nm nm Rhodamine
nm 6G)
CdSe/TOP 551 565 35 09
CdSe/APS 547 557 39 14

A better 1dea about the size and distribution of the silica overcoated
QDs can be obtained from the high resolution transmission electron
microscope images presented in Figure 3.9. When APS was used as precursor
for silica overcoating, the overall increase in size was found to be nominal
(~1.5 nm). Based on the spectroscopic studies and TEM analysis, it 1s further
concluded that silica overcoated QDs, using APS as precursor arc superior in
photophysical properties and possess uniform size distribution. In contrast,
sihica overcoated QDs, using TEOS as precursor, resulted in the formation of

a thick shell and their photophysical propertics were poor.

—'W by it e " v 1 :
Figure 3.9. HRTEM images of silica (APS) overcoated CdSc QDs.
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Place exchange of TOPO with APS on QD surface was further probed
using FTIR (ATR) spectroscopy. FTIR spectrum of CdSe QDs before and
after overcoating with silica is presented in Figure 3.10. Sharp pecak at 1130
em” is attributed to the P=0 stretching band which is ~20 cm™ lower
compared to free TOPO. This shift may be due to thc noncovalent interaction
of P=0 to Cd*" sitcs on the CdSe QD surface. The bands at 1466 cm™ and at
2800-3000 ¢cm ' arisc from the CH, bending and C-H stretching respectively,
from the alkyl groups of TOPQ. The peak at 1600 cm™' is attributed to N-H
bending mode from the octadecylaminc used as a co-capping agent in the
synthesis. Upon overcoating with APS, the peaks corresponding to TOPO
disappeared with a concomitant increase in the intensity of the peak at 1600
em, corresponding to the amine bending mode. These results confirm the

substitution of TOPO with APS.'%

CdSe/TOPO
=
¥
CdSe / Silica
1000 2000 3000

-1
Wavenumber, cm

Figure 3.10. FTIR spectra of CdSe QDs before and after over coating
with silica; disappearance of band at 1466 cm™ and a change in the
relative peak intensity at ~2900 cm™' (alkyl stretching) and at 1600 cm’™
(N-H bending) proves the substitution of TOPO with APS.
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Energy dispersive X-ray spectroscopic technique (EDS) is an
analytucal ool used for the elemental analysis and chemical characterization
of nanomatenials, In the present study, we have used EDS for probing the
substitution of TOPO layer by silica shell and these results are presented in
Figure 3.11. EDS spectra of both TOPO capped and silica overcoated CdSe
QDs showed characteristic ‘Ko’ and ‘Lo energy lines corresponding o
cadmium and selenium. For silica overcoated QDs, the signal corresponding
to phosphorous (2.01 keV) was replaced with that of silicon at 1.74 keV,

ensuring the exchange of TOPO with APS on the QD surface.'™
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Figure 3.11. EDS spectra of CdSc QDs. (Bortom
trace) TOPO capped (Top trace) silica overcoated.
Above results suggest that we have succeeded in synthesizing water
soluble and luminescent core-shell QDs by overcoating with silica, using APS
as precursor. Silanised QDs were found to be stable for weeks in PBS buffer

(pH 7.3) and the luminescence properties were found to be insensitive to pH
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as well as the ionic strenath of the medium (Figure 3.19, Expernimental
Section). Toxicological effects and nonlinear optical properties oft QDs

overcoated with silica, using APS as precursor is presented below.

3.2.2. In Vitro Cell Cytotoxicity Studies

The cytotoxicity ol silica overcoated CdSe QDs (prepared using APS
as precursor) was evaluated m human mesenchymal stem cells (hMSC) wilh
MTT viability ;asxll_\.f” [t is a colourtmetry based assay. whercin the live cells
reduce MTT 1o a colored product, formazan. The Tormazan formed can be
guantified using UV-Vis absorption spectroscopy, which in wrn gives the
amount of live cells. Brictly, the protocol involves doping the cells with QDs
and the cell viability was monitored as a function of QD concentration and
time (Detailed description of the miethod is provided in (he experimental
section). [n a typical procedure. 1 x 10 cells were sceded onto 96 well plate
(NUNC). After 7 days in culture. 100 ul. of MTT solution (5 mg/mL stock in
PBS) was added to cach ol these wells and incubated for 4 h at 37 "C. The
crystals formed were then dissolved in 1sopropanol and the absorbance at 540
nm was measured using an ELISA plate reader. Figure 3.12 shows the cell
viability in terms of metabolic activity, obtained from MTT assay. On treating
with hve cells under identical conditions, 1t was observed that the silica
overcoaled QDs were leust cytotoxic. whereas TOPO capped QDs induced
cell death (Figure 3.13). This is attributed to the less leakage of CdSc core

constituents in to the cell medium. compared to the TOPO capped QDs. These
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results. based on i vitro studies suggest that the  silica overcoating
substantially reduces the cytotoxic effeets. making these QDs suitable for
biological applications. Further. we have used these QDs for labeling and
imaging ol cells, under a fluorescence microscope (DM 6000, Leical. A
representative image ol mesenchymal stem cells mixed with red emitting

silica overcoated CdSe Qs is presented 1in Figure 3013,

=z Metabolic Activity

(3 TOPC QirSilea

Quantum Dots Used
Figure 3.12. Comparison of ¢ytotoxic eflects ol bare QDs
and silica over coated CdSe QDs based on MTT assay (alter

7 days).

Figure 3.13. Mcsenchyvmal stem cells added with red emitting

silica overcoated CdSe QDs.
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3.2.3. Two-Photon Absorption Studies

The multiphoton absorption characteristics of CdSe QDs capped with
TOPO in toluene and silica overcoated (using APS as precursor) in water was
mvestigated as follows. QD samples were excited using femtosecond (fs)
laser pulse (pulse width <100 fs) at three different wavelengths (720, 800 and
820 nm). The two-photon absorption cross-section (c.ps) was calculated using
fluorescein in water (pH 13) as the reference (a;p4 36 GM at 800 nm).”’

