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Abstract

Semiconducting nanocrystals otherwise known as Quantum Dots

(QDs) have attracted considerable attention over the last number of years

due to their unique optical properties and potential applications. Their

narrow size-tunable emission spectra, broad absorption spectra,

resistance to photobleaching and long fluorescent lifetimes make them

ideal for sensing ions and small molecules.

This thesis explores the potential of QDs to function as the emissive

unit in fluorescent probes. Primarily, the focus of the work is to develop

QD-based sensors that operate through an electron transfer mechanism.

Chapter 3 discusses the synthesis and characterisation of CdSe and

CdSe/ZnS QDs. Three different sized QDs were prepared each with

distinct emission wavelengths. The sizes of these nanoparticles were

determined by three methods, transmission electron microscopy (TEM),

dynamic light scattering (DLS) and by a UV-vis method.

Surface functionalisation of these synthesised QDs (chapter 4) with

mercaptosuccinic acid rendered them water soluble and were shown to

display selectivity for Cu2+ over a number of biologically relevant metal

ions. The negatively charged surface of the QDs and the position of copper

in the Irving-William series were believed to be responsible for this

interaction. Positively charged CdSe/ZnS QDs were also prepared and

were shown to detect ATP and to a much lesser extent GTP over the other

nucleotides screened. The greater net negative charge of the ATP and GTP

when compared to their mono and diphosphate analogues was the likely

cause of this discrimination.

In chapter 5 the relatively unexplored field of anion sensing with

QDs was examined using charge neutral urea and thiourea receptors.

Based on a design by Gunnlaugsson et al, a CdSe/ZnS QD with a thiourea

receptor anchored to its surface displayed similar PET-mediated
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fluorescence quenching as an organic dye sensor containing the same

receptor. A ferrocenyl urea receptor was also anchored to a QD surface

and shown to “switch off” the QD’s fluorescence emission. On addition of

fluoride ions the emission was restored, most likely due to a modulation of

the ferrocene’s redox activity.

In chapter 6 the assembly of Schiff base receptors on the surface of

preformed CdSe/ZnS QDs were shown to arrange in such a way to enable

the simultaneous detection of Cu2+ and Fe3+. The intriguing aspect of this

study was that the receptors themselves displayed no selectivity for any

metal ion until they were assembled on the QDs. Recognition was also

confirmed by a distinct colour change visible to the naked eye.
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CHAPTER ONE

INTRODUCTION
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1.1 Introduction

1.1.1 Fluorescence

Since the 16th century the phenomenon of photoluminescence has

intrigued scientists and has grown to encompass many diverse areas from

biology to material sciences. One technique that is central to many studies

within various disciplines is fluorescence. Fluorescence can be

distinguished from other types of photoluminescence as the excited

electron returns immediately to the ground state. Fluorescence lifetimes

are of the order of 10-8 seconds1, which may seem quite short but when

compared to other processes like molecular vibrations (10-14 s) and

transitions between electronic states (10-15 s) they are relatively long. In

organic molecules certain molecular structures known as chromophores

interact with UV-vis light and absorb photons. An energy diagram or

‘Jablonski’ diagram can be used to illustrate the various possible quantised

energy values available to the electrons in a chromophore. As illustrated

in figure 1.1 the ground state is represented by S0. These electronic states

are divided into vibrational levels which are spaced by energies much less

than the difference between the electronic states. After absorption the

excited electron will reside in the excited electronic state S1 or S2 or

indeed a higher state Sn. It then relaxes back to its lowest vibrational level

in the first excited state by dissipating the excess vibrational energy

through thermal collisions and other processes. This is followed by a

return to the ground state by emitting a photon with energy ∆E = ħ,

corresponding to the energy difference between S0 and S1. Alternatively,

phonon interaction can lead to transitions from the singlet state to the

triplet state (intersystem crossing) which is spin forbidden and as a result

the rates of relaxation from the triplet state to the ground state is about 2

orders of magnitude less than the rate of relaxation from the singlet state.

This longer lifetime emission is known as phosphorescence.
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Figure 1.1 Jablonski diagram depicting absorption and emission

processes from the ground state to the first and second excited electronic

states. The electronic states are split into vibrational states populated

according to Boltzmann distribution. The relaxation back to the ground

state is due to fluorescence, intersystem crossing to a triplet state and the

resultant phosphorescence or non-radiative relaxation from internal

conversion or energy transfer and quenching from neighbouring

molecules1.

Today, molecular sensing continues to be dominated by organic

dye-based fluorescent sensors with lanthanide complexes also

contributing. However, in the past decade or so a new class of fluorescent

compounds have emerged with impressive photophysical properties that

make them a viable alternative to organic dyes. These fluorescent

semiconducting nanoparticles are known as quantum dots.
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1.2 Semiconducting quantum dots

1.2.1 Background

From the early 1980’s a family of fluorescent materials with

nanometre-sized dimensions became of great interest to chemists and the

science community in general. These semiconducting nanocrystals,

otherwise known as Quantum Dots (QDs) were first discovered in the late

1970’s by Ekimov and his colleague, Efros2-5 and for almost three decades

they have been investigated with ever growing interest. Their current and

potential applications are immense with interest spanning many

disciplines and diverse sectors such as life sciences (chemical & biological

sensing)6-9, biological tagging & labelling9-11, high quality LEDs & lighting12-

14 and also the military15, using state of the art security and marking

products for covert night-time operations.

QDs are typically 1 – 10 nm in diameter, containing as few as 100

to 100,000 atoms in each particle with their sizes confined in all three

dimensions6. The most common QDs consist of elements from group IIb,

IIIa or IVa, combined with a chalcogenic element (e.g. S, Se or Te).

Examples of these are cadmium selenide (CdSe)16-18, cadmium sulfide

(CdS)16, 17, cadmium telluride (CdTe)16, 17 or lead sulfide (PbS)19, 20. Other

not so common QDs are comprised of elements from group III – V such as

gallium nitride (GaN)21, 22, or indium arsenide (lnAs)23, 24. Their attractive

photophysical properties are due to a phenomenon known as quantum

confinement25. In bulk semiconductors energy levels are in close proximity

with little difference in energy between them and are thus referred to as

being continuous. There is a region known as the bandgap where

electrons are forbidden. This gap separates the valence band, where

almost all the electrons occupy, from the conduction band. In bulk

semiconductors the valence band is almost completely full with a very

small percentage of electrons occupying the conduction band. To cross

this gap, energy must be supplied to the electrons filling the valence

band. Most electrons in bulk semiconductors don’t possess enough energy

to make the transition unless heat or electrical charge stimulates them.

Due to the fact that the bulk semiconductor has continuous energy

levels with many atoms present the bandgap is therefore fixed. In
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addition, when electrons promoted to the conduction band fall back to the

valence band they do so from one edge of the bandgap to the other, i.e.

from the bottom of the conduction band to the top of the valence band.

With the bandgap fixed this leads to emissions of fixed wavelengths.

Quantum Dots differ from bulk semiconductors by allowing the

tuning of the emission frequencies by altering the bandgap. The physical

dimensions of QDs can approach the exciton-Bohr radius (the spatial

separation of the electron from the hole). Bohr approximation can be used

to determine this distance26:

r = εh2 / mre
2 (Equation 1.1)

where r is the radius of the sphere (extent of separation of electron-hole

pair), ε is the dielectric constant of the particle, h is Planck’s constant, mr

is the reduced mass of the electron-hole pair and e is the charge on the

electron. This “hole” that is created is essentially the absence of an

electron and can be thought of as a particle in its own right with effective

mass.

In bulk, the semiconductor particle is much greater than its exciton-

Bohr radius permitting the exciton to extend to its natural confines (figure

1.2). With QDs the physical dimensions are of the order of the exciton-

Bohr radius and often less. They are a prime example of a “particle in a

box”27. This theory illustrates the dependence on the size of the box in

calculating the particle’s energies. When the particle approaches the size

of the Exciton-Bohr radius they cease to behave like the bulk

semiconductor in that the energy levels cannot be considered as

continuous - they are now said to be discrete. This phenomenon is

referred to as quantum confinement.
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Figure 1.2 Schematic representation of the tunable bandgap of

Quantum Dots compared to the fixed bandgap of the bulk

semiconductor28.

Figure 1.3 illustrates the discrete energy levels in the valence and

conduction bands of QDs due to the limited number of atoms present.

When the particle is excited with energy greater than the band gap energy

(Eg), an electron is promoted from the valence band to the conduction

band, leaving a positively charged “hole” behind. The promoted electron

and the hole generated are attracted together by Coulombic forces,

forming short lived electron hole pairs (excitons).The electron and the

hole recombine rapidly emitting photons corresponding to the band gap

energy. Some of the energy may be released in a non-radiative way and

as a result the emission energy is lower than the excitation, a

phenomenon known as Stoke’s shift. In figure 1.3 some other possible

emissions are shown (i.e. Eem1, Eem2, Eem3, Eem4) corresponding to trap

states located in the band gap which are lower in energy to the band gap

emission (Eem0). By controlling the growth of these nanoparticles the

bandgap size and thus the emission wavelength can be tailored6, 29, 30.
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Figure 1.3 Schematic representation of the excitation and emission of

QDs. VB = valence band, CB = conduction band, ∆E = Stokes shift, Eg =

band gap energy, Eex = excitation energy, Eem0-4 = various emission

energies1.

