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PREFACE

Semiconductor materials in its nanoscale dimension possess unique physical

and chemical properties. Luminescence properties of semiconductor materials are

sensitive to their size and shape; for example, on decreasing the size below the Bohr

exciton radius the emission band shifts from 740 nm to 450 nm in the case of

spherical CdSe QDs. The tunability of optical properties of QDs, by controlling

their physical dimension in nanometer length scale, allows the fabrication of display

devices, cascade lasers and light sources of different colors from materials

possessing same chemical composition. Recent studies have shown that QD based

hybrid systems are useful in the design of photovoltaic devices and in biomedical

applications (for e.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 objectives of the present investigation are (i) to develop a novel

method for the optimization of shell thickness in core-shell QD systems, (ii) to

synthesis water soluble QDs for biological applications, and (iii) 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 electron

transfer processes while retaining good luminescence quantum yields.

Methodologies 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.
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Synthesis and characterisation of silica overcoated, water soluble CdSe QDs,

in virro cytotoxicity analysis, cell imaging and two-photon absorption (TPA)

properties are presented in the third chapter. In 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 possess

improved two-photon absorption characteristics in aqueous media, which makes

them an excellent candidate for biological labeling, imaging and sensing

apphcafions.

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 quantities of Hgzl 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 transfer process. In

contrast, molecules which possess disulphide linkage (e.g. cystine) or thiol

derivatives (e.g. methionine) did not influence the luminescence of silica overcoated

CdSe QDs. The ability of this core-shell nanohybrid system to selectively detect free

thiols in the presence disulphides have been explored and further utilized for the

selective detection of total free thiol 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 extremely elegant

fluorimetric method, based on silica overcoated CdSe QDs allows the detection of

biomolecules at physiologically relevant conditions and mercuric ions without the

aid of any specialized instruments.
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CHAPTER 1

QUANTUM oors (QDs): AN OVERVIEW

CdSe QDs of diflerenr 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 (1

nm = 10'9 m). A comparison of the size domains of various naturally existing

and man made systems is presented in Figure l.l. 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’ is originated from the Greek “vowoo”, meaning ‘dwarf’ and it was

Lohmann who used the prefix ‘nano’ for the first time in 1908, to address

small organisms having size in the order of ~2OO nm scale.2 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 Bottom”, delivered at California Institute of Technology, in

1959.3 In this talk, he outlined the theoretical concept of manipulating matter

in the atomic/molecular level and the potential applications of nanoscale

systems. Fifteen years later, Aviram and co-workers proposed single

molecular electronic device based on donor TE and acceptor 1t system,

separated by a methylene bridge (molecular rectifiers).4 In the same year,

Norio Taniguchi proposed the term ‘Nanotechnology’, as a successor of

microtechnology.5 Theoretical concepts developed in the early years

highlighted the need for precise control of matter in the nanoscale, however

the nonavailability of instrumental techniques for their characterization was a

major limitation.

Water Glucose Antibody Virus Bacteria Cancer cell Flea Tennis bell

Q?
0,1 nm 1 nrn 10 nm 100 nm 1 pm 10 pm 100 pm 1 mm 10 mm 10 cm

Q  Q‘"'"""*°°°»
Fullcrene,

Carbon Nanotubeo
('1 -.1 '

Figure 1.1. Comparison of the size domains of naturally existing and man
made systems.

Nanomaterials can be generally classified as organic, inorganic and

organic-inorganic hybrid systems. Among various inorganic nanomaterials,

semiconductor and metal nanoparticles have gained interest in last two

decades due to their unique optical and electronic properties, governed not
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only by its composition, but also by size and shape.6 Metal nanoparticles in its

colloidal state have attracted mankind even centuries 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 Vedas.7 Metal nanoparticles have been used for

decorating glass windows (stained glass windows) in many ancient cathedrals

in Europe.8“ Another example is famous Lycurgus cup of the 4m century,

which is now displayed in British museum.8b This glass cup is embedded with

a small quantity of an alloy of gold and silver having a diameter of ~70 nm in

the molar ratio of (3:7). Interestingly, the glass cup appears green when

viewed in reflected light and transmits red colour when illuminated from

inside. Today, we attribute the special color display in Lycurgus cup to

surface plasmon resonance of the alloy. The first systematic documentation

on the synthesis of nanomaterials was reported by Michael Faraday in 1857.9“

On reducing sodium tetrachloroaurate (Na[AuCl4] with a solution of

phosphorous in carbon disulphide, a deep ruby coloured solution was

obtained which he attributed as ‘finely divided metal’. Recent developments

in the classical wet chemistry methods have enabled the synthesis of various

metal nanoparticles and their alloys by controlling their size and shape.9b

Further, various functional properties of metal nanoparticles were correlated

with the size as well as shape and these aspects are well documented.9°'d

Excellent research on the synthesis and study of colloidal semiconductor has
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been carried out by Henglein and coworkers and these aspects were

summarized in an earlier 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 methods have been developed for the

synthesis of semiconductor nanopaiticles and a brief overview is summarized

in the following section.

1.2. Quantum Dots: An Overview

Quantum Dots (QDs) form an important class of low dimensional

structures with size, shape and composition dependent physical as well as

chemical properties.” Photoexcitation of a bulk semiconductor results in the

formation of a bound electron-hole pair, called ‘exciton’, through the transfer

of an electron from valence band to conduction band. The freedom of charge

carrier motion is completely restricted when all the three dimensions of the

material are 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-dimensional materials

(0D).l2° One-dimensional (lD) semiconductor nanostructures can be obtained

by confining two of the dimensions of a semiconductor material 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

quantum confinement in one of its dimensions i.e., only one dimension of the
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material is in nanoscale regime. The extent of confinement of charge carrier

motion results in the change in electronic energy levels as illustrated in Figure

1.2: the continuum in case of bulk semiconductor material was transformed to

discrete atomic like energy levels due to quantum confinement, with a

concomitant increase in the lowest energy states.

Figure 1.2. Schematic diagram of the density of states (DOS) in
semiconductor structures; from left, bulk material, quantum well,
quantum wire/rod, quantum dot array with quantum confinement in OD,
1D, 2D and 3D respectively (adapted from reference 12d).

A reduction in size of 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 are occupied at the surface. For example, a 2.1 nm size

CdSe QD contains ~l4OO atoms of which 25 % lie on the surface and most of

them possess dangling bonds.'2° Surface environment of semiconductor

nanoparticle plays a key role in dictating its properties. Thus, the unique

properties of QDs originate mainly from two factors; large surface to volume

ratio and the spatial confinement of charge carriers, called as quantum
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confinement effect or quantum size effect.'2d These aspects are discussed in

the forthcoming sections.

Figure 1.3. A simple thought experiment showing why nanoparticles
have such phenomenal surface area per unit volume (adapted from
reference I2c)_

1.3. Quantum Confinement Effect

The physical and chemical properties of a material are directly related

to the type of the charge carrier motion as well as the space in which their

motion is confined.” For example, the energy levels of an electron are not

quantized until it is bound to an atom, molecule or a material. Once bound,

their motion becomes highly confined in a potential well and quantization sets

in, resulting in quantized energy levels. The extent of confinement is directly

related to the spatial freedom allowed for electron movement; smaller the

space in which the bound motion takes place, stronger the confinement and

larger will be the energy separation between the allowed energies levels. The

nuclear confinement is the strongest type of confinement as the motion of the

nucleons is confined to a femtometer size scale. This is followed by electronic
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confinement in atoms. For example, in hydrogen atom the electron is confined

to a length scale of ~50 pm.6

The spatial restriction in the motion of charge carriers in metals or

semiconductors can be brought about by reducing the physical dimension of

matter to nanometer 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 (ii) an increase in the band gap energy. This

phenomenon is explained on the basis of quantum confinement effect.” Both

these effects are directly observable in the electronic absorption and emission

spectra of direct band gap semiconductor nanoparticles, which is illustrated

by considering cadmium sulphide as a typical example.

\  oooo mm/an_ 4-n_-mu. 1 ;J

//'III

//,_........

\-H‘

\ \1 \ aA ; \ _ 11 2nm \. 3.5nm ZR-9"!"""""'\ e ‘\\\
300 400 500

.1, nm --—-

Figure 1.4. Quantum confinement effect in the electronic absorption
spectrum of CdS QDs of different 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 energy of 2.58 eV; a hypsochromic shift in the

absorption band was observed when its size is decreased to a nanoscale

dimension (Figure l.4).'4“ The absorption spectrum of CdS QDs having 8 nm

size showed a considerable blue shift in absorption onset with evolution 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 energy levels

with quantized states. The small hump in the absorption trace represents the

lowest optical transition or first excitonic transition (lSh - ISC), as

schematically represented (dotted arrow) in the inset of Figure 1.4. The

effects due to spatial confinement of charge carriers in QDs are 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 effect on the optical

properties as a function of size is well explored (Figure 1.5).Mb 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, i.e., just by controlling the

physical dimension in nanometer length scale.

' \
I ‘\I

Q
I\ ZI \ :
I h-

U.

absorbanoe

::
e decreases

L 'ntensty a.

I \ : HI \ 0av, \ '\ 1‘ : _\\ : 1I\ 3

sz

P

400 500 600 700
wavelength [nm]

Figure 1.5. (left) Absorption (solid trace) and emission spectra (dotted trace)
of CdSe QDs, as a function of size. (right) Photoluminescence from CdSe
QDs in solution and in powder form: A visual evidence of quantum
confinement effect in CdSe QDs (adapted from reference 14b).

Many other properties 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 section are dependent on

their physical dimension.‘ "'3 For example, oscillator strength accounts for the

probability of the lowest energy electronic 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 of electrons and holes. Both

these factors produce a large enhancement in the oscillator strength as a
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function of quantum confinement experienced in the system. Indirect band

gap semiconductors are known to be poor light emitters since optical

transition in these systems require a change in momentum and thus involves

phonon contribution. However, the momentum selection rule is not involved

in the quantum confined structures, allowing radiative recombination of

excitons. For example, in contrast to silicon (an indirect bandgap

semiconductor), silicon QDs show size dependent photoluminescence with

high quantum yield.”

The intraband transitions, i.e., electron-hole transition within the

conduction band and valence band are also influenced by quantum size effect.