A comparison of luminescence spectra of TOPO capped QDs in
toluene, recorded by ¢xciting the sample at 400 nm (using xenon arc lamp)
and at 800 nm (using s laser pulse) is presented in Figure 3.14. lrrespective
of the excitation wavelength, the luminescence spectra was found to be
identical for QDs, with a luminescence maximum at ~575 nm. From the
absorption spectrum (inset, Figure 3.14), it is clear that the QDs are not
having any absorption at 800 nm. This indicates that the luminescence

obtained by exciting at 800 nm is involving a multiphoton process.
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Figure 3.14. Luminescence spectra of TOPO capped CdSe
QDs in toluenc: (dotted trace) excited at 400 and (solid
trace) excited at 800 nm. (inset) Absorption spectrum.



Chapter 3: Silica Overcoated CdSe Quantum Dois for Biological Applications 89

Luminescence intensity of the QDs was monitored as a function of
excitation energy to obtain a better understanding on the number of photons
absorbed by the sample. while exciting at longer wavelengths. QDs were
excited at 800 nm, using laser pump power (average power = pulsc energy x
repetition rate) varying from 120 to 700 mW, and the results are shown in
Figure 3.15A. For a comparison, cxperiments were done at identical
conditions with a standard dye-fluorescein (Figure 3.15B). Tt was found that
the luminescence intensity of the CdSe QDs (and the fluorescein) decrcased
on lowering the excitation energy. The extent of multiphoton excitation is
proportional to the intensity raised to the n" power, where n represents the
number of photons absorbed.” A logarithmic plot of luminescence intensity
as a function of cxcitation energy gave a straight line and the number of
photons absorbed was extracted from the slope (Figures 3.16A,B). For QDs
and fluorescein, slope values obtained arc 1.85 and 2.06 respectively,
indicating that in both cases the luminescence is by a two-photon excitatton

process.
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Figure 3.15. Two-photon induced luminescence spectra of (A) CdSe
QDs, capped with TOPO in toluene (B) Fluorescein dye in 0.1 N
NaOH, excited using 800 nm laser pulse at various laser powcrs.
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Figure 3.16. Logarithmic plots of PL intensity against excitation
encrgy for (A) CdSe QDs. capped with TOPO and (B) Fluorescein dye.

Further, we have extended the experiments with silica overcoated
CdSe QDs in water and the results are given in Figure 3.17. Similar to TOPO
capped QDs, silica overcoated QDs also showed identical luminescence
spectra, when excited at 400 and 800 nm. This confirms that the QDs posses
same electronic structure before and after overcoating with silica, undergoing

multiphoton induced excitation proccss.
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Figure 3.17. Luminesccnce spectra  of  silica

overcoated CdSe QDs in PBS, excited at 400 (dotted
linc) and at 800 nm (solid line). (inset) Absorption

spectrum.
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Luminescence intensity of silanised QDs was found to decrease on

lowering the excitation energy (at 800 nm) as obtained in case of TOPO

capped QDs. The respective logarithmic plot (log (incident energy) vs. log

(luminescence mtensity) showed that the luminescence obtained is by a two-

photon induced excitation process. A comparison of two-photon induced

luminescence spectra of CdSe QDs, capped with TOPO and overcoated with

silica is shown in the Figure 3.18A-C. The samples were excited at 780, 800

and 820 nm with fs laser pulsc of identical power (700 mW).
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Figure 3.18. Two-photon induced luminescence spectra of CdSe QDs, capped
with TOPO in toluene (dashed line) and silica overcoated in aqueous media (solid
line), excited at (A) 780, (B) 800 and (C) 820 nm with (fs) laser pulse. (D) A
comparison of two-photon absorption cross-sections for TOPO capped and silica
overcoated CdSe QDs.
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The two-photon absorption cross section (o;ps) Wwas estimated using
fluorescein as reference, using the relation given below (equation 3.1 2

opa=6,(F.C..n. 0V (F..C.n.0) (3.1)

where “6.p4” stands for TPA cross section, ‘F’ for the luminescence peak area,

‘C for the concentration, ‘1’ for the refractive index of the solvents, "¢’ for

single photon excited quantum yield and the subscript ‘t” corresponds to

reference used. The results obtained for CdSe QDs capped with TOPO und

silica is given 1n the Figure 3.18D and the values are given in Table 3.2.

Table 3.2, Comparison of two-photon absorption cross
scetions for TOPO capped and silica overcoated CdSe QDs,

Samipe Gopa (GM)*

780 nm 800 nm 820 nm

CdSe/TOPO 3160 3620 2937

CdSe/APS 439] 4544 4864

#1 GM = 10" (cm* s/photon)

It is observed that the two-photon absorption cross section of silica
coated CdSe QDs is higher compared to the corresponding TOPO coated
QDs. It is attributed to the effective QD surface passivation by the amino

groups of the silica precursor used, compared to TOPO.



Chapier 3: Silica Overcoated CdSe Quantum Dots for Biological Applications 93

3.3. Conclusions

A moditied protocol for overcoating silica on CdSc QDs, based on
reverse microemulsion method was developed. Among two silica precursors
used (TEOS and APS), APS yielded stable QDs in water, with good
luminescence quantum  yield. Further, cytotoxicity analysis with human
mesenchymal stem cells (hMSC), by following MTT assay showed that silica
overcoated CdSe QDs are cytocompatible. Based on nonlinear optical studies
it is concluded that the silanised QDs possess better two-photon absorption
properties compared to the TOPO analogues. In conclusion, silica overcoated
CdSc QDs are ideally suited for optical imaging using NIR radiation in the
biological water window and an extremely versatile candidate for various

biological investigations.

3.4, Ixperimental Section
3.4.1. Materials and Methods

Gencral details of solvents, reagents and equipments used for
synthesis, characterisation and studies arc provided in the Experimental
scction. Aminopropy!l trimethoxysilane (APS) and tctraethyl orthosilicate
(TEOS) and igepal CO-520 were purchased from Aldrich and used as such.
PBS buffer (pH 7.3) was prepared by diluting 2 mL of the stock solution
(sodium dihydrogen phosphate (0.100 g) and disodium hydrogen phosphate
(0.620 g) in 10 mL distilled water) after adding sodium chloride (0.870 g) to

100 mL with distilled water. UV-Vis absorbance spectrum for MTT assay
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was recorded on a Hidex-Chamaleon spectrophotometer. Cell images were
captured using DM6000 (Lieca) fluorescence microscope. Multiphoton
excitation experiments were performed using Ti:Sapphire pulsed laser source
‘Millennia V’ (pulse width <100 fs, repetition rate 82 MHz), equipped with
CCD detector (CDP 2022S) and the signals were deconvoluted using optics
spectra suit software. Two-photon absorption cross section was obtained by

comparison with fluorescein dye in 0.1N NaOH (pH 13), as reference.