1.2.2 Chemical synthesis of QDs

Colloidal synthesis has been the favoured technique by chemists for

the preparation of QDs for chemical and biological studies6, 7, 30, 31. The

origins of this approach are steeped in similar preparative strategies to

that employed in the colloidal synthesis of gold nanoparticles. Early

development in QD work was hampered somewhat by issues of size

disparity and polydispersity and due to this variation in the particle

dimensions (particle size dimension (PSD) > 15%), they generated poor

quantum yields with their size-dependent properties poorly resolved.

Seminal work carried out by Murray and colleagues addressed these

issues by using organometallic precursors suspended in organic media16.

Organometallic monomers injected into the hot solvent cause a release of

the atomic species that constitute the QD leading to an oversaturation of

these monomers which favours crystal growth. The mono-dispersity

improved immensely with this approach (PSD < 5%) and produced QDs

with nearly defect free crystalline structures. Despite these advances in

improving the synthetic strategies the quantum yields remained quite low
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(~10%). The reason for this was attributed to poor passivation of the QD

surface.

Murray et al’s early work utilised trioctylphosphine oxide (TOPO)

and trioctylphosphine (TOP) as surfactants to help improve the surface

quality and passivation. These have since been augmented with certain

carboxylic acids and amines (e.g. stearic acid, hexadecylamine)32, 33. The

role of the surfactant is quite interesting in that it influences the growth

dynamics of the nanocrystals. A polar head group will affect the binding

efficiency while the non-polar alkyl chain controls the diffusion

characteristics34. The solvent also plays a major role in the growth of the

nanocrystal. Its obvious function is to solubilise and disperse the various

components involved in the growth phase but it is also required to control

the speed of the reaction. As the crystal is growing, solvent molecules

detach from the surface and are replaced by monomers in a dynamic

process34. TOPO has been used quite successfully as both a solvent and

surfactant due to its high boiling point and ability to coordinate metals and

chalcogens readily.

1.2.2.1 Core synthesis

In the case of cadmium based QDs, a typical core QD synthesis is

carried out under an inert atmosphere in a three-necked flask6. One neck

is connected to a Schlenk line while the other two necks are stoppered

with rubber septa and are used for temperature monitoring and reactant

addition. The requirement for airless procedures is due to the reactivity of

the precursors with oxygen and moisture. However, the QDs themselves

are stable to air and therefore relatively easy to work with post-synthesis.

When all the reactants have been charged to the reaction vessel they are

heated to 130 – 180 °C under vacuum for 10 – 20 mins to remove any

volatile impurities. The temperature is then raised to ~300 °C and at this

temperature the Cd metal ions will bind to the surfactants, usually long

alkyl chain phosphonic acids (e.g. TOPO) or oleic acid. As this is occurring,

the colour of the solution changes from dark red to colourless. For this

type of core synthesis only a chalcogen complex is introduced with

nucleation occurring shortly after its injection. For group II/VI

nanocrystals, the chalcogens are incorporated into the reaction as
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complexes of TOP or tributylphosphine (TBP). The cadmium source in the

early syntheses of QDs was dimethyl cadmium Me2Cd but this has since

been replaced by CdO due to the pyrophoric, toxic and unstable nature of

Me2Cd.

Several synthetic approaches have emerged since these pioneering

efforts and have involved the use of various precursors, stabilizers and

solvents. As mentioned above, the change to using CdO instead of Me2Cd

proposed by Peng et al has made synthesis of QDs much more user

friendly17. Another significant contribution was the replacement of the

coordinating solvent TOPO with the non-coordinating 1-octadecene (ODE),

a cheaper and more environmentally friendly alternative. This also has a

practical advantage in that it’s a liquid at room temperature, unlike TOPO.

In addition, ODE has the ability to fine tune the reactivity of Cd and

doesn’t have the added function of being a stabilizing ligand. This

stabilization is performed by fatty acids (e.g. oleic acid). Recently it has

been reported that the use of certain alkylamines can function as

stablizing ligands and reactions can be performed at much lower

temperatures (~150 °C)35.

Coating of the core QDs is an important step to help increase

quantum efficiency by passivating non-radiative recombination sites on

the QD surface. ZnS is a common shell coating material due to the wide

band gap it exhibits36. This inorganic capping renders these QDs more

robust than organically passivated ones. Furthermore, there is an

approximate ~10% increase in photoluminescence quantum yields

relative to the bare core QDs.

1.2.2.2 Core-shell synthesis

A synthethic procedure for synthesis of CdSe/ZnS core-shell QDs

involving the use of Me2Cd has been developed by Dabbousi et al37. This

procedure describes the pyrolytic decomposition of the organometallic

precursors Me2Cd and TOPSe as outlined earlier. After injecting into the

coordinating solvent TOPO at a temperature of 340-360 °C the

nanocrystals were then grown at a reduced temperature of 300 °C. The

core QDs were then isolated as a powder by size-selective precipitation

with MeOH and redispersed in hexane. The ZnS capping was performed by
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heating TOPO to 190 °C under vacuum for 3 hours and then cooling to 60

°C, after which TOP was added. The newly formed CdSe core QDs in

hexane were syringed into the reaction and the hexane removed under

vacuum. The zinc and sulfur precursors were derived from diethylzinc

(ZnEt2) and hexamethyldisilathiane ((TMS)2S) with the amount required to

grow a ZnS shell determined by estimating the size of the core from TEM

measurements, and, assuming a spherical core, a molar ratio was

calculated37. The precursors were then dissolved in TOP under inert

conditions and loaded into syringes. The reaction flask containing the core

QDs dispersed in TOPO and TOP was heated under a N2 atmosphere.

When a temperature of ~150 °C was attained the precursors were added

dropwise over a period of about 10 mins with vigorous stirring. After

completion, the reaction was cooled to 90 °C and stirred for several hours.

An aliqout of butanol was added to prevent the TOPO from solidifying. The

QDs were then precipitated using methanol and were readily dispersible in

chloroform, hexane, THF, toluene and pyridine.

1.2.3 Aqueous phase synthesis of QDs

Synthesis of colloidal QDs using high boiling solvents like TOPO and

1-octadecene has been the preferred and more practised route. However,

another strategy exists that avoids the use of high temperatures and air-

free apparatus. The medium for this route is water and provides for a less

toxic and cheaper alternative. CdTe QDs synthesised by this aqueous

method have enjoyed the most attention mainly due to their high

quantum yields (40 – 60%). However, CdS and CdSe QDs synthesised by

aqueous methods do not result in high quantum yields and the reason for

this is explained in figure 1.4. The difference in the valence bands of the

CdSe and CdTe QDs is about 0.5 eV. This is significant as hole trapping by

a thiol is energetically favourable if the thiol’s redox energy is higher than

the top of the valence band of the QD and thus results in fluorescence

quenching. The probability of this occurring with CdSe QDs is high and is

even more pronounced for CdS QDs with the difference between the

valence bands of CdS and CdTe being about 1.0 eV38. Despite these low

QYs, interest in this synthetic approach remains high, with direct aqueous
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synthesis of CdS, CdSe and CdTe performed using various short chain

thiols as stabilising ligands.

Figure 1.4 Positions of CdSe and CdTe bulk band edges with respect to a

standard hydrogen electrode reference. Hole trapping can occur from

CdSe (1) but not from CdTe (2). Path (3) is the assumed position for the

standard potential of a thiol that quenches the fluorescence of both the

CdSe and CdTe processes38.

A typical aqueous synthesis of CdTe QDs involves dissolving

Cd(ClO4)2.6H2O in water in a three-necked flask and adding an

appropriate amount of thiol stabilizer (e.g. 2-mercaptoethanol, 1-

thioglycerol, thioglycolic acid)39. The solution is then stirred and the pH

adjusted using 1M NaOH to between 11.2 and 11.8. The flask is then

evacuated by bubbling N2 through the solution for 30 mins. Whilst stirring,

H2Te gas, (generated by the reaction of Al2Te3 and 0.5 M H2SO4) is

bubbled through the solution with N2 for about 20 mins. The CdTe

precursors are formed at this stage and depending on the thiol ligands

used they can be yellow, orange or dark red in colour. These precursors

are then converted into QDs after refluxing at 100 °C exposed to the open

air. After 5 – 10 mins the smallest crystallites are formed and the reflux

can be continued up to 2-3 days (using the thiols listed above) to

generate QDs of ~5 nm.
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1.3 Growth mechanism of QDs

1.3.1 Nucleation

The growth process of colloidal QDs can be divided into two parts.

The first stage is referred to as nucleation where the nanoparticles are

spontaneously formed through the coming together of the dispersed

monomers in solution. The second stage is the actual growth process.

Nucleation can be viewed as an overcoming of a barrier whereby a

thermodynamically stable state is attained after the assembly of a core of

monomers that do not decay back to the free atoms or ions34, 40. Two

phases are encountered at this point, the crystalline and solution phase.

As the names would suggest, the crystalline phase is when the atoms are

bound to the crystal while the solution phase refers to the freely dispersed

atoms in solution. The difference in the free energy between the two

phases governs the nucleation in solution at constant temperature and

pressure. The driving force for this nucleation is the gain in chemical

potential, i.e. the energy released by the formation of bonds in the

growing crystal and the increase in total surface energy, which accounts

for the incomplete saturation of surface bonds. The change in the free

energy ΔG, on formation of the spherical nucleus with n atoms is 

governed by the equation34.