In bulk, these processes require a change in momentum and thus become a

phonon assisted process. Hence, the intraband transitions are weak in bulk

compared to interband transitions, as the latter requires little change in

momentum during electronic transition. In the nanoscale regime, the quantum

confinement relaxes the selection rule and electron can jump from one

sublevel to another without changing the momentum, allowing the new

transitions in the IR region. This process has been utilized to produce

quantum cascade lasers and detectors based on quantum confined

heterostructuresna Similarly, the exciton binding energy is enhanced due to

quantum confinement effect 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.l6

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 electron volts (< 5 eV). As mentioned earlier,

promotion of an electron 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 generate an exciton in a

semiconductor material is known as the bandgap energy (Eg). The electron

and hole in such an exciton is weakly bound (Wannier-Mot type), due to the

larger distance and high dielectric 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 are separated by 2.5 nm. In contrast, the electron-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 wherein the exciton

binding energy is 13.5 eV and the charge carriers are separated by 0.053 nm.

The small binding energy observed in semiconductor offers a very rapid

dissociation of excitons into free charge carriers which results in electrical

conductivity in semiconductors. This ‘quasiparticle’ (i.e., exciton) can be
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treated as hydrogen like system and energy (En) associated with the spatially

confined system can be deduced from Bohr approximation as fo1lows;'3a

E,,(k) = Eg - R,/11’ + (nzié)/2m (1.1)

In the above expression, ‘Ry’ represents the exciton Rydberg energy,

which is an estimation of electron hole binding energy, ‘h’ denotes (h/2n)

where ‘h’ is the P1ank’s constant, ‘k’ is the wave vector for exciton (regarded

as zero for optically generated excitons) and ‘m’ stands for mass of electron.

The Rydberg energy is given by the expression 1.2,

R, = C2/28213 (1.2)
where ‘e’ stands for electron charge, ‘s’ for permittivity and ‘aB’ for

the distance separating an electron and hole in an exciton, termed as exciton

Bohr radius. This is an intrinsic parameter for a particular material, given by

the expression 1.3;

aB = shz/pez (1.3)
where ‘u’ represents the reduced electron-hole mass expressed as,

it = 1/(1/in,‘ + 1/mh*) (1.4)
where m,,* and mh* are effective 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 barrier of the surface when the size of the material is comparable to

its exciton Bohr diameter. Due to the confinement of both electrons and holes,

the lowest energy optical transition from the valence band to the conduction

band shows an increase in energy, effectively increasing the band gap. The

extent of quantum confinement depends on the relative physical size of

material and its exciton Bohr size.18 When the physical dimension is slightly

larger than the exciton 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, exciton energies and other

parameters. All efforts are based on a quantum mechanical point of view, in

which QDs can be treated 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.2Oa

Authors observed a blue shift (0.1 eV) in the excitonic absorption as a

function of decrease in cluster size. A qualitative theoretical analysis of this

confinement effect on the bandgap energy was put forward by Efros and Efros

utilizing particle in a sphere and effective mass models as expressed below;20b

Eg(R) = Eg(<><>) + (nit?)/2ttR2 (1.5)
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where ‘Eg(R)’ and ‘Eg(o<>)’ represent the band gap energy 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 so1utions.20° 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 effective mass model

(EMM), a more reliable theoretical approximation was reported by Brus in

1984, describing the size dependent optical properties of CdS QDs.2' In this

model, Brus retained the effective mass model approximation and

incorporated a new potential energy term related to dielectric polarization to

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’ n1.,* and mh* 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.l.
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Table 1.1. Physical constants for some semiconductor
materials.”

Material Eg, eV a3, nm
i

me
Wm“ 8

mn

CdS

CdSe

CdTe

GaAs

GaN

2.58

1.89

1.50

1.42

3.42

0.19

0.13

0.11

0.07

0.20

0.80

0.80

0.35

0.68

0.8

Si 1.11 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) + (T121152 /2uR2) - (1.786/ER) (1.6)

This simple approximation, which correlates the bandgap energy and

QD size contains two size dependent terms. An additive term for the kinetic

energy gained for exciton by quantum confinement effect with 1/R2

dependence on Eg and a subtractive term for the columbic interaction (Vcmd)

with a 1/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/R2

dependence. For QDs having larger size, the theoretical 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, (ii) use of infinite potential well, (iii) considering QDs as

spherically symmetric entity, (iv) ignoring the coupling of electronic states

with vibrational levels are responsible for the deviation observed for smaller

QDs.

Brus model was further modified keeping effective mass

approximation, and by introducing more parameters. The electron-hole spatial

correlation effect was accounted by Kayanuma and modified the Brus

equation as follows (equation 1.7);22

Eg(QD) = Eg(bulk) + (hzrtz /211112) - (1.786/2R) - (0.24sER,) (1.7)

Weller and coworkers introduced finite well depth conditions to confine

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

excited states.23“ Later, Nosaka used particle-in-a-box finite depth spherical

well model calculation for semiconductor nanoparticle.23b 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),25 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 theoretical models is illustrated in Figure 1.6.
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Figure 1.6. A comparison of experimental and calculated data (based on
effective mass model (EMM), empirical pseudopotential model (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),26a while Kim and coworkers used plane

wave pseudopotential approach which includes spin-orbit coupling, screened

electron-hole coulomb interactions, and exchange interactions.26b Recently
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Wang er al. used a charge patching method, with advantages over EPM to

compare the quantum confinement effect in zero and one dimensional

nanostructures.27 Though there were many drawbacks, modified forms of

EMM are still 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 et al.28 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 effects in QDs can be understood from the

electronic structure of semiconductors in the atomic, molecular and bulk size

domains.H’13b"9 The basic building blocks of matter are atoms, which

constitutes electrons orbiting around atom nucleus. The individual path of an

electron is designated as atomic orbital (AO) with an associated discrete or

quantized energy levels. A combination of several atoms generate molecule,

where electrons orbit collectively around more than one nucleus. Thus the

AOs are shared between atoms, and labeled as molecular orbitals (MOs),

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

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

electronic 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 energy levels, in contrast they form

broad, continuous energy levels, called as energy bands (This is illustrated in
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Figure 1.7. with Si as an example). 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.P Z l
sp°

-iii ‘iiiiii.S M05/I0: ———'
QDs

Figure 1.7. Comparison of electronic energy levels for atoms,
molecules (with discrete, quantized energy 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 is crushed down mechanically to nanoscale size regime using various

physical methods. In “bottom-up” approach, the constituent 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

of 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 nanostiuctures 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 template) and the growing semiconductor layer are having

matching crystal lattice parameters. Various epitaxial methods employed for QD

synthesis are briefly discussed below.”

In molecular beam epitaxy (MBE), the growth is perfonned in a vacuum

chamber wherein the precursors in its elemental or homoatomic form are vaporized

into a ‘molecular beam’ and deposited on a substrate (Figure 1.8.). MBE chamber

incorporates in situ characterisation techniques such as reflection high-energy

electron diffraction (RHEED), which allows the real time monitoring of ciystallinity

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 metal-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 used. 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 preferred, where the substrate is brought into contact with a

saturated solution of film material at appropriate temperature and duration. Even

though this method is cost effective, the surface properties of the nanostructure

obtained is of poor quality due to low control over morphology.

Substrate RHEED 5"“ Cryopannels

Effusiontie i I   ifit.._L_u_

4 as

\  ’/

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 is to use 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 perfonned 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 addition,

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

effective approach, that can be performed in any laboratory environment. It offers

several advantages over physical methods. Chemical methods allow the preparation

of wide range semiconductor nanoparticles and core-shell nanostmctures 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 reaction of their precursors in an appropriate solvent. It follows the usual

nucleation and crystal growth mechanism where the latter process is controlled by

the use of an appropriate surfactant or capping agent (sometimes the solvent

molecule itself 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 surfactants.
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The history of colloidal semiconductor synthesis starts in l980s, with the

initial interest of using semiconductors for the splitting of water to produce oxygen

and hydrogen simultaneously.29“ Earlier attempts to produce extremely small

particles include (i) size selective precipitation of dilute colloidal solution and (ii)

growing them in confined matrix (templates) such as zeolites, micelles, molecular

sieves, polymers, ionomers, hollow biological molecules, lipid bilayers etc (Figure

I .9).29b,C ,30
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Figure 1.9. Various self-assemblies of surfactant in colloidal solutions

resulting in (A) nonnal micelles (B) reverse micelles (C) interconnected

cylinders (D) planar lamellar and (E) onion-like lamellar phase (adapted

from reference 30).

A break through in producing monodispersed QDs of cadmium

chalcogenide such as CdS, CdSe, CdTe, (II-VI semiconductors) was reported

by Bawendi and coworkers in 1993.3‘ The authors were able to synthesize

highly crystalline QDs using organometallic precursors in the presence of a

coordinating solvent, trioctylphosphine oxide (TOPO). The reaction was

carried out at elevated temperatures (~360 °C) under vacuum, using selenium
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precursor (TOPSe; selenium coordinated to trioctylphosphine) which was

injected rapidly into solution of dimethylcadmium in TOPO (Figure 1.10).

This resulted in burst nucleation followed by crystal growth leading to

formation of crystalline quantum dots. TOPO served as the main capping

agent and QDs produced possessed narrow size distribution (o',<1O%), having

excellent solubility in nonpolar solvents. Low surface defects, compared to

other synthetic methods is another advantage of the high temperature

organometallic synthesis. An excellent control over crystal growth was

achieved by controlling the precursor concentration, temperature, reaction

duration etc. Further, the organic capping agent, which is electrostatically

bound to the QD surface, could be replaced by functionalisation with thiol. It

is possible to introduce photoactive or electroactive groups on to the surface

of nanoparticle by following this method (place exchange reaction).
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Figure 1.10. Figure presents an experimental set-up for QD synthesis by high

temperature organometallic method, along with an schematic illustration of
CdSe QD capped with TOPO (bound to Cd2+) and TOP (bound to Se2') (adapted

from reference 36a).
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Numerous attempts have been made to replace dimethyl cadmium with

other organometallic precursors due to its extreme toxicity, pyrophoric nature,

expensiveness and instability.32“‘ A marked improvement in the above

synthesis strategy was achieved by Peng and coworkers, by using a non

pyrophoric and stable cadmium precursor, cadmium oxide instead of

dimethylcadmium. A significant reduction in reaction temperature (~300°C)

as well as in size distribution (o,<5%) was observed for the resulting

nanocrystals (Figure 1.11.). This was attributed to the thermal stability as well

as slow decomposition of the cadmium oxide compared to dimethylcadmium,

which led to a slow and homogeneous nucleation and crystal growth

(avoiding Ostwald’s ripening).32b* ' —. '
Figure 1.11. Photographs illustrating the various steps in the synthesis of
CdSe QDs; (A) commencement of reaction with CdO and TOPO mixture,

(B) after selenium injection (at 300 °C), (C) after reaction under day light
and (D) under UV illumination.