3.4.2. Silica Overcoating of CdSe QDs Using TEOS

Igepal CO-520 (1.3 mL) was dissolved in cyclohexane (10 mL) by
stirring under inert atmosphere for 30 minutes. TOPO capped CdSe QDs in
chloroform was added drop wise (400 uL, ~14 pM) along with TEOS (0.075
g, 0.36 mM) over a period of 30 minutes under stirring. To this mixture,
ammonia solution (150 pL, 33 wt %) was added drop wise and stirring was
continued for 24 hours. The silanised QDs obtained were precipitated with
methanol, washed once with butanol and ethanol and redissolved in distilled

~ water.

3.4.3. Silica Overcoating of CdSe QDs using APS

A mixture of TOPO capped CdSe QDs in chloroform (400 uL, ~14
uM) and APS (0.075 g, 0.36 mM) was vortexed for thirty minutes, in an inert
atmosphere. This mixture was added to Igepal CO-520 (1.3 mL) in

cyclohexane (10 mL) and stirred for 30 minutes under dry conditions. Again
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ammonia solution (150 pL, 33 wt%) was added drop wise and the stirring was
continued for 24 hours. The silanised QDs were appeared as globules,
sticking onto the walls of the glass vial, which was purified by washing with

dry chloroform. QDs were redissolved in PBS buffer (150 mM. pH 7.3) for

studies.
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Figure 3.19. Effect of pH (top row) and ionic strength (bottom
row) of the medium on absorption and luminescence spectra of

silanised (APS) CdSe QDs.

3.4.4. Cell Culturing

Bonc marrow was collected from volunteers after getting consent.
Mesenchymal stem cells were isolated and expanded in culture flasks (T25-
NUNC) with alpha MEM supplemented with 10% FBS, 100 units/mL of

penicillin and 100 pg/mL of streptomycin (Gibco, India), incubated at 37 °C
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in humid atmosphere and 5% CO,. The medium was changed after 3 days to
remove non-adherent cells and subsequently renewed twice a week. After
attaining 80% confluence cells were trypsinised and fifth passage cells were

uscd for experiments.

3.4.5. MTT Assay

A universally accepted method for quantifying the cell poisoning effect
i1s MTT assay, a colourimetric measure of mitochondrial activity. which is
dircctly correlated to the cell viabi]ity.20 Metabolically active cells (live cells)
are able to reduce the MTT, a tetrazolium salt [(3-[4,5-dimethylthiazol-2-yl]-
2.5-diphenyltetrazolium bromide)], to colored formazan crystals, while dead
cells do not. Formazan was dissolved in appropriate solvent and the
absorbance (at 540 nm), was measurcd, which gives the concentration of

formazan produced and in turn the amount of live cells.

No @ Mitochondrial
=N
N™ N

T oy

MTT Formazan

Scheme 3.1. Scheme showing the reduction of MTT to formazan.
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CHAPTER 4

Silica Overcoated CdSe Quantum Dots as Sensors

CdSe + — CdSe

Abstract

The use of silica overcoated CdSe QDs for the selective detection and
guantilication ol (1) biologically important molecules under physiologically
| £ ) I pin} £ )

relevant conditions and (i) trace quantities of Hg™™ ions in the presence of
interfering metal fons have been demonstrated. Amino acids and peptides
contuining free sulfhydryl group (cysteine, homocysteine and glutathione)
selectively quenched the luminescence of silica overcoated CdSe QDs by an
clectron transfer process. The ability of this core-shell nanohybrid system to
detect free thiols. in the presence disulphides have been utilized for the
estimation of free thiol content in human blood serum samples. Among the
various metal ions. Hg™" selectively quenched the emission of silanised QDs
in aqueous medium with a concomitant bathochromic shift in the absorption
and cmission band. Mercuric ions react with CdSe QDs to yield quantum
sized HgSe on its surface. which [urther modifies the band edge

recombination process.
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4.1. Introduction

Selective  detection  of  biologically important  molecules  and
environmentally toxic metal cations has been an active area of interest.” Mosl
ol the carlier sensing systems were based on organic molecules and inorganic
complexes.” More recently. attention has been locused on the design of QD
bused hybrid systems lor sensing applications. duc to their Fascinating optical

¢

propertics, which are wnable with size and shape.'s" QDs can undergo
clectron or cnergy transfer process when bound to an analyte. The redox
potential ol QDs can be conveniently tuned by varying the size; e, QDs can
act as an electron donor or acceptor without varying the chemical
composition.'*" Photoexcitation of QDs results in the lormation of clectron-
hole  pair (exciton). Any process which can inlluence the radiative
recombination of the electron and hole can alter the Tuminescence Irom the
QDs. Analytes with appropriate redox potential can interact with QDs and
scavenge the photogencrated electrons in the conduction band or holes in the
valence band leading to reduced rate of clectron-hole radiative recombination,
A schematic tllustration of various processes is provided in Figure 4.1.. where
ED and EA represent the clectron donor and acceptor. respectively. To
facititate the electron or hole transler. the redox level ol (1) EA should be
lower than the conduction band cedge or (i) ED should be higher than valence

band edge of the QD.
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(e transfer)
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radiative decay

(h* transfer) + ED-*

E
O QO’E . O

Figure 4.1. Hlustraton of various light induced electron transfer
process i QDs. EA and ED represents analytes resulting in the

suppression of QD luminescence.

A tvpical example was reported by Benson and coworkers Tor maltose
sensing, where the QD Tuminescence was restored (switch on) upon analyte
recognition (Figure 4.2).° Cadmium selenide QDs overcoated with ZnS
(CdSe-ZnS) was conjugated to a Ru(lly complex functionalized with maltose
hinding protein (MBP). This hybrid QD possessed low luminescence due to
clectron injection from Ru(ll) complex. Protein conlformation varics upon
binding with maltose and the electron transler is attenuated as the Ru donor
moves away from QD, restoring its luminescence. It 1s possible 1o tune the
clectron transter process between QD and donor/acceptor. by varying the

distance and several systems based on this concept have been reported.”
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Figure 4.2. QD based maltose sensor: binding of maltose results in
a change in protem conformation. This inhibite the clectron
transter from Ruddh o QDL leading 1o the restorma of QD
luminescencee (adapred from reference 2).