ΔG = n(μc – μs) + 4πr2σ equation 1.234

where: μc is the chemical potential of the crystalline phase

μs is the chemical potential of the solution phase

r is the radius of the nucleus

σ is the surface tension (or more correctly for solids, surface

energy. However, this terminology has been borrowed from

the field of liquid droplet formation).

Equation 1.2 is for a simplified case where the surface tension σ is

constant for any size/morphology of the crystal. For a more detailed

approach the defined crystalline surface would need to be accounted for.

The role of faceting (i.e. the arrangement of atoms and dangling bonds on
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the surface) and also the density of atoms will affect the total surface

energy. For ease of discussion this effect is ignored and an isotropic

crystal without facets is assumed. In equation 1.2 the first term is

expressed by the radius r of the nanocrystals and the density (dm) of

atoms in the crystal.

ΔG = 4πdm . r3(μc – μs) + 4πr2σ

3 equation 1.334

When the chemical potential of the atoms in solution is less than

that in the crystal, the minimum free energy is when all the atoms are

freely dispersed and therefore no stable crystals develop. When the

chemical potential of the atoms in solution is greater than that in the

bound crystal, the first term in equation 1.3 becomes negative and ΔG

reaches a maximum at the critical size rc.

F
re

e
e
n
e
rg

y
G

critical size rc

Particle radius r

Figure 1.5 Potential landscape for nucleation. From equation 1.3, when

r is small, r2 of the surface energy term can outcompete the r3

contribution of the chemical potential resulting in a barrier at critical size

rc
34.
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At this point a nucleation barrier exists. With small nuclei the surface

energy term controls the free energy while the larger crystals are

controlled by gain in the chemical potential.

1.3.2 Growth

Two steps are involved in the growth process. The first involves the

transportation of the monomers to the nanoparticle surface and the

second stage is their reaction on the surface. The growth rate (r
.
) is

controlled by the rate of deposition of monomers on the nanocrystal

surface and can be written as:

dr = _____
dt 4πr2dm -equation 1.434

where: dm is the density of monomers in the nanocrystal

n
.

= dn/dt (no. of n monomers in the nanocrystal

solved for r
.
).

To initiate the growth process an excess of monomers is injected

into the reaction. Due to the high concentration of monomer the rate of

incorporation n
.

only depends on the reaction rate for the conversion of

monomer to crystal. The surface area of the nanocrystal dictates this rate.

When the concentration of monomers has reduced, the growth rate then

depends on the rate at which the monomers reach the nanoparticle

surface.

When the radius of the crystal reaches the point where it is in

equilibrium with the monomer concentration a zero growth rate is

observed. In the course of a reaction the concentration of monomers

decreases and the smaller crystals enter a size focussing stage after which

the critical size rc increases and a broadening process occurs. The critical

size ultimately becomes greater than the radius of the smallest

nanocrystals and enters the Ostwald ripening stage, characterised by a

significant broadening of the size distribution41. This is accompanied by a

reduction in the concentration of the nanocrystals. The smaller crystals

n
.
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“melt” back into the solution freeing the monomers and these are

incorporated into the larger crystals.

The nucleation stage has a major impact on the final size

distribution. This stage should ideally be finished well before it enters the

diffusion controlled growth stage. If the nucleation event occurs over too

long an interval then this causes a broadening of the size distribution as

illustrated in the emission spectra in figure 1.6.

The fluorescence spectrum is a good indicator of the quality of the

nanocrystals in terms of size distribution42. A full width half maximum

(FWHM) of about 30 nm shows good size distribution. Synthetically, a high

temperature reaction and an excess of monomers ensures a short

nucleation period and reduces the chance of entering a broadening

regime. Some synthesis routes cause a rapid depletion in the supply of

monomers resulting in a broadening of the fluorescence band. This can be

overcome by a fresh injection of monomers during the growth phase.

However, to produce a perfect size distribution at the synthesis stage is

quite difficult but can be achieved in a somewhat laborious way by

repeated precipitations with a polar solvent during the work-up.

Figure 1.6 The effect of size focussing during the synthesis of CdSe QDs.

Aliquots were taken every 20 secs and the fluorescence spectrum

recorded. The first sample taken (max = 530 nm) shows broad

fluorescence with wide size distribution whereas the spectrum with max =

640 nm is the final sample taken and shows a very narrow spectrum with

narrow size distribution34.
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1.4 Photophysical properties

One of the most striking and beneficial features of QDs is their size-

dependent emission spectra. By altering the size and composition of the

nanocrystals they can be tuned to emit from the near ultra-violet region of

the spectrum up to the near infra-red. As the particle size reduces the

band gap increases (see figure 1.2 in section 1.2.1) and this results in

shorter emission wavelengths. CdS QDs can be tuned to emit from 400

nm to 500 nm while with CdSe QDs the tunability limits are from about

500 – 700 nm range43. Other composites like Pb-based QDs have been

employed to extend this range into the near infra-red which essentially

means that a range of 400 – 2000 nm can be spanned by using different

materials6, 44.

Figure 1.7 Different sized CdSe/ZnS QDs extending from 490 nm to 620

nm excited under UV light. The blue QDs dimensions are ~ 2 nm while the

orange QDs measurements are ~ 6 nm28.

This feature is highly attractive for biological applications as it

allows the user to choose an emission wavelength suited to their needs for

a particular experiment. Another desirable property of QDs is their broad

absorption spectra that extend back into the UV region with increasing

extinction coefficients. The molar extinction coefficients for the bandgap of

these QDs43 can be 10 – 50 times greater than commercially available

http://en.wikipedia.org/wiki/Image:Fluorescence_in_various_sized_CdSe_quantum_dots.png
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organic dyes. The broad absorption of QDs corresponds to the overlapping

of a series of peaks that increase in size as the wavelengths get shorter.

Each peak represents an energy transition between discrete electron-hole

pairs (excitons), again attributable to the discrete nature of the QD’s

energy levels. QDs will not absorb at wavelengths longer than that of the

1st exciton peak.

Figure 1.8 Absorbance (blue spectra) and fluorescence (green spectra)

of fluorescein isothiocyanate (FITC) on the left and CdSe QD on the right

with the identical emission wavelengths6.

Figure 1.8 illustrates the advantageous optical properties of QDs

when compared to a typical fluorescein organic dye6. It is evident that the

emission of the QD is more symmetrical and narrow than the organic dye

with a full width half maximum (FWHM) of typically 25 - 35 nm with the

absorption spectrum extending back into the UV region meaning any

wavelength less than the emission can be selected for excitation. This

feature makes them ideal for multiplexing applications where several

fluorophores may be excited simultaneously.

1.5 Biological applications of QDs

To simultaneously discriminate multicolour QDs under long-term

excitation offers great promise for fluorescent labelling applications and to

those interested in biomedical research in general10, 45. Organic dyes are

limited in this respect due to their narrow absorption spectra and difficulty

in exciting multiple dyes with a single excitation source. In one particular

experiment (figure 1.9a) a mouse was injected with cancer cells tagged
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with both green fluorescent protein (GFP) and orange emitting QDs46. In

the cell culture images of figure 1.9, both sets of tagged cancer cells are

as bright as each other, however when injected into a mouse only QD

emission was observed. This demonstrates that the QD emission can be

shifted away from endogenous autofluorescence by selecting an

appropriate excitation wavelength. This was not possible with GFP due to

its small Stoke’s shift and emission in the same region as the background

fluorescence.

Figure 1.9 (a) Image of a mouse tagged with green fluorescent protein

(GFP) transfected cells and also QD-tagged cells. Approximately 1,000 of

both QD (orange glow on right flank of mouse) and GFP (circled on left

flank of mouse) cells injected into the mouse. (b) mouse injected with

multicolour QD-encoded microbeads. Visible are the emission from green,

yellow and red QDs excited simultaneously with UV light46.

Figure 1.9b illustrates another desirable feature of QDs where in

vivo they appear brighter than organic dyes. The lifetime limited emission

of single QDs are 5 – 10 times lower than that of single organic dyes,

however fluorescent imaging operates under absorption-limited conditions

and hence the rate of absorption is the limiting factor for emission. The

large molar extinction coefficients of QDs mean their absorption rates can

be 10 – 50 times faster than organic dyes under the same excitation

photon flux. This increase in the rate of light emission means the QDs will

appear 10 – 20 times brighter than a typical organic dye46
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With in vivo studies it is desirable to continuously monitor

fluorescence over a period of time and this is a problem for organic

fluorophores which have poor photobleaching thresholds. QDs do not

suffer from these limitations and this makes them ideal for biosensing

applications.

Figure 1.10 (a) Human breast tumour cells labelled with Texas Red (TR)

organic dye and also a red emitting QD. (b) Same cells labelled with

fluorescein isothiocyanate (FITC) dye and also a green emitting QD30.