Several other synthesis protocols were reported by varying the

cadmium precursor (e.g. cadmium acetate, cadmium stearate), reaction

medium (e. g. octadecene, olive oil) and capping agents such as amines, fatty

acids, phosphonic acids etc.33 Design and fabrication of anisotropic
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semiconductor nanostructures such as nanorods (quantum rods), nanowires

(quantum wires), dipods, tripods and tetrapods have drawn attention in recent

years. These nanostructures are having high potential especially in fabricating

nanoelectronic, photovoltaic and energy storage devices due to their shape

dependent properties. For example, CdSe nanorods possess polarized

emission related with their cylindrical symmetry which makes them a novel

photonic material (for e.g., laser systems).34 A collection of recent reviews on

the synthesis of isotropic and anisotropic semiconductor nanostructures, their

characterisation and investigation 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 of various techniques used in subsequent chapters for

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 is widely used for the

preliminary characterisation of QDs. QDs show size dependent absorption

and emission spectra and the theoretical determination of its size is possible

from 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 ‘ll’ is the first excitonic absorption maximum.37”

D = (1.6 X 10"°)2t,“ - (2.7 X 10'°)>tR + (1.6 X 10'3)>t12 - (0.4)x, + 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 beam of monochromatic X-rays (of wavelength ‘7t’)

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 (9)

can be correlated to the size of the material using Debye-Scherrer equation as

given below;37b

Particle size (D) = 0.901/Bcos9 (1.9)

1.5.3. 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 optical

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 220
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nm. There is an obvious advantage in using electron beam for imaging. For

example, spatial resolution down to 1 nm can be achieved by using an

electron beam accelerated at 100 keV (possesses a wavelength of ~370 pm).

This forms the basic principle of the various electron microscopic techniques

such as scanning electron microscopy (SEM) and transmission electron

microscopy (TEM). In the case of TEM, a focused electron beam (1-4 keV) is

allowed to interact with the specimen and the transmitted electrons are

collected on a fluorescent screen to generate the (2D) images. Typical

examples for TEM images for CdSe semiconductor nanoparticles of various

shapes are shown in Figure 1.12.

Figure 1.12. Bright field TEM images of CdSe nanocrystals
of different shapes: (A) quantum dots, (B) rods (C) wire and
(D) tripods (adapted 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 electron

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. g., 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 (‘Ka’

emission). The number and the energy of the X-rays emitted from a specimen

is the fingerprint of the constituent elements 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 (electroluminescence), by electron impact

(cathodoluminescence) or by chemical reaction (chemiluminescence).38 The

study of charge carrier generation as well as their recombination dynamics

has received considerable attention in recent years. Issues of interest include

multiexciton generation, recombination, trapping, carrier-carrier interaction

and their dependence on particle size, shape and surface characteristics.

Figure l.l3 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: (l) Single exciton
generation, (2) & (3) electron-hole relaxation, (4) band
edge emission, (5) trap state emission and (6) nonradiative
recombination.

Excitation of QD with photons of energy higher than its bandgap

energy leads to generation of an electron in conduction band and a hole in the

valence band. The first step is the relaxation of electron and hole to the

conduction band edge and valence band edge, respectively. Due to the

interaction of electron/hole and phonon, the energy is released as local lattice

vibrations. This process occurs in the time scale of 100 femtoseconds or less.

Once the electron is relaxed to the bottom of the conduction band and the hole

to the top of the valence band, they can recombine radiatively or

nonradiatively. The radiative recombination is called as band edge

recombination and the lifetime is in the order of nanoseconds or longer. As in

the case of organic fluorophores, QDs show ‘Stokes shift’ in emission, i.e., a
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shift in the emission maximum to longer wavelengths compared to the first

excitonic absorption maximum. When lower lying energy levels or ‘trap

states’ are present within the bandgap (due to surface defects, intemal defects,

unsaturated bonds etc.), the charge carriers are trapped, inhibiting the band

edge recombination process. Such trap states can be close to band edges

(shallow traps) or away (deep traps), to which exciton migrates at a faster

time scale, typically in a few picoseconds. Trapped charge carries when

recombine radiatively, produce trap-state emission (usually broad),

considerably red shifted with respect to band edge emission. Depending on

the nature of the trap states, the exciton lifetime may vary from nanoseconds

to microseconds or even longer.

Other important aspects of charge carrier relaxation in QDs include

generation of multiexcitons, luminescence intermittency etc.” In former

process, more than one exciton is generated from a single photon, exceeding

quantum efficiency beyond one. Luminescence intermittency originates from

the relaxation of a high energy 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 of semiconductor nanoparticles cover a wide

area from production of energy to storage, electronics to photonics,

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

cell systems have received much attention.40a Tunable bandgaps of
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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 light harvesting

ability in QD based solar cells.40b

Electronics 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

and light emitters (e.g. Light emitting diodes).4l"

Figure 1.14. Emission from flexible CdSe/ZnS-clay films
having nanocrystals of varying size, excited using UV light
(adapted from reference 41b).

Emission of 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 to produce red,

green, and blue pixels.
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Another innovative application of QDs is in modem biomedical

analysis (cell imaging and targeting, therapeutics) and in the development of

novel chemical sensors. The unique physicoehemical properties of QDs,

coupled with the inherent increase in signal-to-noise ratio makes these

systems promising candidates for sensing applications.” A detailed review on

the use of QDs as biosensors, exploiting their outstanding properties, is

described in Section 4. l.

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 sensor systems for the selective

detection of biologically and environmentally important analytes from

aqueous media.
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CHAPTER 2

Optimization of the Shell Thickness of
Core-Shell Quantum Dots
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Abstract

Photoinduced charge transfer process between cadmium selenide

(CdSe) quantum dots (QDs) possessing varying monolayers of zinc sulphide

(ZnS) shell and hole scavengers such as phenothiazine (PT) and N

methylphenothiazine (NMPT), were investigated for optimizing the shell

thickness of core-shell quantum dots. Spectroscopic investigations indicate

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 QDs

showed that two monolayers of ZnS prevent the electron transfer processes

while retaining good luminescence quantum yields. Methodologies presented

here, 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.
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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)1 and as tags for bioimaging, labeling, and

sensing.2 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 factors

such as relative redox potential, size and shape of the nanoparticle, QD

acceptor distance, interfacial environment etc.3 In a recent investigation,

Scaiano and co-workers have observed nonlinear effects 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

QDs.4’5

Electron ifexchange

Q

/.0

I”I 11 O-I[I'll

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 are highly influenced by the

surrounding medium; for example their interactions with biomolecules such

as adenine and dopamine, result in luminescence quenching through an

electron transfer process, thereby limiting their use in biological systems as

fluorescent labels or biosensors.6 Also, bare QDs are highly susceptible to

oxidation; exposed selenium sites on CdSe QDs react with molecular oxygen,

resulting in the formation of SeO2 and Cd2+, thereby leading to toxicity and

degradation.“ One of the most successful strategies adopted for imparting

photostability and improving the photoluminescence efficiency of QD is to

overcoat 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

(CdS).9'H A comparison of lattice parameters and bandgap energy for various

overcoating materials used for CdSe QDs is given in Figure 2.2. Among these,

ZnS is more preferred as an overcoating material, owing to its higher bandgap

energy, imparting more confinement of exciton in core material.

i it . . . at ‘ °"&::"_m Shell Lattice Mismatch (%) Eg, eV. ’ 5'0‘ la’ 4-‘ »
=__v.‘_’g_‘3:. '3,-v gr ,2‘, ~ ‘ ,~_ ZIIS  3.7

'- 3,’ :1 Q; :3 Q»? Q» ‘,','~_‘ I:#:> ZnSe 6.3 2.7
'  :0 ‘in :~e"$iJ“"

'*or:'v.'*c“' lntnlcv
8 mm: CdS 3.9 2.4

Figure 2.2. (Left) A cartoon representation of bare and core-shell QDs. (Right)
Lattice mismatch and bandgap energy (Eg) of various shell materials recommended
for CdSe QDs (Eg: 1.7 eV) (references 9-I I ).
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Overcoating also prevents the leakage of core materials thereby

reducing the toxicity of QDs.l3 However, the luminescence quantum yield

decreases with increase in shell thickness, limiting their use in optoelectronic

devices.9 These results clearly indicate the need of optimizing the shell

thickness of the overcoating layer. A few attempts have been made to follow

the overcoating process using X-ray photoelectron spectroscopy (XPS) and

Raman spectroscopy9"'5‘l8 and these aspects are summarized below.

Bawendi and co-workers have investigated the overcoating of ZnS

over CdSe QD by following the SeO2 peak in X-ray photoelectron spectrum,

along with TEM and small angle X-ray scattering analysis. The peak

corresponding to SeO2 peak was not observed for the samples having >1.3

monolayers (MLs) of ZnS, upon exposure to air for 80 h.9
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Figure 2.3. X-ray photoelectron spectra of ZnS overcoated
CdSe QDs: (a) bare CdSe, (b) 0.65, (c) l.3, and (d) 2.6
monolayers of ZnS. (adaptedfrom reference 9).
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A method based on Raman spectroscopy has been proposed by

Baranov et al. to control the quality of ZnS overcoated CdSe (CdSe-ZnS core

shell) QDs.l5 Authors have suggested a morphological transition from semi

disordered coherent 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 studies.“

\' V I "' I ' I - ' 1 ' u ~ V' iLOI

Intensity arb.

, /\ 21.01 OMIF;A I "---r1"~.w.~%~“

units

ii! L02 IML

_ * ll 23ML*~/ tJ
5.5ML ii

3./U 2Lo2 i
J - s-__,! - L   -—tl
I00 200 300 400 500 600 700

Raman Shift (cmd)

Figure 2.4. Optical Raman spectra for bare CdSe QDs and
CdSe-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 core-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 transfer 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

percentage 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

are provided in the experimental section).'2'l4 QDs of three different 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 (lS(e)-1S3,2(h)
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transition) is a measure of minimum energy required for electronic transition

(bandgap energy; Eg), which shifts to longer wavelengths with an increase in

the crystal size. A similar red shift is also observed in the corresponding

emission maxima, with an increase in QD size. The Stokes shift (~12 nm)

observed in these systems is found to be small indicating that band edge

emission is the predominating radiative decay channel. The presence of

surface defects can broaden and shift the emission band to longer wavelength.