[Uis not necessary that the target sensing should always be mediated by
binding with receptor moicty: direct interaction of analyte on 1o the surface of
QDs by electrostatic interaction can also result in signaling by photoinduced

. 4 . . . ;
clectron transfer process.” The analyle interacton with QD can lead 10
luminescence enhancement (turn on sensor) or quenching tturn off sensor). It
is reported by Rivas er al. that Culll) ions quenched the Tuminescence of
CdSe QDs i aqueous media which was restored in the presence of cyanide

. . ~ N . - iy
ion as it scavenees the quencher as CuCN (Figure 4.3).

N
Figure 4.3. QD based luminescence “turn ON™ sensor. The
Cu(lh on QD surlace quenches QD lumineseence. which s

restored in the presence of N (adapred from reference 4).
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QD sensors based on Foster energy transfer have been reported for the
detection of various analytes and these aspects are summarized in References
5-11. QD based pH sensors. by synchronizing both electron and energy
transfer process have been reported by Raymo and coworkers.

Herein, we report the use of silica overcoated CdSe QDs described in
Chapter 3 for the detection of biologically important molecules and
environmentally hazardous metal ions from aqueous medium. The first part of
this chapter focuses on the selective detection of (i) amino acids such as
cysteine and homocysteine and (ii) peptides such as glutathione in presence of
mterfering molecules. The second part of the chapter describes the use of

silica overcoated CdSe QDs for the selective detection of Hg™" ions.

4.2. Detection of Sulthydryl Containing Biomolecules

Development of simple probes with high sclectivity and sensitivity for
quantitative detection of sulfhydryl containing bioanalytes is of great interest
for biomedical community."*" For example, sulfhydryl containing
biologically relevant molecules such as cysteine (Cys). homocysteine (Hey)
and glutathione (GSH) are of particular attention, as they play vital role in
metabolic  process in living cells by maintaining biological redox
homeostasis.”* Selective detection and quantification of these biologically
important analytes 1s ol great reievance; however their structural similarity
incorporating both carboxylic and amino groups is the major difficulty

associated with the development of sensors for their selective detection.
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Various approaches tor analysis of these bioanalytes were developed based on
electroanalytical techniqucs,” spectrophotometric method based on Ellman’s
reagent.'® high performance liquid chromatography (HPLC) techniques,
capillary electrophoresis  scparation or by immunoassays based on
derivatisation with fluorescent/phosphorescent reagents.'”” All these methods
require either expensive reagents or equipments. Recently Xia and coworkers
have investigated the interaction of 3-mercaptopropionic acid capped CdTe
QDs and Cys/Hey by varying the pH of the medium.'®® Authors observed an
enhancement in the luminescence of QDs in the presence of Cys and Hcy in
acidic medium, where as the luminescence was quenched in basic medium. In
another rcport, calixarene appended CdSe QDs were utilized as scnsor for
methionine and phenylalanine based on the luminescence enhancement.'® A
novel QD based sensing technique for the selective detection of sulfhydryl
containing amino acids and peptides, at physiologically relevant conditions is
presented below. To the best of our knowledge, this is the first report on the
development of a scnsor, based on silica overcoated CdSe QD for the

selective detection of biologically important analytes.

4.2.1. Results and Discussion

Details on the synthesis and photophysical properties of silica
overcoated CdSe QDs are presented in Chapter 3. Effect of various amino
acids and peptides on luminescence properties of silica overcoated CdSe QDs

was investigated. Silica overcoated CdSe QDs in PBS (pH 7.3) wecre excited
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at 460 nm (OD ~0.1). The absorption spectrum of QDs showed characteristic
excutonic transivon at ~550 nm and the luminescence maximum at ~560 nm
(Figurc 4.4). The photoluminescence intensity of the silica overcoated CdSe
QDs was (ound to be sensitive to sulthydryl containing biomolecules. For
example, the luminescence was quenched upon addition of Cys (0-40 uM),
whercas the absorption spectrum remained unatfected as shown in the Figure
4.4A (inset). Since the absorption spectral profile remained unaltered, in
presence of varying amounts of Cys, one can rule out the possibility of any

chemical degradation of QDs, which can lead to a reduced luminescence

intensity.
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Figure 4.4. (A) Effect of Cys (0-40 uM) on the absorption (inset) and
luminescence spectra of silica overcoated CdSe QDs (0.20 uM) in PBS (pH
7.3). excited at 460 nm. (B) Luminescence intensity of QDs in presence of Cys

(5 uM) as a function of time.
Further a fixed concentration of Cys (5 uM) was added to QDs and
monitored the variation in luminescence intensity as a function of time
(Figure 4.4B). Luminescence intensity was decreased instantaneously on

addition of Cys and remained unaltered on keeping for long time. Interaction
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berween QDs and Cys was analysed by monitoring the luminescence intensity

of QDs as a tunction of Cys concentration. The luminescence quenching was
analyzed using Stern-Volmer equation (4.1);

lofT =1+ K,,[Q] {4.1)

where ‘lo’ and ‘1" are luminescence intensity in the abscnce and

bl

presence of quencher respectively, ‘K, is the Stern-Volmer constant. A plot
of rclative luminescence intensity against concentration of quencher, followed
a linear behavior (Figure 4.5A), indicating the presence of cither dynamic or
static interaction. The Stern-Volmer constant (K,) was estimated from the
slope of the linear fit as 8.9 x 10* M. The average lifetime (t,.,) of silica
overcoated CdSe QDs was determined as 22 ns based on SPC analysis. The
bimolccular quenching constant (k,) was cstimated as 4.1 x 10" M's™": the
extremely high value of K, indicates that the luminescence quenching process
arises through a static interaction of cysteine with QD and not by a diffusion