Figure 1.10 illustrates the superior imaging with QDs over an

extended period of time. In (a) the QD labelled breast tumour cell’s

fluorescence remains as intense 10 mins after its initial excitation. With

the Texas Red labelled cells the emission has already diminished

significantly only after 1 min. The same situation was observed with

fluorescein isothiocyanate (FITC) with the emission from these labelled

cells quenched after 20 seconds while the QDs remain luminescent after

200 seconds30.
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Although QDs have been shown to possess more desirable

properties than organic dyes, there are still challenges to overcome in

order to replace organic dyes as the signalling unit of choice in biological

environments. The physical dimensions of QDs are at least an order of

magnitude greater than organic dyes which may have repercussions for

biological sensing applications and the extent of this has to be

evaluated30. Coating of the QDs with higher bandgap material like zinc

sulfide has the benefit of increasing their quantum efficiencies by

passivating any surface defects however this protective shell makes the

physical dimensions of the nanoparticle significantly bigger. Issues over

toxicity is a concern in biological in vivo experiments due to the use of

cadmium, however most reports describe no toxicity in live animals

including embryos under standard conditions47, 48. Nevertheless, the use of

bare cadmium-based QDs (e.g. CdSe) is becoming more uncommon due

to the fact that CdSe can be oxidised in the air or by UV light, releasing

Cd2+ which is toxic to cells48. The use of core-shell QDs (e.g. CdSe/ZnS)

negates some of these worries as the outer shell, in this case ZnS is a lot

less toxic than cadmium and so can be utilised in biological studies

without any major concerns.

1.6 Mechanisms involved in sensor design

There are several mechanisms involved in the design of fluorescent

sensors. These mechanisms are responsible for communicating the

binding of analyte by the receptor to the signalling unit, the fluorophore.

There are four main mechanisms involved in fluorescent sensor design:

Photoinduced electron transfer (PET), Förster Resonance Energy Transfer

(FRET), Internal Charge Transfer (ICT) and excimer/exciplex. Only the

first two have been utilised in QD sensors and so only these will be

discussed here. The reader is directed to several review articles for

discussion of other mechanisms if required49-51.
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1.6.1 Photoinduced Electron Transfer (PET)

Photoinduced electron transfer (PET) plays a central role in

biochemical processes like photosynthesis, both in plants and bacteria52,

53. This mechanism relies on the separation of charge at membrane bound

pigment protein complexes known as reaction centres, producing redox

species. These reaction centres are present in all green plants and also in

bacteria and algae53. In the example of photosynthesis, the pigment

chlorophyll absorbs sunlight which causes the promotion of an electron to

a higher energy level within this pigment. This energy is used to reduce a

chain of electron acceptors that have lowered redox potentials thus

producing chemical energy. This PET principle has led researchers to

incorporate the mechanism into sensing systems due to its elegance and

modular design.

The field has flourished over the last few decades since it was first

reported by Weller in 196854 and then expanded on by de Silva49, 55, 56 and

others57, 58. From the initial reports of PET sensing with cations and

protons the area has moved on to the sensing and recognition of other

targets like glucose59, 60 and anions61-63. Several detailed reviews and

books have been dedicated to the area of PET sensing53, 64-66.

PET sensors are modular in format, comprising three distinct and

separate components. A fluorophore, traditionally organic in nature is

joined to a receptor via a spacer.

Figure 1.11 Schematic representation of the PET sensor modular format

describing the three distinct and separate parts: fluorophore – spacer –

receptor56.

The fluorophore is the signalling component of the sensor, relaying

information from the probe via fluorescence. When integrated into a

sensor, the fluorophore can engage in reversible redox reactions when

exposed to certain conditions. There are a huge number of fluorophores

SpacerFluorophore Receptor



22

available to the user and selection is based on the desired excitation and

emission wavelengths and redox potentials67.

The receptor is the recognition unit of the sensor and will bind the

desired analyte by chelation or by some other means (e.g. hydrogen

bonding). It is important to choose a receptor that will show good

selectivity and sensitivity for a particular analyte whilst ensuring it is

available to partake in redox processes with the fluorophore68.

The spacer is the final component and plays an important role in

keeping the two integral parts of the sensor apart (i.e. fluorophore and

receptor). This spacer unit is crucial for preserving the modular format of

the sensor, essentially electronically decoupling the emitting unit from the

receptor allowing the two entities to retain their individual photophysical

characteristics. The transfer of electrons occurs along the σ framework of

the spacer or through space. Methylene or ethylene spacers are usually

chosen for this role as they promote faster, efficient PET69.

Figure 1.12 illustrates the PET process in the absence of target

analyte. In its simplest form an aliphatic amine serves as the electron

donor and the receptor for the ion being sensed, the spacer a short alkyl

chain (e.g. methyl or ethyl) and the fluorophore an organic dye (e.g.

anthracene, fluorescein). In the absence of a target analyte, the free

amine participates in PET and quenches fluorescence by transferring an

electron from the nitrogen atom to the excited fluorophore68. Figure 1.12

also shows the frontier orbital energy diagram of a PET sensor in this

unbound state. Excitation causes an electron of the fluorophore to be

promoted from the highest occupied molecular orbital (HOMO) to the

lowest unoccupied molecular orbital (LUMO). The excited state energy is

dissipated in the most energetically favourable route and in this unbound

case the HOMO of the receptor is higher in energy than the HOMO of the

fluorophore and as a result the electron is transferred to the HOMO of the

fluorophore from the HOMO of the receptor and no fluorescence is

emitted. Regeneration of the ground state is achieved through a

secondary process known as back electron transfer49.
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Figure 1.12 (a) Schematic representation of the “off” state when no

target is bound. (b) Frontier orbital theory explaining the “off” state in PET

based sensors56.

The “on” state is depicted in figure 1.13 illustrating how the PET

process is cancelled on binding of a target analyte. In this bound state,

the oxidation potential of the receptor is raised and this removes the

thermodynamic condition for PET to occur. The frontier orbital diagram

shows that due to the receptor becoming more stabilised upon analyte

binding its HOMO is reduced in energy such that it is energetically lower

than the HOMO of the fluorophore. As a result these electrons cannot

engage in PET and no longer perform as quenchers and so the

fluorescence is recovered. This emission signals the capture of the guest

molecule by the receptor.
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Figure 1.13 (a) Schematic representation of the “on” state when a

target is bound. (b) Frontier orbital theory explaining the “on” state in PET

based sensors56.

1.6.2 Förster Resonance Energy Transfer (FRET)

The first mechanism discussed in this section was the PET

mechanism due to its relevance in the work presented in the following

chapters. However, the Förster Resonance Energy Transfer (FRET) has

also been extensively studied in QD based sensing systems reported in

the literature31, 70-75, 75-77. Due to their broad absorption spectra QDs are

ideal energy acceptors. FRET can be defined as a non-radiative energy

transfer from a donor molecule to an acceptor molecule. Apart from an

efficient quenching process it has also been employed extensively as a
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molecular ruler for distances 1 – 10 nm78. The primary condition for FRET

to occur is that the donor and acceptor molecules must be in close

proximity, typically 10 – 100 Å 79. The efficiency of this process is

governed by the equation.

E = (1 + (r/R0)
6)-1 equation 1.179

Where E = efficiency of FRET, r = distance between donor and

acceptor and R0 = Förster radius, the distance at which the FRET

efficiency = 50%.

R0 = 6√0.211k2n-4QYDJ equation 1.279

Where k2 = orientation factor, n = index of refraction, QYD =

quantum yield of the donor, J = spectral overlap

The absorption spectrum of the acceptor molecule must overlap the

emission spectrum of the donor and the transition dipoles must be

orientated almost parallel for efficient FRET to occur. Specific examples of

FRET based QDs are presented in the next section.

Figure 1.14 Schematic representation of the overlap (J) required for

efficient FRET78.
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1.7 QD sensors based on energy transfer

1.7.1 Background

The concept of energy transfer between QDs was first

demonstrated by Kagan et al who reported that when rows of closely

packed CdSe QDs comprised of large sized nanoparticles (620 nm) and

lower wavelength emitters (555 nm) were assembled in thin films, a

simultaneous decrease in the steady-state emission of the small QDs with

an increase in emission from the larger QDs was noted70. This energy

transfer was confirmed by Förster theory after it was observed that the

lifetime of the smaller QDs shortened while the larger QDs lifetimes were

lengthened. From these experiments the viability of CdSe QDs as FRET

donors and acceptors was established paving the way for further studies.

1.7.2 QDs as FRET donors

The FRET mechanism is central to many QD sensor designs with

most sensing strategies relying on energy transfer from the QD to a dye

acceptor31, 70-75 with only a small number operating in the reverse75-77.

FRET can occur from QDs to an organic acceptor molecule as described by

Willard et al71. CdSe/ZnS QDs were rendered water soluble and then

conjugated to thiolated biotinilated bovine serum albumin. The acceptor

molecule, prepared separately was the organic dye tetramethylrhodamine

(TMR) appended with streptavidin (figure 1.15). This modified dye was

titrated into the QD solution buffered in phosphate buffered saline (PBS)

and it was observed that when 1 was excited at 400 nm its emission

energy was used to excite the organic dye resulting in an enhancement of

the TMR fluorescence and a quenching of the QD emission.
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Figure 1.15 Schematic representation of the FRET binding assay. Only

one protein complex is shown for clarity71.