These results confirm that the QDs produced are of high quality with

minimum surface defects. Also, the low full-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 HRTEM images presented in

Figure 2.9A.A BA, " /\ /\
1P(e)-1Pw(h) "

I

‘ 1S(e)-1Sm(h) " xl
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Figure 2.5. (A) Absorption and (B) emission spectra of CdSe QDs of
three different size in toluene, excited at 390 nm.

Figure 2.6. CdSe QDs of three different size (A) in day light and (B)
under 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 (K) in the

UV-Vis spectrum by following relationship, reported by Peng and coworkers

(equation 2.l).20 From these results, concentration of QDs (C) were obtained

by using Beer-Lamberts law (equation 2.2-2.3).

0 = (1.61 X 10-91%‘ - (2.66 X 10"°)>t3 + (1.62 X 10*‘)>G - (0.43)7t + 41.57 (2.1)

C=A/[lxe] (2.2)
c = A / [1 X 5857 (o)2~°5] (2.3)

where ‘A’ is the absorbance, ‘l’ is the optical path length (cm) and ‘a’ is the

molar extinction coefficient.

Cadmium Selenide can form either ‘hexagonal-wurtzite’ or ‘cubic-zinc

blende’ type structure (JCPDS files No. 8-459 and 19-l9l). We have carried

out X-ray diffraction (XRD) analysis and the results are presented in Figure

2.7. Analysis of the X-ray diffractogram 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 of sharp line like spectra,

which is reported as a characteristic feature of small size particles. The XRD

pattern can be further correlated to the size of the nanoparticle (D) using

Debye-Sherrer formula (equation 2.4),2l’22

D = (0.89 71.) / (B cos9B) (2.4)
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where ‘X’ is the wavelength of X-ray, ‘B’ is the FWHM (A6) in radians of the

corresponding diffraction peak angle ‘GB’. 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 is in good agreement with

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

d = (nl) / (2sin(-)) (2.5)

002 l40.0 110 1035 t
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Figure 2.7. Powder XRD pattern of TOPO capped
CdSe QDs, exhibiting hexagonal, wurtzite structure.
(Inset) Theoretical XRD pattern for bulk CdSe crystal.

Energy dispersive spectroscopy (EDS), which is a surface chemical

analysis technique, was used for the elemental identification of the QDs. The

characteristic K01’ and ‘La’ lines in the EDS spectrum (Figure 2.8)

corresponding to ‘Cd’ and ‘Se’, is in good agreement with the reported

values.”
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Figure 2.8. EDS spectrum of TOPO capped CdSe QDs
prepared on a copper grid. Inset shows the theoretical ‘Kn’
and ‘Lot’ 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: i 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 4.30XRD 4.01

HRTEM 4.30
Average Size 4.16
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We have further varied the thickness of 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. It is earlier reported by Bawendi and coworkers that

the ZnS core-shell system having shell of 3.1 A corresponds to one

monolayer, i.e., the distance between consecutive planes along the [002] axis

in bulk wurtzite ZnS along the major axis of the prolate-shaped dots.9

£0O
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Figure 2.9. Representative HRTEM images 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-Vis

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,D. The samples

were further overcoated with ZnS shell of 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 diethylzinc 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, are 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 increase in the luminescence quantum yield (Figures 2.9D), which is

illustrated in the photograph shown in Figure 2.9C. The absorption and

luminescence properties of bare and overcoated QDs have been discussed in

detail in various re orts.9‘l0’l2 Bare Ds ossess surface defects due toP

dangling or unsaturated Cd2+ and Se} sites, which act as traps for excitons,

enhancing phonon assisted recombination thereby lowering luminescence

quantum yield. An epitaxial growth of ZnS shell over CdSe core passivates

the trap states leading to higher luminescence quantum yield.
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The bathochromic shift in the absorption and emission spectra (Figure

2.10) observed after overcoating is attributed to the partial leakage of the

exciton into the shell material.” The luminescence yield of CdSe QDs

increased initially with ZnS overcoating, which decreased with further

increase in shell thickness (Figure 2.lOB).

B ZnS MLs0-15 -—o.0o
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Figure 2.10. Effect 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 efficiency (Figure 2.11) in the

initial stages of ZnS overcoating indicates an epitaxial growth of shell, which

leads to an effective passivation of surface traps in bare QDs. The subsequent

increase in the ZnS MLs resulted in the reduction of PL, which is attributed to

the generation of misfit dislocations, resulting from the strain at the interface

due to lattice mismatch (12%) between the CdSe and ZnS.9
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Figure 2.11. Effect of ZnS overcoating (up to 3.9

MLs) on PL quantum yield (<DpL) 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)24 with phenothiazine and N

methylphenothiazine (Em of PT and NMPT are 0.85 and 1.03 V,

respectively; against NHE)25 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.l2A. 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 luminescence 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

mechanisrns.26’27 These aspects are discussed in detail in Sections 2.2.3.. l 2 ’J Ao.1sA /’\ 0 40 -B 1/_ /-Q.‘ _Z.> ‘I _ 12-J30 ,5 _ /“' 0
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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 Stem-Volmer plot showing the effect of PT
(A) and NMPT (I) 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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OD

CEZID Ell)
PT (0.85 V) NMPT (1.03 V)

H
I

[ZENJKD CESIDO O
PO (0.85 V) PI (1.41 V)

Chart 2.1. Electron donors used in luminescence quenching
experiments with bare QDs along with their oxidation potential
against NHE.27'28

Interestingly, the luminescence of bare CdSe QDs was practically

unaffected upon addition of NMPT (Figure 2.l2B), even though the process

was thermodynamically favorable. 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 luminescence was

observed. In contrast, the addition of phenoxathiin (PI) had no affect on the

PL of bare QDs (Figure 2.l3C), since the process is thermodynamically

unfavorable (Eox of PI is 1.41 V against NHE).28
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Figure 2.13. Effect of (A) PT, (B) PO, and (C) PI (O-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 of 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 force from electrochemically and

spectroscopically measured quantities.29’30 In a recent investigation, van Beek

et al. have demonstrated the light induced electron transfer process between

the quantum dots and polythiophene and estimated the driving force for

photoinduced charge separation using the equation 2.6;3 I

AG° = E<»<(D) — Ered(A) - 800 + C (2-6)
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where AG° is the driving force for photoinduced charge separation,

EO,.(D) represents the oxidation potential of the donor, E,ed(A) is the reduction

potential of the acceptor (CdSe QD), and $00 stands for the zero—zero

excitation energy, i.e., the smallest bandgap calculated from the absorption

onset 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.l2A, 800 was

estimated as 2.07 eV, corresponding to an absorption onset of 600 nm. Free

energy changes were calculated for various electron donors used in our

studies and the results are summarized in Table 2.2.

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

Electron Eo,.(D), V
Donors vs NHE AG", eV

PT 0.85 +0.02 + C
PO 0.85 +0.02 + C

NMPT 1.03 +0.20 + C
PI 1.41 +0.58 + C

PPD 0.26 -0.57 + C
* E,cd(A) = -1.24 V against NHE, and 200 = 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

electron transfer process. The luminescence studies show a dramatic
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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

layer 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

images 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 to

develop a simple methodology for estimating the optimum thickness of

overcoating material, which can inhibit the undesired electron transfer without

losing the luminescence property.

The PL quenching experiments 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 ~35O nm).32 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.l4C,D.20 1 A B .. E iA w L U lF " 1 . Z l ha 0.0 
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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.l0, in toluene. (E) Relative changes in

the luminescence intensity including for bare QDs and (F) Plot for log (Io/I)
against varying concentration of PT.
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Relative changes in the luminescence intensity (Io/I; Io and I

represents the PL intensity in absence and presence of PT respectively) CdSe

QDs possessing O, 0.65, 1.3, 2.6 and 3.9 monolayers of ZnS in presence of PT

are presented in Figure 2.l4E.

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

been reported by various groups26'33 and in our study the relative PL intensity

(Io/I) showed an exponential relationship with the concentration of PT, as per

equation 2.7.“

Io/I = ealm (2.7)
where ‘ot’ represents the static quenching constant. A plot of log (Io/I) versus

the concentration of PT shows a linear relationship (Figure 2.l4F), and the ‘or.’

values for CdSe QDs possessing 0.0, 0.65, 1.3, and 2.6 monolayers of ZnS are

deduced as 277, 184, 42, and 12 M4, respectively, from the linear fit plots.

The ‘ot’ 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. It was observed that the quenching rate

decreases considerably at elevated temperature for both bare (‘ot’ at 298 and

323 K is 290 and 151 M‘, respectively; inset of Figure 2.15A) and overcoated

samples (‘ot’ at 298 and 323 K is 174 and 96 M", respectively; inset of Figure

2.l5B). PT forms a weak complex with QD surface [QD---PT] which
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dissociates at higher temperature preventing photoinduced charge transfer

process.
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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
323 and 298 K respectively. Inset shows the corresponding plots of log (Io/I)
against the concentration of PT.
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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

multiexponential decay characteristics. The origin of multiexponential

emission decay for metal chalcogenides has already been investigated in

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

blinking effects.34’35 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 of PT.
2

4.0(l6%)

3.9(17%)

3.7(18%)

3.9(l8%)

3.8(l6%)

14(61%)

l3(62%)

13(62%)

l3(63%)

13(64%)

46(23%)

43(21%)

43(2O%)

44(19%)

5O(2O%)

31

30

27

28

32

1.12

1.18

1.12

1.15

1.14

Bare CdSe QDs form weak complex with PT and efficiently scavenges

the photoexcited hole formed in the valance band. Various photochemical

process are presented below.

CdSe + hv ——i> CdSe (e + h)

CdSe (e + h) i» CdSe + hv’ (radiative decay)

CdSe (e + h) —iT—> 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.9 In the case of

QDs with 0.65 and 1.3 MLs of ZnS, PT 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.

A @;@ Q
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Luminescence quenching in fluorophores is discussed based on several

models,36'39 including the Perrin model.” In a recent study, Scaiano and

coworkers have reported that the quenching radius, i.e., the donor-acceptor

distance is influenced by the size of quantum dots.4 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. It assumes that an effective

quenching sphere exists about the donor (or acceptor, in current study) and if

the quencher molecule is outside the quenching sphere it does not quench at

all.