17
controlled process.
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Figure 4.5. (A) Stern-Volmer plot for quenching of QD
lumincscence in the presence of Cys. (B) Effect of Cys (0-40
(M) on exciton lifetime of silica overcoated CdSe QDs.
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The static quenching process was further confirmed based on time
correlated  single  photon  counting  studies.  Silanised  QDs  showed
triexponential decay and the average lifetime of 22 ns remained unchanged in
the presence of Cys (0-40 uM; Figure 4.5B) indicating that the Cys undergocs
a static interaction with silanised QDs.'® Based on the steady state and time
resolved luminescence studies, the observed quenching in luminescence of
QDs was attributed to thc complexation with Cys. Among the twenty ¢-amino
acids, nonc of the amino acids other than Cys showed any variation in the
luminescence intensity of silica overcoated CdSe QDs, confirming the
selectivity (Figure 4.6: luminescence spectra are provided in the Experimental
section). Thesc results indicate that the Cys binds to the QD surface through
the thiol (-SH) functional group. Interestingly, we observed similar effect in
the presence of other sulfhydryl containing biologically important molecules
such as homocysteine (Hey) and glutathione (GSH), on luminescence of silica
overcoated CdSe QDs. These results are presented in Figure 4.7. The
luminescence of QDs underwent dramatic quenching while the absorption

spectrum remained unaltered.
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Figure 4.6. Graph showing the selectivity of Cys
among the twenty o-amino acids. [Cys] = 40 uM,
others 320 uM, in PBS.
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Figure 4.7. Absorption (insets) and luminescence spectra of silica
overcoated CdSe QDs (0.20 uM) in PBS, in the presence of (A) Hey (0-73
uM) and (B) GSH (0-76 uM).
Analysis of the relative photoluminescence intensity as a function of
quencher concentration showed a linear relationship (Stern-Volmer plot) for
Hcy and GSH. In both the cases, ‘K’ was found to be in the order of 10" M

' (Table 4.1), as in the case of Cys, ruling out the possibility for a diffusion

controlled process.
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Table 4.0, Comparison ot quenching
constants (Ksvand Ky Tor - QD

mteraction with Cvs, Hey and GSH.

Analvtes Ko, M Ko M's!

Cys 89254 1.0 x 10"
Hey 94190 13810
GiSH 90433 ST

The exciton decay  analvsis of QDx in presence ol varying
concentration of Hey and GSII provided similar results: the average exciton
Lifetime remaimed constant in absence and presence of both the analvies
(Figure 4.8). These results indicate that the quencher-QD interaction in the
case of Hey and GSH s associative i nature as in the case ol Cys. These
observations confirmed that the sullhydryl containing molecules interact with
CdSe QD resulting in the quenching of luminescence. This is supported by
the fact that  the sulfhydryl group (-SH) has a strong aflinity towards CdSe
surface.'” Interestingly, the molecules such as Cystine (Cyt) having a
disulphide Tinkage (-S-S-) and methionine (-5-CH;) did not influence the

luminescence ol QDs (Figure 4.9).
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Figure 4.8, Eftect of (A) Tley and (B)y GSH on exciton lifctime ol silica
overcoated CdSe QDs. (Inscts) Respective relative changes in average hie
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Figure 4.9. Relative Juminescence intensity (lo/l) of
silica overcoated CdSe QDs in the presence of Cys,
ey, GSH. Met and Cyt.

Above observations unambiguously confirm the role of (hiol
functionality (-SH) in quenching the luminescence of silanised CdSe QDs. Tt
is reported that the thiol group quenches the Tuminescence of TOPO capped
CdSe QDs in organic solvents through a hole transfer mechanism. Meijerink

and coworkers explained this process based on the difference in the redox
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levels between the valence band edge of CdSe QDs and thiols as illustrated in
Figure 4.10.°" Trapping of photoexcited hole formed in QD valence band by
the thiol moiety. results in luminescence quenching. In contrast, the valence
band of CdTe 1s positioned at higher redox levels with respect to that of

thiols, thus eliminating hole-trapping process.
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Figure 4.10. Redox positions of CdSe, CdTe band
edges and thiol, shown both on a vacuum scale and
with respect to SHE. ™"

Recently, Hollingsworth and coworkers showed that in aqueous media
“thiolate anion (RS)" is the active species affecting the optical propertics of
CdSe QDs. rather than “thiol” (RSH) moiety.™” The photogenerated hole in
the valence band of CdSe QD are trapped by the thiolate jon, resulting in the
formation of a “thyil radical’ (RS") which undergoes coupling to yield non-
coordinating disulfide (RSSR) as shown below.

RSH & RS + H* (4.2)
RS + CdSe — CdSe™ + RS’ (4.

3)

RS+ RS — RSSR (4.4)



Chaprer 4: Silica Overcoated CdSe Quantum Dois as Sensors {13

The silica overcoated CdSe QDs can be visualized as a core-shell
system consisting of CdSe core and silica shell. Iwasaki er al. showed that in
casc of CdS/S10, core-shell system, the silica shell is sufficiently porous for
small molecules and ionic specics such as amines, Cd** and OH’ to pencirate
from the bulk solution to the interior of the silica shell, while larger moleculcs
such as methyl viologen cannot pcnetratc.zl Based on this, in present system,
the penetration of quencher through the silica shell may be ruled out. Another
possibility is that the silica shell around CdSe core is non-uniform and the
quencher undergoes a direct interaction with CdSc core through the voids in
the shell. This assumption was supported by thec HRTEM images. which
showed the presence of a thin silica shell over the QD core as shown in the
Figure 4.11. The formation of silica shell on CdSe core can proceed through
the dimerisation of APS molecules, through a siloxane bridge (-Si-O-Si-) as
illustrated in Figure 4.12. One of the amino groups of APS is bound to QD
surface while other projecting out with an overall length of ~1.5 nm for APS
dimer. This also suggests that the silica shell formed is of very low thickness
(~1.5 nm) while APS 15 used as silica precursor. Based on these results, we
assume that the thin silica shell may contain void spaces which allows the

direct interaction of analytes having thiol functionality with the CdSe core.
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Figure 4.11. HRTEM images of silica overcoated CdSe QDs,
illustrating the presence of very thin silica shell over QD core.
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Figure 4.12. (A) Schematic illustration of silica shell
formed on QD core by APS (not to scale) and (B)
overall length of an APS dimer on QD surface obtained

from minimum energy optimized structure using
Chem3D.