Mattoussi and co-workers have also demonstrated FRET from QDs

to acceptor molecules in aqueous environments73. CdSe/ZnS QDs were

made water soluble by modifying them with dihydrolipoic acid, a reduced

form of lipoic acid containing a bidentate thiol pendant group. A maltose

binding protein (MBP) with site specific labeled dye acceptors was

anchored to the QD surface. This was achieved by either electrostatic

attraction between the negatively charged DHLA surface ligands on the

QD to the basic leucine zipper on the MBP or by a metal-affinity

interaction between the QD and the C-terminal of the oligohistidine on the

MBP (figure 1.16). The number of MBP groups and size of QDs were

varied for the studies in order to evaluate the optimum FRET efficiency.

Increasing the number of MBP groups on the QD surface had the effect of

increasing the dye emission while decreasing the QD’s output. This was

confirmed by time-resolved fluorescence experiments showing the QD

lifetime diminishing as more MBP was added. Furthermore, it was

observed that altering the size of QD had the effect of changing the

spectral overlap between the QD and MBP and hence the efficiency of

energy transfer. It is evident from these studies that there must be an

energy transfer mechanism in place, between the QD donor and dye

acceptor molecule.
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Figure 1.16 (A) Mattoussi’s schematic representation of the QD-MBP

assembly 2. The ligand DHLA is used to attract the MBP to the QD

surface. The cyanine dye (Cy3) is attached to the MBP. (B) The QD-

conjugate emission spectra with increasing amounts of dye to QD ratio73.

The addition of MBP to CdSe/ZnS QDs has also been used to detect

the explosive trinitrotoluene (TNT)74 and also the disaccharide maltose72.

MBP was bound to a beta-cyclodextrin analogue of maltose and then

covalently linked to an organic dye quencher (QSY-9). This was then

assembled on to CdSe/ZnS QDs by metal-affinity interactions via the

oligohistidine C-terminal of MBP, as described in the previous example.

With the quencher attached, efficient FRET was observed from the QD to

the dye. On addition of maltose the beta-cyclodextrin dye complex was

(2)
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ejected from the MBP binding pocket by competitive displacement and the

QD emission was restored. The probe was tested for exclusive selectivity

toward maltose by screening a variety of sugars and the results confirmed

that the binding was specific for the 1-4 glucosidic linkages, found only in

maltose.

A similar strategy was employed for the detection of trinitrotoluene

(TNT) in aqueous solution74.

(A)

NO2

O2N

O2N

HN

NH

O

NN

N

SO3Na

N

NNaO3S

TNB-BHQ-10

(3)

(B)

Figure 1.17 (A) Structure of dye-labelled TNT analogue (TNB-BHQ-10)

(3). (B) Schematic of the TNT assay. The dye labelled TNT analogue TNB-

BHQ-10 bound by the scFvs on the QD surface results in a complete

quench due to FRET from the QD. Addition of TNT displaces the dye and

fluorescence is recovered74.
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Anti-TNT specific antibody fragments (single-chain Fv fragments, scFvs)

were appended to the surface of CdSe/ZnS QDs through an oligohistidine

sequence. These scFvs fragments were preferred to the full antibody due

to size considerations and so with a more compact QD conjugate, the

distances were reduced, ensuring more efficient FRET. The dye labelled

analogue of TNT (TNB-BHQ-10) 3 binds with the recognition site of the

antibody fragment and participates in a FRET induced quenching of the QD

photoluminescence. Spectral overlap of the QD donor and dye acceptor

and the number of quenchers on the surface of the QD dictated the

efficiency of the energy transfer. Addition of TNT resulted in the

displacement of the analogue quencher and a significant recovery of the

QD emission. Selectivity for TNT was confirmed after the probe was tested

against a number of other explosives.

Zhou et al demonstrated FRET from a CdSe/ZnS QD to a double

stranded DNA molecule labelled with an Alexa 594 dye80. The QDs were

first made water soluble through a ligand exchange with 3-

mercaptopropionic acid and then using a C6-thiol linker81 they were

conjugated to DNA. This direct attachment to the QD surface reduced the

distance between donor and acceptor and hence improved the FRET

efficiency. Zhou’s example demonstrated that even at low donor to

acceptor ratios, a high level of FRET (~88%) can be achieved. However,

other reports where dye-labelled DNA has been attached to QD-protein

conjugates as donor acceptor pairs have shown these to be quite

inefficient in terms of energy transfer and required a high number of

acceptor molecules on the QD surface to participate in FRET72, 73, 76.

Chen et al devised a ratiometric sensor for K+ using two different

sized QDs82. FRET occurring between a small QD (donor) emitting at 545

nm and a large QD (acceptor) emitting at 635 nm facilitated the sensing

of potassium at the μM level. 15-crown-5 ether receptors were bound to

the QD surface through the dithiol of an appended dihydrolipoic acid to

give 4. In the absence of K+ emission is present for both sized QDs with

the solutions of sufficient dilution to prevent any energy transfer between

the QDs. Upon addition of KClO4, the crown ether binds the K+ cation and

forms a QD (small) : K+ : QD (large) complex. This results in a decrease in

the emission of the small QDs with a concomitant increase in the output of
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the large QDs due to FRET. In figure 1.18 these changes are illustrated

with increasing concentration of K+ denoted by a  n. Also presented is a

titration with Na+ in the presence of K+ represented by the orange

spectra. Upon addition of Na+ to the solution the emissions returned to

almost their original intensities. From the Hofmeister series it is observed

that the hydrophobicity of K+ in water is greater than Na+83. This implies

that if an excess of each cation is added and almost all the crown ethers

have bound a cation, the K+ may encourage aggregation more easily than

Na+ due to Van der Waals forces in aqueous media. This aggregation

results in the formation of these sandwich complexes and facilitates the

energy transfer. One drawback from this approach is the possibility of the

formation of QD (545 nm): K+:QD (545 nm) and QD (635 nm): K: QD

(635 nm). However this outcome is statistically less probable (25%)

compared to 50% for the mixed sized complex.
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Figure 1.18 (a) CdSe/ZnS QDs capped with 15-crown-5 ether receptors

(4). (b) fluorescence titration of 4 with K+ (black spectra). Also shown is

the UV-vis spectrum of the modified QDs prior to K+ addition82.

A QD sensor sensitive to changes in pH was designed by Raymo

and colleagues84. A [1,3]-oxazine 5 covalently linked to lipoic acid was

adsorbed onto CdSe/ZnS QDs and at low pH showed an absorption band

centred at 398 nm. Addition of hydroxide ions (TBAOH) to the solution

fluorescence
spectra

UV-vis
Spectrum

(a) (b)
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resulted in the disappearance of this band with the appearance of a new

band centred at 539 nm attributed to the transformation of 5 into the

hemiaminal 6. This resulted in a decrease of the fluorescence intensity

(~80 %) for the QD-conjugate due to energy transfer from the QD to the

ligand. The absorption spectra in figure 1.19 shows a substantial overlap

in the emission of the QDs with the absorption band of the hemiaminal

ensuring a favourable path for energy transfer to occur. The fluorescence

was almost completely restored on addition of trifluoroacetic acid (figure

1.19(ii)), demonstrating the reversibility of the system.

Figure 1.19 Conversion of [1,3] oxazine 5 into hemiaminal 6 on addition

of TBAOH. (i) absorption spectra of 5 before (a) and after (b) addition of

TBAOH. The emission of the CdSe/ZnS QDs are included (c) illustrating

the spectral overlap on conversion to the hemiaminal. (ii) Emission

spectra of CdSe/ZnS QDs appended with 5 via a DHLA linker (e) (R =

DHLA) and after equimolar additions of TBAOH (f) and then TFA (g)84.

(5) (6)

(i) (ii)
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1.8 Electron transfer with QDs

1.8.1 Background

The luminescence output of QDs are very much influenced by the

surface states generated on the nanoparticle surface. These states can be

affected by the physical and chemical interaction of certain species with

the surface which causes modulation of the core’s electron-hole

recombination efficiency85. From the late 1980’s, QDs have been used as a

signalling unit to report the presence of small molecules and ions. In

pioneering work, Spanhel et al observed that on adding Cd2+ to basic

aqueous solution of unpassivated CdS QDs, the fluorescence was

significantly enhanced86. This was attributed to the formation of Cd(OH)2

on the surface. This shell essentially passivated the surface eliminating

the non-radiative recombination of excitons. A similar effect was observed

for the detection of metal ions such as Zn2+ and Mn2+. A passivation of the

surface trap states by the formation of metal species on the surface

caused an enhancement of the luminescence.

1.8.2 Sensors based on PET and other mechanisms

The photoinduced electron transfer mechanism has been central to

the design of many sensors incorporating organic dyes as the signalling

unit. This mechanism has also been observed to influence the emission of

QDs. Addition of p-phenylenediamine (PPD) (Eox = 0.26 eV) to a colloidal

solution of CdSe QDs (Eox = 1.2 eV) has been shown to result in a quench

of QD fluorescence87. This was attributed to the reduction of a hole in the

valence band of the CdSe QDs thus disrupting the radiative recombination

of the charge carriers. However, addition of n-butylamine (Eox = 1.9 eV)

resulted in an enhancement in the emission due to passivation of the

surface traps.
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Figure 1.20 (a) Illustrating the fluorescent enhancement on titration of

CdSe QDs with n-butylamine. (b) Quenching effect on addition of PPD to

the QD solution87.