(1 = N AV ( 2.8)
where ‘oi’ is the static quenching constant, ‘NA’ is Avogadro’s number

and ‘V’ is the quenching volume. For example, in the case of a quencher

molecule such as TEMPO, the quenching radius (0.9 nm) can reach across the

nanoparticle when its size is smaller, where as for larger QDs, the interaction

is restricted with the excitons near the surface.39 The quenching volume of the

bare and overcoated QDs was estimated, and these results are presented as

Table 2.4. The quenching volume was found to decrease with an increase in

number of ZnS MLs. It also indicates that the overcoating prevents charge

transfer interaction of PT with QD, at higher shell thickness.
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Table 2.4: Quenching volume of bare and ZnS
overcoated CdSe QDs

ZnS MLs oi, M" V, cm3
0 277 46 X 10'2"

0.65 184 31 X 102'”
1.30 42 7 X 10'2"
2.60 12 2 X 10'2"

In order to obtain quantitative information on the optimum shell

thickness, which can suppress the undesired electron transfer process and

provide maximum radiative decay, PL quantum yield (CDL) and the static

quenching constant ((1) for CdSe-ZnS core-shell QDs were plotted as a

function of ZnS monolayers (Figure 2.16).

L‘Z3’:-_ \0.4 / 200 F.e~ '2
:50.2 190

A Q b0.0 00 1 2 3 4
ZnS MLs

Figure 2.16. Changes in the PL quantum yield (CD) and static
quenching constant ((1) as a function of number of ZnS MLs.

The luminescence quantum yield increases with the number of ZnS

monolayers (<D|_(bare) 0.08, <DL(l.3) 0.44, and CDL(2.6) 0.48) and further
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decreases slightly (<DL(3.9) 0.44), whereas the static quenching constant

dramatically decreases. On the basis of the ‘QDL’ and ‘o.’ values presented in

Figure 2.17, it is concluded that two monolayers (corresponding to 0.65 nm)

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

PL quantum yield.

2.3. Conclusions

It has been demonstrated that the ZnS shell in CdSe-ZnS QDs plays an

important role not only in modulating the luminescence quantum yield but

also in regulating the charge carrier transfer dynamics from excited core to

electron donors. Steady state and time-resolved luminescence studies suggest

that the electron donors bind to the surface of CdSe QDs leading to

luminescence quenching. Time resolved luminescence experiments as well as

the temperature dependent studies further confirm that the interaction is static

in nature. Further photoinduced charge-transfer dynamics between CdSe

quantum dots (QDs) possessing varying monolayers of ZnS and hole

scavengers such as phenothiazine (PT) was investigated. 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 yield.

Luminescent core-shell QDs, with optimum shell thickness, which do not

involve any electron-transfer interactions, are ideal for bioimaging, and
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methodologies presented here are useful for probing the overcoating process

in semiconductor QDs.

2.4. Experimental Section

2.4.1. Materials and Methods

General details of solvents, reagents and equipments/instruments used

for synthesis, characterisation and studies are provided in the Appendix.

Reagents such as trioctylphophine oxide (TOPO), trioctylphophine (TOP),

cadmium oxide (CdO), Se powder, dodecylamine (DDA), hexadecylamine

(HDA), 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

PI, 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 ambient 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 }.lM), 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, 1 M solution in hexane) and

HMDST (8.9 |J.L, 0.049 mM) in TOP (3 mL) was added drop wise, under

gentle stirring, 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 toluene. QDs were

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

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

2.4.4. Synthesis of N-methylphenothiazine (NMPT)4°*2 W3N a N£1 16 M» or JoS S
(a) CH3I, 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 1 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 temperature 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 neutral aluminum using

hexane to yield 90 mg (42 %) as pure product: mp 100-101 OC; IR (KBr) vmax

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‘1; ‘H NMR (cnc1,_ 300

MHZ) 5 3.37 (3H, s), 6.79-7.16 (aromatic 8H, m), BC NMR (CDC13, 75 MHZ)

8 35.31 (alkyl), 114.04, 122.46, 123.51, 127.18, 127.37, 145.83,

FAB(m/z):Found (CBHHNS) 213.10, Exact Mass: 213.06. The absorption

and emission spectra of PT and NMPT are shown in Figure 2.19.0.3|-  3
F
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Figure 2.19. Absorption and emission spectra of PT (solid line)
and NMPT (dotted line) in toluene, excited at 330 nm.
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CHAPTER 3

Silica Overcoated CdSe Quantum Dots for

Biological Applications

Abstract

Silica overcoated, water soluble CdSe QDs were synthesized and

characterized and carried out its in vitro cytotoxicity analysis. The two-photon

absorption (TPA) properties of silica overcoated QDs were investigated in

detail 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 different silica

precursors: aminopropyl trimethoxysilane (APS) and tetraethyl orthosilicate

(TEOS). CdSe QDs overcoated with TEOS yielded stable water soluble core

shell systems with high silica shell thickness, however their luminescence

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 cytocompatible in

nanomolar levels. Multiphoton absorption studies showed that silanised QDs

possess improved two-photon absorption (TPA) characteristics in water

compared to the TOPO capped QDs in organic medium. This allowed the

excitation of QDs in biological water window using near-infrared (NIR)

radiation. These results indicate that silica overcoated CdSe QDs are useful

for biological labeling, imaging and sensing applications.
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3.1. Introduction

Quantum dots of II-VI and III-V semiconductors offer numerous

applications in biomedical science, particularly for the detection of ions and

molecules, drug and gene delivery, cellular imaging, diagnosis and treatment

of diseases.” These systems possess unique properties compared to the

conventional organic fluorophores; the most significant one is the size, shape

and composition dependent optical properties.6 Broad absorption spectrum

allows simultaneous excitation of various QDs using single excitation

wavelength and the narrow luminescence of QDs allows multiple signal

collection, avoiding spectral overlap. QDs possess higher molar extinction

coefficient, large two-photon absorption cross section, high luminescence

quantum yield and longer luminescence lifetime compared to conventional

dyes. The longer lifetime is particularly useful for investigating living cells by

eliminating autofluorescence. 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 focused on the design

of QD based bioprobes, which possess specific activity and their interactions

with biomolecules.3 Among various II-VI and III-V semiconductor QDs,

cadmium chalcogenides are widely investigated since the synthetic protocols

for these systems are optimized. However, the cytotoxicity associated with

these systems and the poor solubility in aqueous medium limits their use in

biological applications.“
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3.1.1. Toxicological Effect of Quantum Dots

As mentioned in the previous section, the cytotoxic effects of cadmium

based QDs, is a major concern, particularly the use of these systems for in

vivo studies.7“'° 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 behavior.

However, the latter is considered as an essential element, while the former

one is highly toxic having no (known) role in animal metabolism.“ Recent

reports indicate that the cadmium ions (Cd2+) is responsible for the

toxicological effects in cadmium chalcogenide based QDs.8 The surface of

QD is 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.l).8a 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.9

cage   + Cd»

+
Figure 3.1. Photographs showing the Cdz 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 Cd2+ from

QD surface can reduce the toxicity of CdSe QDs. For example, overcoating

with ZnS is 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

biological 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 is limited to

nonpolar 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

summarized in Figure 3.2.10 Among these, the most recommended method is

silanisation, where QDs are overcoated with a silica shell. lOa The cytotoxicity

effects are reduced, since the core constituents are well protected inside the

silica shell. I I Silica coating based on 'reverse microemulsion' method is the

most versatile approach which was developed simultaneously by Ying and

coworkers 12 and Nann and coworkers."
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QDs

Synthesis in ZnS g ______________ __ Synthesis in
Aqueous Phase Overcoating Organic Phase

Y ............................................. .1!
' Ligand    Hydrophobic

Egghgngex-"   IHIGFBCUOITSSiIam§ationi u" 9 "#4
Water Soluble ODs

3.2. A schematic representation of various strategies towards water soluble QDs.

3.1.3. Quantum Dots for Multiphoton Fluorescence Imaging

In vivo bioimaging tools are mainly been hampered by poor tissue

penetration of visible light. In contrast, NIR radiation has less scattering and

absorption by biological tissue, eliminating interference from

autofluorescence. Optical imaging using NIR radiation in the biological water

window (Figure 3.3) is more appropriate for larger organisms (and for deep

tissue imaging).l4
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Figure 3.3. Biological water (NIR) window: the
absorbance by biological molecules is minimum compared
to the visible region. (adapted from reference I4)
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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 is a

nonlinear process resulting from the simultaneous absorption (no intermediate

state exists) of more than one photon of longer wavelength (I'll/2) by the

chromophore as illustrated in Figure 3.4. Whether it is a single photon or

multiphoton process, the luminescence (hVpL) is 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 fluorophores. These aspects

make QDs a promising candidate for multiphoton induced fluorescence

imaging.l6

i||>

h"2hv, hv,,,_
hvz

<||||

Figure 3.4. Two photon absorption process in
QDs; total energy is conserved as hvl = 2hv2.
Also, the luminescence is independent of mode of
excitation process.
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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 nonlinear 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

CdSe QDs capped with TOPO was synthesized by following the high

temperature organometallic synthesis method as described in Chapter 2.

Absorption and luminescence spectra of QDs are presented in Figure 3.6. The

absorption profile showed the 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

4.3 nm (Figure 3.7A). QDs obtained were found to be soluble in nonpolar

solvents.

QDs were further overcoated with silica shell by following a ‘reverse

microemulsion method’ to render water solubility and to impart

cytocompatibility. (Details of the procedure adopted for overcoating with

silica are provided in the experimental section). 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 phase 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.

APS
........... "Q

TOPO capped ODs After Rapiaclpltation Place exchangeIn Chloroform with Methanol with APS

Surfactant ‘mpg gps~— < 4 .
Purlflcatlon

Purlflcatlon ""=/ "=0 j4 ................ .. A ii 4- ............... .. 5.

Sllanlsed OD Hydrolysis and Condensation ,,, nvus, mini,”

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. Qvercoated 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 entrapped 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. HRTEM images of CdSe QDs (4.3 nm) (A) TOPO capped
and (B-D) silica (TEOS) overcoated.