Analysis of Total Free Thiols in Human Blood Serum: Amount of ‘free
thiols’ in human blood serum is a biological marker for many diseases.'™
Most of the commercialized techniques for analysis of amino acids and

. . .. . . . 17a-b
peptides in blood serum are sophisticated, time consuming, and expensive.
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Using silica overcoaled CdSe QDs. herein we present a simple [Tuorimetric
method for the analysis of low molecular weight amino thiols in blood scrum.,

Scrum samples (S1..82 and 83) were collected from three volunteers
and the total thiol content was analyzed as explained below. In a typical
procedure. silica overcoated CdSe QDs was diluted with PBS (pll 7.3) 10«
final concentration of 0.17 uM. and 10 ul. of this solution was mixed with an
cqual volume ol blood serum. Luminescence of QDs was monitored under
L'V Jight using a gel documentation system (UVP, Cambridge. UK) and
imaging was done using a CCD camera. Serial dilutions ot serum (1:20 1:10.
100 and 1:1000) in PBS were used for the experiments. Photographs
recorded  under UV illumination  alter mixing  serum (ol various
concentrations) with QDs is shown in Figure 4.13 (left pancl). In case of S1.
luminescence ol QD was not alfected on addition ol serum ol any
concentration levels (Figure 413 hirst row). In contrast. 82 and S3 wrned off
the luminescence of QDs at higher serum concentrations (Figure 4.1 3. second
and third row). Luninescence of QDs was totally quenched at dilution ol 1:2
in the case ol 82, where the luminescence was urned ol even at a dilution of
110 in the case of 83. These results indicate that 83 has a higher “free thiol”

content compared to 82,
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Figure 413 deft paney Anadysis of human blood serum sample using sitica over
comted CdSe QD a-1: QD drops (017 1Moo PBSO on glass shides. S1.82 and 83
correspond (o three serum samples used. Serum concentration mcereases from ¢-F
tdilution in the order 11000, 1100, 1:10 and 1:2y: a and b for control experiments.
In case of 82 and S3. the QD luminescence was quenched at higher concentrations
tindicated by cirelesy. trighe panely Graphs obtained from densitometry analysis of
photograph, lor 82 and 83.

Further  the  densitometric analysis (Visionworks@LS  analysis
software) ol the photographs were carried out 1o estimate relative distribution
of the “free thiol™ content in 82 and 83 and the results are presented in the
Figure .13 (right paneh. A comparison ol the Tuminescence imtensity at
difutions 11000 110 and 1:2 ¢*d7. e” and 17 in the right panel ol Figure 4.14)
tor 82 and 83 gives the difference in thiol content 1n scrum sampies. The

luminescence was more suppressed in the case of 83, even at higher dilutions.

idicating that this serum sample contains higher wmount of “free thiols™.
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A detailed mvestgation with higher number ol serum samples s
recommended to explore the potential ol these materials Tor application in

clinical Taboratories for routine analysis.

4.3. Sclective Detection of Hg™ Using Silanised QDs

Mercury is having prime role among the heavy metals. in offering

.

major threat to environmental contamination.™ Determination ol mercury
content in samples s challenging due to its high volatlity. even at ambient
emperatures. Various instrumental methods of analysis Tor the determination
ol mereury include gas chromatography. neutron activation analysis. atomic
absorption spectroscopy. cold vapor atomic uorescence spectrometiy. cyclic
voltammetry.  microcantilivers ele.” ™ However. these methods involve
multistep sample preparation and/or sophisticated instrumentation. The use of
QDs Tor the selective detection ol mercury 1ons have been reported based on
CdS and CdTe QDs.™ We have investigated the potential use ol silanised
CdSe QDs as a lumineseent probe for the selective detection of He™™ from

agucous media.

4.3.1. Results and Discussion

CdSe QDs were synthesized and  overcoated  with silica  using
aminopropyl silanc as described in Chapter 3. Silanised CdSe QDs used in the
present study showed an absorption profile with characteristic peak at 573

nm. corresponding 1o lirst excitonic  transition  and  the  Tuminescence
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maximum centered at 382 nim (blue trace in Figure 4.14) with F'WHM of ~50
nm. Elffect of varous metal ions on photophysical properties of ~ilica
overcoated CdSe QDs (016 pMy in PBS (pll 7.3) were investicaled by
excrting at 480 nm  (absorbance~0.08) and luminescence inftensity  was
collected at the peak maximum. Interestingly. the absorption as well as the
[uminescence spectra showed a considerable red shilt (AA~25 nm) in presence
ol ng_ ions (O-14 uM: Figure 4. 14). These spectral changes were followed by
a decrease inthe luminescence intensity and broadening ol the band. Further,
the exciton lifetime ol silanised CdSe QDs was measured as a lunction of
mercuric 1on concentraton. Silanised CdSe QDs showed a triecxponential
exciton decay characteristics with an average lifeume ol 18 ns. A substantial
reduction in the average lifetime. was observed on addition of Hg1+ (6 uM:
Figure 4.15) suggesting an interaction between QDs and metal 1ons and

various possibilities are discussed below.
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Figure 4.14. (A) Absorption and (B) luminescence spectra ol silica overcoated
CdSe QDs (0.16 uM), in presence of llg“‘ (O-14 uMyin PBS (pH 7.3), excited
at 480 nm.
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Figure 4.15. L:ffect ot g™ on exciton decay lifetimes
ol silica overcoated CdSe QDs. Excited at 441 nm.
It is possible (o account for the red shift in the first exceitonic transition
in absorption spectrum of QDs in terms ol (1) an increase in the overall size of

]

the QDs due to Ostwald’s ripening ™ or (i) a metal ion induced aggregation
ol QDs.™™ These posstbilities can also result in luminescence guenching and
broadening of the band as the electronic levels of QD are influenced in cither
case (Figure 4.16). HRTEM images recorded in the absence and presence of
Hg™ are presented in Figure 4.17. The average size ol QD and its distribution
remained unchanged in presence of Hg™' and the possibility ol aggregation
and Ostwald™s ripening was ruled out. The possibility ol a hole transfer

cannot be accounted in the present case since of Hg™" cannot be easily

oxidized.