In another study Chen and Rosenzweig appended the amino acid L-

cysteine to the surface of CdS QDs 788. They reported the first QD-ligand

conjugate for the determination of ion concentration in aqueous solution.

They found that upon addition of Zn2+, an enhancement was observed due

to activation of surface states. In a concurrent study, the authors

exchanged thioglycerol onto the QD surface and the resulting conjugate 8

showed selectivity for Cu2+ ions. The binding of Cu2+ produced a quench in

the fluorescence intensity attributed to the formation of CuxS (x = 1,2) or

the presence of Cu2+ on the QD surface as reported by Isarov et al 89. L-

cysteine modified CdS QDs were also prepared by Chen and Zhu90. They

found their QD probe to be selective to Ag+, an ion not tested by Chen

and Rosenzweig. An enhancement was observed upon addition of Ag2+

attributed to the formation of a silver complex with the L-cysteine. The

creation of new radiative centres at the CdS/Ag-cysteine complex

microheterojunctions essentially blocked non-radiative electron-hole

recombination defect sites on the surface and increased the luminescence

output of the QDs.
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Figure 1.21 Schematic representation of (a) CdS QDs modified with L-

cysteine 7 and (b) CdS QDs modified with thioglycerol 888.

A probe selective for both Ag+ and Cu2+ was proposed by Gattas-

Asfura and Leblanc91 when they assembled short peptides on the surface

of CdS QDs. They found that the peptide sequence Gly-His-Leu-Leu-Cys

showed the best selectivity of the peptides tested. The Leu-Leu unit was

incorporated into the peptide chain to provide a hydrophobic sheath

keeping the metal ions and basic histidine from the surface of the QD. The

Gly-His component was chosen due to its proven selectivity for Cu2+ 88.

The QD-conjugate displayed excellent selectivity for Cu2+ and Ag+ even in

the presence of a number of cations (i.e. K+, Mg2+, Ca2+, Co2+, Ni2+, Fe3+,

Zn2+ and Cd2+). This selectivity manifested itself optically in a complete

quench of the fluorescence, most likely caused by an electron transfer

mechanism from the redox active Cu2+ to the excited QD.
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Figure 1.22 (a) Bar chart illustrating the effect of various metal ions on

the PL of Gly-His-Leu-Leu-Cys coated CdS QDs. (b) Effect of Cu2+ and

Ag2+ on the PL of QD-conjugate shown spectrally91.

Another probe with selectivity for Cu2+ has been described by Xie et

al 92who used core-shell CdSe/ZnS QDs functionalised with the protein

Bovine Serum Albumin (BSA). An almost complete quench was observed

for Cu2+ with a detection limit of 10 nM. Of the other ions screened Fe3+

also produced a moderate quench, however this was attributed to an inner

filter effect which was cancelled by the addition of fluoride ions forming

the colourless FeF6
3- complex. The quench from Cu2+ was believed to be

caused by the displacement of Cd2+ ions from the surface by Cu2+ ions.

The driving force for this displacement was the increased solubility of

CdSe in the aqueous solution compared to CuSe. Other QD systems have

displayed similar quenching effects with Cu2+ by using mercaptopropionic

acid93and mercaptoethanol94 ligands grafted to their surface.

Section 1.3.2 discussed how a modified MBP bound to the surface

of CdSe/ZnS QDs could detect maltose and TNT by displacement of a dye-

quencher in favour of the target hence disrupting the energy transfer

process. Unfortunately, this type of sensing strategy can be susceptible to

interferences from dilution and diffusion95. Sandros et al 95reported a

chimeric MBP-metallothionein protein with surface cysteine residues

appended to (tetraamine)(5-maleimido-phenanthroline)ruthenium (II) for

the detection of maltose. This modified protein was assembled on to a

CdSe QD via adsorption through the thiol group. The ruthenium donor in

(a) (b)
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the resulting assembly is close enough to engage in electron transfer with

the QD, leading to a 5-fold decrease in its emission. Upon binding maltose

a conformational change was induced thus increasing the distance

between the ruthenium donor and QD. This led to a decrease in effective

electron transfer between the two components with a 1.4 fold increase in

the QD luminescence.

Figure 1.23 (A) Schematic representation of Sandros et al’s maltose

probe. The conformational change upon binding maltose results in a

cancellation of the electron transfer process between the Ru2+ and the QD

resulting in a restoration of fluorescence. (a) the fluorescence spectra of

the sensor (5 nM conc) without (solid line) and (b) with 1 mM maltose

(broken line), (c) plot of emission intensity v log [maltose] (M)95.

In a similar fashion Yildiz et al96 designed a sensor that was

sensitive to the distant dependent nature of PET. In this instance

CdSe/ZnS QDs were coated with the negatively charged mercaptoacetic

acid ligand and exposed to 9. This quencher comprised of a bipyridinium

(b)

(a)
(c)
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dication conjugated to a biotin ligand. The positively charged bipyridinium

component adsorbed onto the anionic QD surface and engaged in PET with

the QD upon excitation97, 98 resulting in a 2.5 fold decrease in

luminescence intensity. The addition of streptavidin, which is known only

to bind biotin, increased the distance between the cationic species and the

QD resulting in a 1.4-fold increase in emission. The emission was

restored to only 30% of its original intensity, presumably due to some

residual bipyridinium complex remaining attracted to the negatively

charged QDs.

Figure 1.24 (i) Chemical structure of the cationic bipyridinium conjugated

to a biotin ligand (9). This species performs as the quencher on the

surface of the QD engaging in PET. (ii) fluorescence spectrum of (a) the

natural fluorescence of the host QD, (b) the fluorescence spectrum in the

presence of the quencher and (c) the fluorescence spectrum after addition

of the streptavidin, (iii) schematic diagram illustrating the supramolecular

association of protein and ligand preventing electron transfer and

switching ”on” the QD’s emission96.

(9)

(i)

(ii)

(iii)
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In a concurrent study Raymo’s group looked at using the same

quencher molecule without the biotin ligand attached. Again, this was

adsorbed onto the surface of CdSe/ZnS QDs coated with negatively

charged mercaptoacetic acid ligands.

(i)

(ii)

(iii)

Figure 1.25 (i) Chemical structure of the bipyridinium dication 10. (ii)

structure of the receptor, cucurbituril 11. (iii) absorbance (a) and

fluorescence (b) spectra of the host in the presence of 10 and (c)

fluorescence spectrum of host + 10 to which 11 was added (d). (iv)

schematic representation of interaction between QD host, 10 and 1196.

(10)

(11)

(iv)



40

A substantial quenching of the fluorescence was observed through

electron transfer from the QD to the bipyridinium dications. However, this

was reversed on addition of cucurbituril which disturbed the electrostatic

attraction between the quencher and QD. Cucurbituril is a known binder of

bipyridinium dications with high association constants in aqueous

systems99, 100. In figure 1.25 the fluorescence spectrum illustrates the

effect of the quencher on the luminescence intensity of the QD (line c).

There was a substantial decrease followed by an 80% recovery on

addition of cucurbituril. This recovery was substantially greater than the

previous example which described an increase of just 30%. The shortfall

was probably due to the difference in binding approaches by biotin and

11. For 9, binding with the streptavidin only occurs at the biotin end while

the macrocycle 11 can effectively encapsulate the dication reducing its

electrostatic attraction to the QD surface and decreasing its quenching

ability.

Cordes et al designed a two component system for the detection of

glucose based on a boronic acid substituted viologen as the

quencher/receptor and CdSe/ZnS QDs (em = 604 nm) as the emitting

unit101. In this study two sets of QDs were used and rendered water

soluble by functionalising the surface with amine or carboxyl groups. At

pH 7.4, the carboxyl groups exist in anionic form while the amine groups

are usually as the free base. Not surprisingly the carboxyl capped QDs

demonstrated more efficient quenching on the introduction of the viologen

quencher due to superior electrostatic attraction. This quenching was

achieved through excited-state electron transfer from the QD to the

viologen, reducing the methyl viologen (MV) from MV2+ to MV ∙+.
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Figure 1.26 Mechanism for glucose sensing with CdSe/ZnS QDs101.

The effectiveness of this sensor was displayed upon the introduction

of the monosaccharide, glucose. In the absense of glucose, the boronic

acids on the viologen exist in a trigonal neutral form at pH 7.4. When they

bind glucose they form the glucose boronate ester, reverting into their

anionic tetrahedral form. This intreraction resulted in a restoration of the

QD fluorescence due to the decrease in the positive charge on the

viologen and concomitant loss in electrostatic attraction between the QD

and quencher. The fluorescent response to glucose was modest in the

physiological range with a quencher / QD ratio of 1000:1 giving the

optimum results. The authors didn’t report any selectivity for other

physiological relevant monosaccharides.
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Figure 1.27 Fluorescence response of amine-capped QDs upon addition

of quencher and the subsequent recovery on addition of glucose (final

glucose concentration = 100 nm)101.