Further, we have used aminopropyl silane as precursor for overcoating,

which yielded 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

capped 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 base character)

are reported as good surface capping agents for CdSe QDs.'8 The amino group

in APS efficiently passivates the QD surface upon overcoating, eliminating

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.a4 J4[ ..
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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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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 peak at 1130

cm' is attributed to the P=O stretching band which is -20 cm" lower

compared to free TOPO. This shift may be due to the noncovalent interaction

of P=O to Cd2
+ sites on the CdSe QD surface. The bands at 1466 cm" and at

2800-3000 cm- l arise from the CH2 bending and C-H stretching respectively,

from the alkyl groups of TOPO. The peak at 1600 cm- l is attributed to N-H

bending mode from the octadecylamine used as a eo-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

cm', corresponding to the amine bending mode. These results confirm the

substitution of TOPO with APS. l9a

1000 2000 3000
VVavenumber, cm"

Figure 3.10. FTIR spectra of CdSe QDs before and after over coating
with silica; disappearance of band at 1466 cm- I and a change in the
relative peak intensity at -2900 cm- l (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

analytical tool used for the elemental analysis and chemical characterization

of nanomaterials. 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 ‘Koi’ and ‘Lot’ energy lines corresponding to

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.19b
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Figure 3.11. EDS spectra of CdSe QDs. (Bottom
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



Chapter 3: Silica Overcoated CdSe Quantum Dots for Biological Applications" 86

as well as the ionic strength of the medium (Figure 3.19, Experimental

Section). Toxicological effects and nonlinear optical properties of QDs

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

3.2.2. In Vitro Cell Cytotoxicity Studies

The cytotoxicity of silica overcoated CdSe QDs (prepared using APS

as precursor) was evaluated in human mesenchymal stem cells (hMSC) with

MTT viability assay.” It is a colourimetry based assay, wherein the live cells

reduce MTT to a colored product, formazan. The formazan formed can be

quantified using UV-Vis absorption spectroscopy, which in turn gives the

amount of live cells. Briefly, 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 method is provided in the experimental

section). In a typical procedure, l x 103 cells were seeded onto 96 well plate

(NUNC). After 7 days in culture, 100 uL of MTT solution (5 mg/mL stock in

PBS) was added to each of these wells and incubated for 4 h at 37 °C. The

crystals formed were then dissolved in isopropanol 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 live cells under identical conditions, it was observed that the silica

overcoated QDs were least cytotoxic, whereas TOPO capped QDs induced

cell death (Figure 3.13). This is attributed to the less leakage of CdSe core

constituents in to the cell medium, compared to the TOPO capped QDs. These
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results, based on in vitro studies suggest that the silica overcoating

substantially reduces the cytotoxic effects, making these QDs suitable for

biological applications. Further, we have used these QDs for labeling and

imaging of cells, under a fluorescence microscope (DM 6000, Leica). A

representative image of mesenchymal stem cells mixed with red emitting

silica overcoated CdSe QDs is presented in Figure 3.13.
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Figure 3.12. Comparison of cytotoxic effects of bare QDs
and silica over coated CdSe QDs based on MTT assay (after
7 days).

Figure 3.13. Mesenchymal 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

investigated 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 (02%) was calculated using

fluorescein in water (pH 13) as the reference (GQPA 36 GM at 800 nm).”

A comparison of luminescence spectra of TOPO capped QDs in

toluene, recorded by exciting the sample at 400 nm (using xenon arc lamp)

and at 800 nm (using fs laser pulse) is presented in Figure 3.14. Irrespective

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 toluene: (dotted trace) excited at 400 and (solid
trace) excited at 800 nm. (inset) Absorption spectrum.
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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 = pulse energy x

repetition rate) varying from 120 to 700 mW, and the results are shown in

Figure 3.l5A. For a comparison, experiments were done at identical

conditions with a standard dye-fluorescein (Figure 3.l5B). It was found that

the luminescence intensity of the CdSe QDs (and the fluorescein) decreased

on lowering the excitation energy. The extent of multiphoton excitation is

proportional to the intensity raised to the nm power, where n represents the

number of photons absorbed.” A logarithmic plot of luminescence intensity

as a function of excitation 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 are 1.85 and 2.06 respectively,

indicating that in both cases the luminescence is by a two-photon excitation

process. , I' A Erdtaiunfinaryy 1, A B Excitation Energy'74 momw
l Dr ar
J.

1: y a.u
U-I

a.u.
E"

nsity
‘F’

--/

Z‘: . In mw 1”“-N;
- 2

PL In en.

PL Into
i-5

T >i f. D° 0
500 aégvelengub 2|? soowaveliggth, nmwo

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 powers.
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Figure 3.16. Logarithmic plots of PL intensity against excitation
energy 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 process.
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Figure 3.17. Luminescence spectra of silica
overcoated CdSe QDs in PBS, excited at 400 (dotted
line) 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 intensity) 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.l8A-C. The samples were excited at 780, 800

and 820 nm with fs laser pulse of identical power (700 mW).» A it  l BA A /
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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 (02%) was estimated using

fluorescein as reference, using the relation given below (equation 3.1).23

o2pA=o,(F.C,.q,.¢,)/(F,.C.1].¢) (3.1)

where ‘o2pA’ stands for TPA cross section, ‘F’ for the luminescence peak area,

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

single photon excited quantum yield and the subscript ‘r’ corresponds to

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

silica is given in the Figure 3.l8D and the values are given in Table 3.2.

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

Sample G2pA  *
780 nm 800 nm 820 nm

Cdse/TOPO 3160 3620 2937
@156/APS 4391 4544 4864

*1 GM = 10'” (cm4 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.
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3.3. Conclusions

A modified protocol for overcoating silica on CdSe 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

CdSe 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. Experimental Section

3.4.1. Materials and Methods

General details of solvents, reagents and equipments used for

synthesis, characterisation and studies are provided in the Experimental

section. Aminopropyl trimethoxysilane (APS) and tetraethyl orthosilicate

(TEOS) and igepal CO-520 were purchased from Aldrich and used as such.

PBS buffer (pH 7.3) was prepared by diluting 2 n1L of the stock solution

(sodium dihydrogen phosphate (0.100 g) and disodium hydrogen phosphate

(0.620 g) in l0 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.lN 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 }.lL, ~14 |.lM) along with TEOS (0.075

g, 0.36 mM) over a period of 30 minutes under stirring. To this mixture,

ammonia solution (150 uL, 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 |.tL, ~14

uM) and APS (0.075 g, 0.36 mM) was voitexed 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 |.tL, 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

Bone 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% PBS, 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% CO2. 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

used for experiments.

3.4.5. MTT Assay

A universally accepted method for quantifying the cell poisoning effect

is MTT assay, a colourimetric measure of mitochondrial activity, which is

directly correlated to the cell viability.” 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 measured, which gives the concentration of

fonnazan produced and in tum the amount of live cells.

N._N Mitochondfial ;Reductase©+.t@» __..N’ N Iif» o'N NS I N Y]SMTT 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

i - : -SH, HQ2"'

Abstract

The use of silica overcoated CdSe QDs for the selective detection and

quantification of (i) biologically important molecules under physiologically

relevant conditions and (ii) trace quantities of Hg2+ ions in the presence of

interfering metal ions have been demonstrated. Amino acids and peptides

containing free sulfliydryl group (cysteine, homocysteine and glutathione)

selectively quenched the luminescence of silica overcoated CdSe QDs by an

electron 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, Hg2+ selectively quenched the emission of silanised QDs

in aqueous medium with a concomitant bathochromic shift in the absorption

and emission band. Mercuric ions react with CdSe QDs to yield quantum

sized HgSe on its surface, which further 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.“ Most

of the earlier sensing systems were based on organic molecules and inorganic

complexes“) More recently, attention has been focused on the design of QD

based hybrid systems for sensing applications, due to their fascinating optical

properties, which are tunable with size and shape.'°‘f QDs can undergo

electron or energy transfer process when bound to an analyte. The redox

potential of QDs can be conveniently tuned by varying the size; i.e., QDs can

act as an electron donor or acceptor without varying the chemical

composition.'g‘h Photoexcitation of QDs results in the formation of electron

hole pair (exciton). Any process which can influence the radiative

recombination of the electron and hole can alter the luminescence from the

QDs. Analytes with appropriate redox potential can interact with QDs and

scavenge the photogenerated electrons in the conduction band or holes in the

valence band leading to reduced rate of electron-hole radiative recombination.

A schematic illustration of various processes is provided in Figure 4.1., where

ED and EA represent the electron donor and acceptor, respectively. To

facilitate the electron or hole transfer, the redox level of (i) EA should be

lower than the conduction band edge or (ii) ED should be higher than valence

band edge of the QD.
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EA" +  (e' transfer)
?

EA;

g ~ g .........—?— %
gso
3 radiative decay

(IV transfer) + ED-"
Figure 4.1. Illustration of various light induced electron transfer

YWI

process in QDs. EA and ED represents analytes resulting in the
suppression of QD luminescence.

A typical example was reported by Benson and coworkers for maltose

sensing, where the QD luminescence was restored (switch on) upon analyte

recognition (Figure 4.2).2 Cadmium selenide QDs overcoated with ZnS

(CdSe-ZnS) was conjugated to a Ru(II) complex functionalized with maltose

binding protein (MBP). This hybrid QD possessed low luminescence due to

electron injection from Ru(II) complex. Protein conformation varies upon

binding with maltose and the electron transfer is attenuated as the Ru donor

moves away from QD, restoring its luminescence. It is possible to tune the

electron transfer process between QD and donor/acceptor, by varying the

distance and several systems based on this concept have been reponed.3
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Maltese
MBP .5+ 6 .  |  .CdSe -) ii —‘ r

ElectronKTransfer

+
Donor

Figure 4.2. QD based maltose sensor: binding of maltose results in
a change in protein conformation. This inhibits the electron
transfer from Ru(II) to QD, leading to the restoring of QD
luminescence (adapted from reference 2).

It is not necessary that the target sensing should always be mediated by

binding with receptor moiety; direct interaction of analyte on to the surface of

QDs by electrostatic interaction can also result in signaling by photoinduced

electron transfer process.4 The analyte interaction with QD can lead to

luminescence enhancement (tum on sensor) or quenching (tum off sensor). It

is reported by Rivas et al. that Cu(II) ions quenched the luminescence of

CdSe QDs in aqueous media which was restored in the presence of cyanide

ion as it scavenges the quencher as CuCN (Figure 4.3).4°

Figure 4.3. QD based luminescence ‘tum ON’ sensor. The
Cu(II) on QD surface quenches QD luminescence, which is
restored in the presence of CN' (adapted 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

interfering molecules. The second part of the chapter describes the use of

silica overcoated CdSe QDs for the selective detection of Hg2+ ions.