Chapier 4 Silica Overcoated CdSe Quantimt Dots as Sensors

Sihce over coated QD3

Hg
“ .
e - Hyt trgp state emission
~ - - - e
e "o Bor osmnst > ne'
[T Pl VB hese trum e

Hg™* mediated aggregation

Figure 4.16. Plausible mechamisms Tor the observed red shift i
absorption and Tuminescence proliles as well as for the PL

guenching ol sthica over coated CdSe QDs upon addinon ol
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Figure 4.17. HRTEM images of silica overcoated CdSe QDx in
belore and alter adding He™', showing absence ol size increase

or aggregation in presence ol mercuric ion.

The red shilft in absorption and luminescence maxima as well as the

. . . . . . oy .
broadening of Tuminescence proftle m the presence of Hg™ can be explained
bused on the interaction ol metal 1ons with QDs. leading to the gencration ol
cnergy levels. The shift in the excitonic band in

1

new trap states with low-lying
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the absorption spectrum on addition ol Hg™™ corresponds to a reduction in the

energy gap of QDs from 2.14 eV (CdSe band edge luminescence) 10 2.04 ¢V,

This can he attributed to the generation ol new cnergy levels close to valence
and conduction band edges. Weller and coworkers have earlier reported a red
shift in the excitonic absorption peak and reduction in band cdee emission in
the case of CdS QDs on addition of mercuric ions (Figure +.18).7 Based on
spectroscopic investigations.  authors  have concluded  the  formation  of
quantum sized Hg$S on CdS surface. which influences the electronic structure
of QDs by gencrating new nonradiative decay channels having lower energy
states. Cadmium telluride QDs also react with mercuric ions resulting in the
formation of quantum sized HgTe on the surface. It is also reported that Cu™'
cun react with (1) CdS Teading o the formation ol quantum sized CuS on QD

surlace and (i) CdSe o yield quantum sized CuSe.”
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Figure 4.18. LfTect of Hg™ on absorption and luminescence spectra

of CdS QDs in water which is attributed (o the formation of gquantum
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size 1gS on CdS surlace.

[n the present case. Hg™' can react  with CdSe QDs (equation 4.1)

leading Lo the Tormation of quantum sized HgSe on QD surface opening a
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new channel for exciton decay. The red shift in absorption and luminescence
maxima as well as the broadening of luminescence profile can be thus
attributed to the tformation of HgSe on QD surface. It is also supported by the
fact that the solubility product of HgSe (-log Ksp = 65) is lower compared to
that of CdSc (-log Ksp = 35).

(Cd SE)H + mHg‘?" EE— (CdSE)n-m(Hgse)m + mCd=+ (4.5)

In the absence of HgSe formation, the excitons formed in CdSe QDs
undergo radiative recombination (bandgap cnergy 2.14 eV). Quantum sized
HgSe on CdSe surface further modifies the band edge recombination process:
the electrons relax to the low lying conduction band of HgSe and the radiative
exciton recombination  from this energy level results. A schematic
representation of various cnergy levels is presented in Figure 4.19. A
substantial reduction in the average lifetime, from 22 ns to 7 ns, was observed
on addition 6 uM of Hg™ (Figure 4.15). The observed decrease in the exciton
decay lifetimes in presence of Hg™ is due to the new decay channels, which
depopulates of excitons. It is earlicr reported by Iwasaki er af. that small ionic
species can penetrate through silica overcoated CdS QDs.”' As discussed in
the carlier part of this Chapter, the silica shell formed around CdSe QD is
found to be thin (~1.5 nm). Hg™" ions can interact with CdSe core either
through the void spaces in the shell or by penetrating through the thin porous

silica layer.
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Figure 4.19. Exciton recombination pathways in
CdSe QDs (solid arrow) and in presence of HgSe
on CdSe QD surface (dashed arrow).

We have further investigated the interaction of various mctal ions
including alkali, alkaline earth and transition metals and the results are
presented in Figure 4.20. Interestingly, addition of these metal ions does not
influence the spectral properties of CdSe QDs even at higher concentration of
~100 uM. To confirm the selectivity of Hg™" ions, quenching studies were
carried out 1n the presence of various metal cations (Figurc 4.20). A mixture
of various metal cations (Li*, Na*, K*, Mg™, Ca®™, Ba’", Mn™. Fe™*. Co™,
Ni**, Cu™. Zn™*, Cd™, A", Pb™; 100 uM each) was added to a solution of
QDs (0.20 uM) in PBS. The decrease in the luminescence intensity was found
negligible (~10 %; trace b in Figure 4.20B). Further, addition of Hg™* ions
(8 uM) to this solution resulted in a substantial reduction in the luminescence
intensity (trace "¢’ in Figure 4.20B), indicating the possibility of using silica
overcoated CdSe QDs for the selective detection of mercury containments in

the presence of other interfering metal ions .
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Figure 4.20. (A) Effect of various metal ions on PL intensity of silica
overcoated CdSe QDs in PBS. (B) Selectivity of ng* in presence of other
interfering and non-interfering metal ions.

4.4. Conclusions

Luminescence properties of silica overcoated CdSe QDs in aqueous
media were found to be scnsitive to sulfhydryl containing bioanalytes and
mercuric ions. Luminescence of QDs was turned off in presence of
micromolar quantities of thiol containing biomolecules such as cysteine,
homocysteine and glutathione and found to be insensitive to their oxidized
forms (disulphides). Further, we have demonstrated the use of this water
soluble luminescent material for the analysis of total free thiols present in
human blood samples. Based on various experiments, it was confirmed that
the quenching of luminescence occurs through a hole transfer process.
HRTEM analysis showed that the silica shell is very thin or non-uniform and

the analytes can interact with CdSe core through the voids.
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We have also demonstrated the use of silica overcoated CdSe QDs in
the selective detection of Hg™ in presence of interfering metal jons, with a
limit of detection (LOD) of 1.5 ppm (according to 36 IUPAC dcfinition). The
photophysical properties of QDs were dramatically influenced by mercuric
1ons: a bathochromic shift in the absorption and emission spectra along with a
decrease in the luminescence intensity was observed. It is anticipated that the
mesoporous, thin silica shell is permeable to Hg”* ion. allowing interaction
with CdSe core surface. The spectral changes are attributed to the formation
ol quantum sized HgSe on CdSe surface. The absorption and cmission
properties of silica overcoated CdSe QDs arc insensitive to various metal 1ons
such as Li", Na®, K, Mg”, Ca™, Ba®*, Mn®", Fe’*, Co™, Ni**, Cu®™. Zn™,
Cd™, AI™, Pb*", cven at 0.1 mM concentration, making this system highly
selective for mercuric ions. In conclusion, fluorimetric method presented here
allows the detection of sulfhydryl containing bioanalytes (at physiologically
relevant conditions) and mercuric ions in the presence other intertering metal

ions, without the aid of any specialized instruments.