A simple strategy for selective Cd2+ determination has been

proposed by Banerjee et al102. CdS:Mn/ZnS core-shell QDs were surface

modified with 1,10-diaza-18-crown-6, 12 via a CS2 linker. The receptor

12 was directly attached to the QD surface through the linker molecule

forming a zero-length coupling with the secondary amine group on the

receptor (figure 1.28). A competitive ligand exchange with thioglycolic

acid showed no loss of the receptor from the surface illustrating the

robustness of the attachment. From photoluminescence studies it was

shown that the emission from the 13 was markedly less than the parent

QDs. It was proposed that PET from the secondary amine to the QD

through the CS2 linker was the likely mechanism for the quench. The

authors validated this theory through a ligand detachment study to see if

a restoration in the emission would be observed. Using dithiothreitol

(DTT), a commonly used cleaver of disulfide bonds, they added this to the

QD solution. An initial minor recovery of the PL was noted but this was not

significantly intense to attribute it to detachment. It was deduced that

reattachment of the ligand must be occurring after the initial detachment

so it was decided to repeat the experiment, again using DTT but also

adding a trapping agent, methyl acrylate in order to capture the free

carbodithioate and prevent it from reattaching to the QD surface. This had
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the desired effect and a significant restoration of the QD emission was

observed thus proving electron transfer from the amine lone pairs on 12.
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Figure 1.28 Reaction scheme for the synthesis of Banerjee et al’s

cadmium sensor102.

A number of metal ions were screened for selectivity and of those

tested only Cd2+ exhibited a significant response. Similar selectivity was

observed for an organic dye probe containing the same receptor 12103. An

almost complete restoration of the original parent QD PL was observed for

the probe highlighting its excellent sensitivity toward Cd2+. It was noted

that a small effect was produced with Zn2+ resulting in a minor recovery in

the PL of the probe. This lower affinity of 12 for Zn2+ has been observed

before by others103, 104.
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Figure 1.29 (a) Restoration of the PL of 13 on addition of Cd2+. (b) Plot

of PL intensity of 13 v Cd2+ concentration. (c) Bar chart illustrating the

selectivity of 13 for common metal ions102.

Although this method provides an “off-on” sensor for metal ions, targeting

cations such as Cd2+ and Zn2+ can prove problematic due to their presence

in the nanoparticle. Addition of these ions as analytes may re-passivate

the QD surface damaged by ligand exchange and lead to a “false positive”

increase in emission intensity. Therefore in this thesis only analytes not

present in the QD core and shell will be investigated.

These examples show that significant progress has been made in

the development of QD based sensors in the past few years. When the

work conducted in this thesis began in 2005 examples of electron transfer

controlled QD sensors were limited and often used elaborate mechanisms

(a) (b)

(c)
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in their operation. This thesis aims to develop more simplistic sensors

incorporating the PET mechanism.
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CHAPTER TWO

EXPERIMENTAL
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2.1 General method

2.1.1 Reagents and materials

Amberlite resin, aminoethanethiol, aniline, cadmium oxide,

CdSe/ZnS QDs (Evident technologies), N,N-dimethylcysteamine,

diphenylphosphoryl azide, dimethylzinc, ferrocene carboxaldehyde,

hexamethyldisilathiane, hydroxylamine hydrochloride, iodomethane,

lithium aluminium hydride, 2-mercaptoaniline, mercaptosuccinic acid, 1-

octadecene, oleic acid, 2- phenyl isothiocyanate, salicylaldehyde, selenium

powder, sodium borohydride, sodium hydroxide, tetrabutylammonium

hydroxide, thioctic acid, trioctylphosphine, triethylamine, trioctylphosphine

(TOP).

2.1.2 UV-vis and fluorescence measurements

Absorption spectra were recorded on an Agilent UV-vis

spectrometer using 10 mm quartz cuvettes. Fluorescence measurements

were recorded on a Perkin Elmer LS55 Luminescence spectrometer using

10 mm quartz cuvettes. Spectrophotometric grade solvents were used for

analyses. Excitation wavelength, unless otherwise stated, was set at 370

nm. Similarly, unless otherwise stated, excitation slit size was set at 10

nm and emission slit size was 10 nm. Scan speed was set at 500. All

spectroscopic experiments were repeated in triplicate.

2.1.3 NMR analysis

NMR spectra were recorded on a Bruker Ultrashield 400 MHz

spectrometer. 1H NMR samples were prepared by dissolving 5 mg of

sample in 1 mL of deuterated solvent. 13C NMR samples were prepared by

dissolving 10 mg of sample in 1 mL of deuterated sample and were

recorded at 100 MHz. Chemical shifts are reported in parts per million

(ppm), downfield of trimethylsilane.

2.1.4 Mass spectrometry

Low resolution mass spectrometry (LRMS) experiments were

performed on an Agilent LCMS spectrometer. The ionisation method was

electrospray (ESI). Accurate mass measurements for novel compounds
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were provided courtesy of the Engineering and Physical Sciences Research

Council (EPSRC) National MS service in Swansea.

2.1.5 Infrared analysis

Infrared spectra recorded as Nujol mulls were measured on a

Nicolet Avatar 370 DTGS I.R. instrument.

2.1.6 Dynamic light scattering and zeta potential

Zeta potential measurements were recorded in aqueous solution at

25°C on a Malvern NanoZS zetasizer calibrated against polystyrene latex.

Dynamic light scattering (DLS) measurements were recorded on the same

instrument. Particle size distributions were recorded at 25°C using a He-

Ne laser at 633 nm. The average size quoted was the average of 20

independent experiments and the standard deviation was taken as the

error. Spectrophotometric grade solvents were used for DLS studies.

2.1.7 Transmission Electron Microscopy

Transmission Electron Micrographs were recorded with a JEOL-JEM

2011 electron microscope operating at 200 kV at the Electron Microscopy

Unit in the Department of Chemistry, St. Andrew’s University.

2.2 Experimental Procedures

2.2.1 Organic synthesis

2.2.1.1 Synthesis of dihydrolipoic acid (16)

Following a literature procedure by Uyeda et al,105 lipoic acid (1.44

g, 7.0 mmoles, 1 eq) was dissolved in MeOH / 0.25 N NaHCO3 (1:1, 50

mL). The mixture was stirred on ice, keeping the temperature below 5 °C.

Sodium borohydride (0.6 g, 16.0 mmoles, 2.3 eq) was added portionwise.

This was stirred for about 30 mins after which toluene (50 mL) was added

to the reaction mixture. The solution’s pH was adjusted to 1 with the aid

of 38% HCl. The toluene layer was separated from the aqueous layer,

dried over sodium sulfate and the solvent evaporated under reduced
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pressure. Yield = 1.32 g, 90.7 %. 1H NMR (MeOD) δ(ppm) 1.46 – 1.752

(m, 7H, 3 x CH2, CH2 (Ha)), 1.91 (m, 1H, CH2(Hb)), 2.32 (t, J = 7.2 Hz,

2H, CH2C=O), 2.68 (m, 2H, ring, CH2), 2.92 (m, 1H, CH), 4.99 (br.s, 2H,

SH). 13C NMR (100 MHz, MeOD) δ(ppm) 177.60 (C=O), 44.23 (CH), 40.14

(CH2), 39.60 (CH2), 34.91 (CH2), 27.68 (CH2), 25.90 (CH2), 22.86 (CH2). -

ve ESMS expected for C8H16O2S2: m/z 208.1. Found: m/z 207.1 (M – H+)

(30%).

2.2.1.2 Synthesis of N,N,N-trimethyl-2-sulfanylethanaminium

iodide (26).

Following a procedure by Bernardes et al,106 N,N-

dimethylcysteamine (1.0 g, 9.52 mmol, 1 eq) was dissolved in anhydrous

acetonitrile (10 mL) and allowed to stir. Iodomethane (5.4 g, 38 mmol, 4

eq) was pipetted into this solution and the reaction proceeded overnight

at room temperature. A precipitate developed overnight which was

collected by filtration and washed several times with acetonitrile. The

product was isolated as a white powder and was dried in vacuo. Yield =

2.3 g, 49.7 %. 1H NMR (D2O) δ(ppm) 3.62 (m, 2H, HSCH2), 3.08 (s, 9H, 3

x CH3), 3.06 (m, 2H, NCH2).
13C NMR (D2O) δ(ppm) 66.2 (NCH2), 53.0

(CH3), 29.7 (SHCH2). +ve ESMS expected for C5H14NS: m/z 120.1. Found:

m/z 119.2 (disulfide, m/2) (58%).

2.2.1.3 Preparation of N,N,N-trimethyl-2-sulfanylethanaminium

chloride (27).

Compound 26 (1.0 g) was dissolved in deionised water (100 mL).

Amberlite resin (30 mL) was charged into a separating funnel and 2M HCl

(~200 mL) was introduced. When all the HCl had drained from the resin,

deionised water was flushed through until the pH had neutralised. The

solution containing 26 was then poured onto the resin and this was

allowed to drip through into a conical flask. Three passes through the

resin were carried out and the final solution freeze-dried to yield the

product. Yield = 0.51g (82%)
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2.2.1.4 Synthesis of 1-(2-mercapto-ethyl)-3-phenyl-thiourea

(38).