4.2. Detection of Sulfhydryl Containing Biomolecules

Development of simple probes with high selectivity and sensitivity for

quantitative detection of sulfhydryl containing bioanalytes is of great interest

for biomedical community.13a’b For example, sulfhydryl containing

biologically relevant molecules such as cysteine (Cys), homocysteine (Hcy)

and glutathione (GSH) are of particular attention, as they play vital role in

metabolic process in living cells by maintaining biological redox

homeostasis.‘3° Selective detection and quantification of these biologically

important analytes is of great relevance; 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 for analysis of these bioanalytes were developed based on

electroanalytical techniques,” spectrophotometric method based on Ellman’s

reagent,“ high performance liquid chromatography (HPLC) techniques,

capillary electrophoresis separation 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/I-Icy by varying the pH of the medium.l6a 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 report, calixarene appended CdSe QDs were utilized as sensor for

methionine and phenylalanine based on the luminescence enhancement.1°b 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 sensor, 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) were excited
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at 460 nm (OD ~0. l). The absorption spectrum of QDs showed characteristic

excitonic transition at --550 nm and the luminescence maximum at --560 nm

(Figure 4.4). The photoluminescence intensity of the silica overcoated CdSe

QDs was found to be sensitive to sulfhydryl containing biomolecules. For

example, the luminescence was quenched upon addition of Cys (0-40 |.tM),

whereas the absorption spectrum remained unaffected 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 |.tM) in PBS (pH
7.3), excited at 460 nm. (B) Luminescence intensity of QDs in presence of Cys
(5 p.M) as a function of time.

Further a fixed concentration of Cys (5 |.tM) 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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between QDs and Cys was analysed by monitoring the luminescence intensity

of QDs as a function of Cys concentration. The luminescence quenching was

analyzed using Stern-Volmer equation (4.1);

Io/I = 1 + KSv[Q] (4.1)
where ‘Io’ and ‘I’ are luminescence intensity in the absence and

presence of quencher respectively, ‘Kw’ is the Stem-Volmer constant. A plot

of relative luminescence intensity against concentration of quencher, followed

a linear behavior (Figure 4.5A), indicating the presence of either dynamic or

static interaction. The Stern-Volmer constant (Ksv) was estimated from the

slope of the linear fit as 8.9 x 104 M". The average lifetime (tavg) of silica

overcoated CdSe QDs was determined as 22 ns based on SPC analysis. The

bimolecular quenching constant (kq) was estimated as 4.1 x 1012 M‘ls"; the

extremely high value of Kq indicates that the luminescence quenching process

arises through a static interaction of cysteine with QD and not by a diffusion

controlled process.”AA isi  ',4._ l
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Figure 4.5. (A) Stern-Volmer plot for quenching of QD
luminescence in the presence of Cys. (B) Effect of Cys (0-40

uM) 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 undergoes

a static interaction with silanised QDs.'8 Based on the steady state and time

resolved luminescence studies, the observed quenching in luminescence of

QDs was attributed to the complexation with Cys. Among the twenty on-amino

acids, none 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). These 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 (Hcy) 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 0t—amino acids. [Cys] = 40 pM,

others 320 tLM, in PBS.

1 A EDIE B 110.08»—\ ‘ A-x' .0 ' | -5
IF

Intensity a. uto {=I - a i

Abmr

E '2

K,

/..

PL Int ty (a. uu _ A—~ I

Abanr

2

\—/

soo mo "" ' Mo son moWavelength, um Wavelength, nm

CBS

PI.

' 1"
0 T __. 7 7 0 - -A 1S00 5§0 600 500 5&0 600Wavelengt nm Wavelength, nmh.

Figure 4.7. Absorption (insets) and luminescence spectra of silica
overcoated CdSe QDs (0.20 uM) in PBS, in the presence of (A) Hcy (0-73

pM) and (B) GSH (O-76 LLM).

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, ‘Kq’ was found to be in the order of l0l2 M4

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

controlled process.
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Table 4.1. Comparison of quenching
constants (Ksv and Kq) for QD
interaction with Cys, Hcy and GSH.

TAnalytes Ks, M-1 r<q,M-' S-1 K

Cys 89254 4.1 X 10”

Hcy 94190 4.3 X 10”
osn 90433 4.1 X 10”

The exciton decay analysis of QDs in presence of varying

concentration of Hcy and GSH provided similar results; the average exciton

lifetime remained constant in absence and presence of both the analytes

(Figure 4.8). These results indicate that the quencher-QD interaction in the

case of Hcy and GSH is associative in nature as in the case of Cys. These

observations confirmed that the sulfhydryl 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 affinity towards CdSe

surface.'9 Interestingly, the molecules such as Cystine (Cyt) having a

disulphide linkage (-S-S-) and methionine (-S-CH3) did not influence the

luminescence of QDs (Figure 4.9).
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Figure 4.9. Relative luminescence intensity (Io/I) of
silica overcoated CdSe QDs in the presence of Cys,
Hcy, GSH, Met and Cyt.

Above observations unambiguously confirm the role of thiol

functionality (-SH) in quenching the luminescence of silanised CdSe QDs. It

is reported that the thiol group quenches the luminescence 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 4.10.20“ Trapping of photoexcited hole formed in QD valence band by

the thiol moiety, results in luminescence quenching. In contrast, the valence

band of CdTe is positioned at higher redox levels with respect to that of

thiols, thus eliminating hole-trapping process.

r CdTe _
-4.0 4- Cd3¢ -§- T -0.5Jt,_ _e_[ 1.5 ev]°'° Q.1.7 eV ‘°"‘ g

U}

Energy (eV
sh :1» .1=Uv O Ln
T 1

J10>K .
-6.04 rt / ‘hid -11.5t’ @ "n

Figure 4.10. Redox positions of CdSe, CdTe band
edges and thiol, shown both on a vacuum scale and
with respect to SHE.2°“

Recently, Hollingsworth and coworkers showed that in aqueous media

“thiolate anion (RS')” is the active species affecting the optical properties of

CdSe QDs, rather than “thiol” (RSH) moiety.2°b The photogenerated hole in

the valence band of CdSe QD are trapped by the thiolate ion, resulting in the

formation of a ‘thyil radical’ (RS') which undergoes coupling to yield non

coordinating disulfide (RSSR) as shown below.

RSH <—> RS' + Hi (4.2)
RS' + CdSe —> CdSe“+ RS' (4.3)

RS’ + RS' —> RSSR (4.4)
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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.'3°

Most of the commercialized techniques for analysis of amino acids and

peptides in blood serum are sophisticated, time consuming, and expensive.'7“'b
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Using silica overcoated CdSe QDs, herein we present a simple fluorimetric

method for the analysis of low molecular weight amino thiols in blood serum.

Serum samples (S1, S2 and S3) 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 (pH 7.3) to a

final concentration of 0.17 uM, and 10 ttL of this solution was mixed with an

equal volume of blood serum. Luminescence of QDs was monitored under

UV light using a gel documentation system (UVP, Cambridge, UK) and

imaging was done using a CCD camera. Serial dilutions of serum (1 :2, 1:10,

1:100 and 1:1000) in PBS were used for the experiments. Photographs

recorded under UV illumination after mixing serum (of various

concentrations) with QDs is shown in Figure 4.13 (left panel). In case of S1,

luminescence of QD was not affected on addition of serum of any

concentration levels (Figure 4.13, first row). In contrast, S2 and S3 turned off

the luminescence of QDs at higher serum concentrations (Figure 4.13, second

and third row). Luminescence of QDs was totally quenched at dilution of 1:2

in the case of S2, where the luminescence was turned off even at a dilution of

1:10 in the case of S3. These results indicate that S3 has a higher ‘free thiol’

content compared to S2.
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Figure 4.13. (left panel) Analysis of human blood serum sample using silica over

coated CdSe QDs. a-f: QD drops (0.17 uM, in PBS,) on glass slides. S1, S2 and S3
correspond to three serum samples used. Serum concentration increases from c-f
(dilution in the order l:l000, 1:100, 1:10 and 1:2); a and b for control experiments.
In case of S2 and S3, the QD luminescence was quenched at higher concentrations
(indicated by circles). (right panel) Graphs obtained from densitometry analysis of
photograph, for S2 and S3.

Further the densitometric analysis (Visionworks®LS analysis

software) of the photographs were carried out to estimate relative distribution

of the ‘free thiol’ content in S2 and S3 and the results are presented in the

Figure 4.13 (right panel). A comparison of the luminescence intensity at

dilutions 1:100, 1:10 and 1:2 (‘d’, ‘e’ and ‘f’ in the right panel of Figure 4.14)

for S2 and S3 gives the difference in thiol content in serum samples. The

luminescence was more suppressed in the case of S3, even at higher dilutions,

indicating that this serum sample contains higher amount of ‘free thiols’.
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A detailed investigation with higher number of serum samples is

recommended to explore the potential of these materials for application in

clinical laboratories for routine analysis.

4.3. Selective Detection of Hg2+ Using Silanised QDs

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

major threat to environmental contamination.” Detennination of mercury

content in samples is challenging due to its high volatility, even at ambient

temperatures. Various instrumental methods of analysis for the determination

of mercury include gas chromatography, neutron activation analysis, atomic

absorption spectroscopy, cold vapor atomic fluorescence spectrometry, cyclic

voltammetry, microcantilivers etc.23“'° However, these methods involve

multistep sample preparation and/or sophisticated instrumentation. The use of

QDs for the selective detection of mercury ions have been reported based on

CdS and CdTe QDs.24 We have investigated the potential use of silanised

CdSe QDs as a luminescent probe for the selective detection of Hg2+ from

aqueous media.

4.3.1. Results and Discussion

CdSe QDs were synthesized and overcoated with silica using

aminopropyl silane as described in Chapter 3. Silanised CdSe QDs used in the

present study showed an absorption profile with characteristic peak at 575

nm, corresponding to first excitonic transition and the luminescence
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maximum centered at 582 nm (blue trace in Figure 4.14) with FWHM of ~50

nm. Effect of various metal ions on photophysical properties of silica

overcoated CdSe QDs (0.16 uM) in PBS (pH 7.3) were investigated by

exciting at 480 nm (absorbance~0.08) and luminescence intensity was

collected at the peak maximum. Interestingly, the absorption as well as the

luminescence spectra showed a considerable red shift (A}t~25 nm) in presence

of Hg“ ions (O-14 uM; Figure 4.14). These spectral changes were followed by

a decrease in the luminescence intensity and broadening of the band. Further,

the exciton lifetime of silanised CdSe QDs was measured as a function of

mercuric ion concentration. Silanised CdSe QDs showed a triexponential

exciton decay characteristics with an average lifetime of 18 ns. A substantial

reduction in the average lifetime, was observed on addition of Hg2+ (6 uM;

Figure 4.15) suggesting an interaction between QDs and metal ions and

various possibilities are discussed below.\\ ‘-‘I-— \ ._\‘\   20'0 500 600 550 A 600
gth, mn

AbsorbanceP Pr-1 N

PL Intensity (a. u.)no A

Wavelength, mn Wavelen
Figure 4.14. (A) Absorption and (B) luminescence spectra of silica overcoated

CdSe QDs (0.16 uM), in presence of Hg“ (0-14 uM) in PBS (pH 7.3), excited
at 480 nm.
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Figure 4.15. Effect of Hg2+ on exciton decay lifetimes
of silica overcoated CdSe QDs. Excited at 441 nm.