4.5. Experimental Section
4.5.1. Materials and Methods

General dectails of solvents, reagents and cquipments used for
synthesis, characterisation and studies are provided in the Appendix. Amino
acids, peptides and metal salts used for studies were purchased from Aldrich

and used as such. Blood serum analysis experiments were carried out using a
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vc! documentation system (UVP, Cambridge. UK) equipped with (black and
whitey CCD camera. Densitometry analysis of the photographs were done
using visionworks®L.S analysis software.

4.5.2. TCSPC Analysis of QD Luminescence

Table 4.2. PL decay It data in presence of Cys.

ty

[Cys|. uM Ty, NS T,. DS Ty NS Tavpy NS X
00 05907%) 59(29%) 24.4(64%) 225 119
13.9 0.5109%) 4.6(27%) 21.0(64%) 19.6 1.19
27.8 047(10%)  4.8(30%) 22.0(60%)  20.2 1.13
41.3 0.75(08%) 5.2(30%) 21.2(62%) 19.4 1.17
54.9 047(11%) 4.3(29%) 20.1(60%)  18.5 .19
Table 4.3. PL. decay fit data in presence of Hey.
[Hey|, uM T, N8 To. NS T3, 1S Tavpy NS xz
0 006104%)  5.6(25%) 228(71%) 2140 119
2.8 0.62(05%)  4.429%)  18.6(66%)  17.31 .19
25.5 0.44(089%)  3.7(30%)  18.2(62%) 16.85 1.13
381 0.50009%)  4.2(34%)  19.1(57%) 17.31 1.17
50.7 0.77(10%)  4.5(35%) 17.6(55%)  15.66 1.19
Table 4.4. PL decay fit data in presence of GSH.
|GSH]. T). 18 Ta. IS Tz NS Tavps NS x?
uM
0.0 0905%) 6928%) 24.9(67%) 2298 118
12.3 1. 1O(7%) 7.6(329%)  27.4(61%) 24.79 .16
245 0.91(7%) 6.4(31%)  25.8(62%) 23.58 1.19
36.7 0.82(89%)  5.6(31%) 23.3(61%)  21.29 .11
487 0.82(9%)  6.1(36%) 25.9(55%)  23.16 1.06
60.7 0.79(9%)  5.6(36%) 24.1(55%)  21.56 1.04
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4.5.3. Lffect of Amino acids (~ 300 pM) on QD Luminescence
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Figure 4.21. Effcct of ¢-amino acids including cystine (~320 pM) on PL of silica
over couted CdSe QD (0.20 uM, cxcited at 460 nm, in PBS).
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4.3.4. TCSPC Analysis of QD luminescence in presence of Hg**
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1. General Qutline for Materials and Methods

Chemicals and solvents used for the reacuions and spcctroscopic
studies were of analytical and spectroscopic grade, and were further purified
by following standard protocols wherever ncccsszu'y.l The clectronic
absorption spectra were recorded on a Shimadzu model UV-3101, or 2401 PC
UV-Vis-NIR scanning spectrophotometer. Emission spectra were collected
using SPEX-Fluorolog F112X spectrofluorimeter equipped with a 450W
Xenon arc lamp and spectra obtained were corrected using the program
supplied by the manutacturer. FTIR and ATR studics were performed on a
Shimadzu IR Presige-21 FTIR spectrometer. The photolumincscence lifctimes
were measured using an IBH picosecond time correlated single photon
counting (TCSPC) system with an excitation source of 440 nm (pulsc width
<200 ps) and luminescence decay profiles were deconvoluted using IBH data
station software V2.1. The average life time was deduced from relation

N
below:”

I(1) = i a;exp(-1/7)

i=1

2 2 2
T+ UaTy + U3Ts

Tove =
ave T + O2Ta + UaTy

where "t represents time, *t lifetime, and ‘a0’ is pre-exponcntial factor.
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X-ray diffraction patterns were recorded using Philips X Pert Pro. X-
ray diffractometer with Cu Ka radiation (1.5406 A) and speetra were analysed
using X Pert Highscore software. For high resolution transmission clectron
microscopic (HRTEM) and cnergy dispersive X-ray spectroscopic (EDS)
studies. a drop of nanoparticle solution was placed on a carbon coated Cu grid
and the solvent was allowed to evaporate. Specimens were examined on a
JEOL 3010 300 kV or on a FEI Tecnai G S-TWIN 300 kV transmission
clectron microscope.

All melting points were determined with a Mel-Temp-I1I melting point
apparatus and arc uncorrected. Preliminary characterization of  organic
compounds  was carricd  out using  Shimadzu  GCMS-QP2010  gas
chromatograph-mass spectrometer (GCMS). 'H and ""C NMR spectra were
recorded on a 300 MHz Bruker Avance DPX spectrometer and high
resolution mass spectra (HRMS) were recorded on JEOL JMS 600H mass
spectrometer.

To measure relative quantum yields of QDs, rhodamine 6G in ethanol
(P, = 0.91) was used as the reference, which offers a good spectral overlap
with that of QD emission. Both reference and QD was excited at the same
wavelength, where the absorbance was kept at ~0.10 and the quantum yield

() was obtained by using following (:quation;3

Dgp = Dy —IESD ;\\Z EQ?*
R
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where the subscript R and QD stands for refercnce and quantum dots
respectively. "A” for absorbance, “F’ for area under the emission peak and v’
represents refractive index of the solvent used.
Further detatls of specific reagents or instrumentation setup used are
provided in the concerned chapters.
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