It is possible to account for the red shift in the first excitonic transition

in absorption spectmm of QDs in terms of (i) an increase in the overall size of

the QDs due to Ostwald’s ripeningzsa or (ii) a metal ion induced aggregation

of QDs.25b’° These possibilities can also result in luminescence quenching and

broadening of the band as the electronic levels of QD are influenced in either

case (Figure 4.16). HRTEM images recorded in the absence and presence of

Hg2+ are presented in Figure 4.17. The average size of QD and its distribution

remained unchanged in presence of Hg2+ and the possibility of aggregation

and Ostwald’s ripening was ruled out. The possibility of a hole transfer

cannot be accounted in the present case since of Hg2+ cannot be easily

oxidized.
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Figure 4.16. Plausible mechanisms for the observed red shift in
absorption and luminescence profiles as well as for the PL
quenching of silica over coated CdSe QDs upon addition of
Hg2+.

Figure 4.17. HRTEM images of silica overcoated CdSe QDs in
before and after adding Hg2+, showing absence of size increase
or aggregation in presence of mercuric ion.

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

broadening of luminescence profile in the presence of Hg2+ can be explained

based on the interaction of metal ions with QDs, leading to the generation of

new trap states with low-lying energy levels. The shift in the excitonic band in
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the absorption spectrum on addition of Hg2+ corresponds to a reduction in the

energy gap of QDs from 2.14 eV (CdSe band edge luminescence) to 2.04 eV.

This can be attributed to the generation of new energy 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 edge emission in

the case of CdS QDs on addition of mercuric ions (Figure 4.l8).26 Based on

spectroscopic investigations, authors have concluded the formation of

quantum sized HgS on CdS surface, which influences the electronic structure

of QDs by generating 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 Cu2+

can react with (i) CdS leading to the formation of quantum sized CuS on QD

surface and (ii) CdSe to yield quantum sized CuSe.27
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Figure 4.18. Effect of Hg2+ on absorption and luminescence spectra
of CdS QDs in water which is attributed to the formation of quantum
size HgS on CdS surface.26

In the present case, Hg2+ can react with CdSe QDs (equation 4.1)

leading to the formation 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 formation 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 CdSe (-log Ksp = 35).”

(CdSe)n + mHg2+ "'*'_"_"_‘> (CdSe)n~m(HgSe)m + mCd2+

In the absence of HgSe formation, the excitons formed in CdSe QDs

undergo radiative recombination (bandgap energy 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 energy 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 }.tM of Hg2+ (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 earlier reported by Iwasaki er al. that small ionic

species can penetrate through silica overcoated CdS QDs.2l As discussed in

the earlier part of this Chapter, the silica shell formed around CdSe QD is

found to be thin (~l.5 nm). Hg2" ions can interact with CdSe core either

through the void spaces in the shell or by penetrating through the thin porous

silica layer.



Chapter 4: Silica Overcoated CdSe Quantum Dots as Sensors 123

Eg214eV X   Eg2.04aV

/' cdsamgsaat Y t ,Y LCdSe CdSe
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 metal 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 pM. To confirm the selectivity of Hg2+ ions, quenching studies were

carried out in the presence of various metal cations (Figure 4.20). A mixture

of various metal cations (Li+, Na+, K+, Mg”, Ca2+, Ba”, Mn”, Fe2+, Co2+,

Ni”: Cu2+, Zn2+, cd’*, A13", Pb“; 100 pM each) was added to a solution of

QDs (0.20 ttM) in PBS. The decrease in the luminescence intensity was found

negligible (~10 %; trace ‘b’ in Figure 4.20B). Further, addition of Hg“ ions

(8 ttM) to this solution resulted in a substantial reduction in the luminescence

intensity (trace ‘c’ in Figure 4.2OB), 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 Hg“ 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 sensitive 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.



Chapter 4: Silica Overcoated CdSe Quantum Dots as Sensors 125

We have also demonstrated the use of silica overcoated CdSe QDs in

the selective detection of Hg2+ in presence of interfering metal ions, with a

limit of detection (LOD) of 1.5 ppm (according to 30 IUPAC definition). The

photophysical properties of QDs were dramatically influenced by mercuric

ions: 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 Hg2+ ion, allowing interaction

with CdSe core surface. The spectral changes are attributed to the formation

of quantum sized HgSe on CdSe surface. The absorption and emission

properties of silica overcoated CdSe QDs are insensitive to various metal ions

such as Li+, Na+, K+, Mg2+, Ca2+, Ba2+, Mn2+, Fe2+, Co2+, Nip’, Cu2+, Zn2+,

Cd2+, Al“, Pb2+, even 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 interfering metal

ions, without the aid of any specialized instruments.

4.5. Experimental Section

4.5.1. Materials and Methods

General details of solvents, reagents and equipments 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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usmg visionworks®LS analysis software

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

4 5 2. TCSPC Analysis of QD Luminescence

gel documentation system (UVP, Cambridge, UK) equipped with (black and

white) CCD camera. Densitometry analysis of the photographs were done

[CYSLHM 171,115 12,113 113.118 1=avg,nS X2
0.0

13.9

27.8

41.3

54.9

0.59(07%)

0.51(09%)

O.47( 10%)

0.75(08%)

O.47(l 1%)

5.9(29%)

4.6(27%)

4.8(30%)

5.2(30%)

4.3(29%)

24.4(64%)

21 .O(64%)

22.0(60%)

21 .2(62%)

20. 1(60%)

22.5

19.6

20.2

19.4

18.5

Table 4.3. PL decay fit data in presence of Hey.

[Hey], pM ‘E1, ns T2, ns 1:3, ns 2
Tavgg ns X,

0

12.8

25.5

38.1

50.7

0.6l(04%)

0.62(05%)

0.44(08%)

0.50(09%)

0.77(l0%)

5.6(25%)

4.4(29%)

3.7(30%)

4.2(34%)

4.5(35%)

22.8(71%)

l8.6(66%)

l8.2(62%)

19. 1 (57%)

17.6(55%)

21.40

17.31

16.85

17.31

15.66

Table 4.4. PL decay fit data in presence of GSH.

lGSHl» T1, l'lS T2, HS ‘C3, HS
pM

2
Tavg, l'lS X

0.0

12.3

24.5

36.7

48.7

60.7

0.90(5%)

l.10(7%)

0.9l(7%)

0.82(8%)

0.82(9%)

0.79(9%)

6.9(28%)

7.6(32%)

6.4(3l%)

5.6(3l%)

6.l(36%)

5.6(36%)

24.9(67%)

27.4(6l %)

25.8(62%)

23.3(6l%)

25.9(55%)

24.1 (55%)

22.98

24.79

23.58

21.29

23.16

21.56
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4.5.4. TCSPC Analysis of QD luminescence in presence of Hg“

Table 4.5. PL decay fit data in presence of Hg2+.

[Hg2+], |.1M “cl, ns T2, ns 13, ns tavg, ns X2
0

0.81

1.62

2.42

3.21

4.05

4.78

5.55

6.33

0.79 (13%)

0.81 (15%)

0.75 (12%)

0.68 (12%)

0.57 (14%)

0.54 (14%)

0.56 (20%)

0.55 (19%)

0.48 (14%)

4.8 (32%)

4.3 (35%)

3.9 (35%)

3.3 (38%)

2.8(43%)

2.3 (40%)

2.3 (40%)

2.2 (38%)

2.2 (32%)

20.0(55%)

18.6 (50%)

16.9 (53%)

7.90 (50%)

13.0 (43%)

9.60 (46%)

8.90 (40%)

7.70 (43%)

14.3 (54%)

1.07

1.17

1.11

1.16

1.12

1.14

1.00

1.02

1.10
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APPENDIX

1. General Outline for Materials and Methods

Chemicals and solvents used for the reactions and spectroscopic

studies were of analytical and spectroscopic grade, and were further purified

by following standard protocols wherever necessary.‘ The electronic

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 Fll2X spectrofluorimeter equipped with a 450W

Xenon arc lamp and spectra obtained were corrected using the program

supplied by the manufacturer. FT IR and ATR studies were performed on a

Shimadzu IR Presige-21 PT IR spectrometer. The photoluminescence lifetimes

were measured using an IBH picosecond time correlated single photon

counting (TCSPC) system with an excitation source of 440 nm (pulse width

<2O0 ps) and luminescence decay profiles were deconvoluted using IBH data

station software V2.1. The average life time was deduced from relation

below;2

IIM=
2

1(1) = °XP("1/ii)2 2
(1111 + (12122 + (13T3T = *

avg 0.11.’; + (IZTQ + 0.313

where ‘t’ represents time, ‘1:’ lifetime, and ‘a’ is pre-exponential factor.
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X-ray diffraction patterns were recorded using Philips X’Pert Pro, X

ray diffractometer with Cu K01 radiation (1.5406 A) and spectra were analysed

using X’Pert Highscore software. For high resolution transmission electron

microscopic (HRTEM) and energy 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 PEI Tecnai G2 S-TWIN 300 1<v transmission

electron microscope.

All melting points were determined with a Mel-Temp-II melting point

apparatus and are uncorrected. Preliminary characterization of organic

compounds was carried out using Shimadzu GCMS-QP201O gas

chromatograph-mass spectrometer (GCMS). 1H and BC 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

(<I>f = 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.l0 and the quantum yield

(¢>) was obtained by using following equati0n;3

F A 1] 2(D = (I) QD R QD
QD R FR AQ 11122
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where the subscript R and QD stands for reference and quantum dots

respectively, ‘A’ for absorbance, ‘F’ for area under the emission peak and ‘n’

represents refractive index of the solvent used.

Further details of specific reagents or instrumentation setup used are

provided in the concerned chapters.
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