Following a literature procedure by Heinelt et al107, 2-

aminoethanethiol (2.0 g, 26 mmol, 1 eq) was dissolved in anhydrous

chloroform (25 mL). Into this solution was added phenyl isothiocyanate

(3.13 mL, 26.3 mmol, 1.eq). The contents were stirred at room

temperature for 18 hr. The solvent was evaporated under reduced

pressure yielding a yellow residue. This was triturated with diethyl ether

(20 mL) and a white precipitate developed. Ethanol (50 mL) was added to

the precipitate and the contents stirred for 30 mins. The product was

filtered under reduced pressure and washed with ethanol (50 mL) and

dried in vacuo. The crude product was purified by dissolving in a hot

solution of methanol / ethyl acetate and precipitating with cold hexane.

Yield = 2.49 g, 45.2 %. 1H NMR (CDCl3) δ(ppm) 7.66 (br.s, 1H, PhNH),

7.38 (dd, J = 7.8 Hz, 2H, aryl), 7.25 (dd, J= 7.4 Hz, 1H, aryl), 7.17 (d, J

= 8.4 Hz, 2H, aryl), 6.42 (br.s, 1H, -CH2NH), 3.88 (q, J = 6.0 Hz, 2H, -

NHCH2-), 2.91 (t, J=6.2 Hz, 2H, HSCH2).
13C NMR (CDCl3) δ(ppm) 180.91

(1C, -C=S), 135.85 (CH), 130.28 (CH), 127.61 (C), 125.41 (CH), 43.85

(CH2), 37.14 (CH2). +ve ESMS expected for C9H12N2S2: m/z 213.0 (M +

H+). Found: m/z 445.1 (Disulfide + Na+) (100%), 213.0 (10%), 211.1

(70%). Melting point = 150o C.

2.2.1.5 Synthesis of Ferrocenylcarboxaldehyde oxime (46).

Following a literature procedure by Baramee et al109, ferrocene

carboxaldehyde (3.00 g, 14 mmol, 1 eq) was dissolved in ethanol (130

mL). To this solution, sodium hydroxide (3.30 g, 82.5 mmol, 5.9 eq) and

hydroxylamine hydrochloride (1.95 g, 28 mmol, 2 eq) was charged and

the reaction was refluxed for 3 hr. After cooling, water (150 mL) was

added and the product was extracted with dichloromethane (3 x 150 mL).

The organic layers were combined, dried over sodium sulfate and the

solvent was removed in vacuo to give ferrocenylcarboxaldehyde oxime as

an orange solid (2.99 g, 92.8 %). 1H NMR (400 MHz, CDCl3) δ(ppm) 7.91

(s, 1H, CH=N), 7.79 (br.s, 1H, OH), 4.56 (m, 2H, Cp), 4.28 (m, 2H, Cp),

4.15 (s, 5H, Cp).
13C NMR (100 MHz, CDCl3) δ(ppm) 150.0 (CH=N), 70.0
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(Cp), 69.3 (Cp), 67.6 (Cp). +ve ESMS expected for C11H11NOFe: m/z 229.0.

Found: m/z 230.0 (M + H+) (100%).

2.2.1.6 Synthesis of Ferrocenylmethylamine (47).

Following a literature procedure by Baramee et al109, compound 46

(2.34 g, 10.2 mmol, 1 eq) dissolved in dry THF (50 mL) was added

dropwise to Lithium aluminium hydride (LAH) (2.06 g, 54.2 mmol, 5.3 eq)

in dry THF (50 mL). The reaction was refluxed under nitrogen for 6 hr.

After cooling, water (100 mL) was slowly added (extreme caution was

observed for LAH quenching) and the product was extracted with diethyl

ether (3 x 150 mL). The combined organic layers were dried over sodium

sulfate and concentrated under vacuum to give an orange oil (1.97 g,

90.0 %). 1H NMR (400 MHz, CDCl3) δ(ppm) 4.14 (m, 2H, Cp), 4.12 (m,

5H, Cp), 4.09 (m, 2H, Cp), 3.53 (s, 2H, CH2).
13C NMR (100 MHz, CDCl3)

δ(ppm) 90.9 (CH=N), 68.3 (Cp), 67.6 , (Cp) 67.1 (Cp), 41.3 (Cp). +ve

ESMS expected for C11H13NFe: m/z 215.1. Found: m/z 216.1 (M + H+)

(48%).

2.2.1.7 Synthesis of 5-(1,2-dithiolan-3-yl)pentanoyl azide (49).

Based on a procedure by Fidesser et al110, an ice cold solution of

thioctic acid (3.80 g, 18.5 mmol, 1 eq) and triethylamine (1.87 g, 18.5

mmol, 1 eq) was dissolved in dry DMF and allowed to stir under N2. A

solution of diphenylphosphoryl azide (5.10 g, 18.5 mmol, 1 eq) in dry DMF

(15 mL) was added dropwise over a period of 2 hrs. After removal of the

ice bath, stirring was continued for 3 hrs at room temperature. The

reaction contents were then poured into a mixture of ether and ice. When

the ice had thawed, the upper layer was collected and washed with a

saturated solution of NaHCO3. This was then washed with H2O, dried over

Na2SO4 and then solvent evaporated under reduced pressure (bath

temperature not exceeding 30 °C) to afford the product. Yield = 2.93 g

(68.6 %). 1H NMR (400 MHz, CDCl3) δ(ppm) 1.45 (m, 2H, CHCH2), 1.65

(m, 4H, 2 x CH2), 1.88 (m, 1H, ring CH2), 2.33 (t, J = 7.2 Hz, 2H,

CH2C=O), 2.44 (m, 1H, ring CH2), 3.12 (m, 2H, S-CH2), 3.54 (m, 1H, S-

CH). 13C NMR (100 MHz, CDCl3) δ(ppm) 24.41 (CH2), 28.58 (CH2), 34.56

(CH2C=O), 36.60 (CHCH2), 38.52 (S-CH2), 40.22 (CH-CH2), 56.23 (CH),
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180.40 (C=O). I.R. (Nujol) 2138 cm-1 (N3). ESMS expected for

C8H13N3OS2: m/z 231.1. +ve ESMS found: m/z 276.0 (M + 2Na –H). –ve

ESMS found: m/z 265.2 (M + Cl-), 309.0 (M + Br-).

2.2.1.8 Synthesis of 1-ferrocenyl-3-[4-(1,2-dithiolan-3-

yl)butyl]urea (51).

Based on a procedure described by Fidesser et al110, a solution of

49 (1.95 g, 8 mmol, 1 eq) in dry toluene (100 mL) was refluxed for 15

mins under N2 after which 47 (1.64 g, 8 mmol, 1 eq) in dry toluene (10

mL) was pipetted into the stirring solution. Refluxing was continued for 2

hrs. The solvent was then removed under reduced pressure (bath temp <

40 °C). The crude product was purified by flash chromatography (DCM /

MeOH, 98:2) and evaporated to give a dark orange oil. Yield = 3.2 g (95.7

%). 1H NMR (400 MHz, CDCl3) δ(ppm) 1.47 (m, 4H, 2 x CH2), 1.65 (m,

2H, CH2), 1.88 (m, 1H, ring CH2(Ha)), 2.39 (m, 1H, ring CH2(Hb), 3.07 (m,

2H, CH2-NH), 3.14 (m, 2H, S-CH2), 3.53 (m, 1H, CH), 4.03 (s, 2 H, CH2-

Cp), 4.03 (m, 2H, Cp), 4.14 (s, 5H, Cp), 4.18 (m, 2H, Cp).
13C NMR (100

MHz, CDCl3) δ(ppm) 157.84 (C=O), 85.73 (NH-CH2), 68.55 (Cp), 68.09

(Cp), 67.92 (Cp), 56.51 (CH), 40.27 (CHCH2), 39.89 (S-CH2), 38.48

(CHCH2), 34.55 (CH2C=O), 30.32 (CH2), 26.55 (CH2). HRMS, calculated

for C19H26ON2S2Fe: 419.0909 [M + H+]. Found: 419.0907 [M + H+].

2.2.1.9 Synthesis of 1-ferrocenyl-3-(5,7-disulfanylheptyl)urea

(52).

Based on a procedure by Chittiboyina et al,111 A solution of NaBH4

(0.53 g, 14 mmol, 1.9 eq) in 15 mL of H2O was added dropwise to an ice-

cold solution of 51 (3.12 g, 7.5 mmol, 1 eq). The mixture was allowed to

stir for an additional 1 hr. After completion of the reaction, 1N HCl (37.5

mL) was added and the solvent removed under reduced pressure (bath

temp < 40 °C). The residue was diluted with H20 (100 mL) and extracted

with DCM (2 x 200 mL). The combined organic layers were washed with

brine, dried over Na2SO4 and concentrated under reduced pressure to

afford the product. Yield = 3.0 g (95.2 %). 1H NMR (400 MHz, CDCl3)

δ(ppm) 1.26 (d, 1H, J = 8 Hz, CH-SH), 1.33 (m, 1H, J = 8 Hz, CH2-SH),

1.65 (m, 2H, CH-CH2), 1.47 (m, 4H, 2 x CH2), 1.88 (m, 1H, ring CH2(Ha)),
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2.43 (m, 1H, ring CH2(Hb), 3.08 (m, 2H, CH2-NH), 3.14 (m, 2H, S-CH2),

3.53 (m, 1H, CH), 4.05 (s, 2 H, CH2-Cp), 4.09 (m, 2H, Cp), 4.13 (s, 5H,

Cp), 4.15 (m, 2H, Cp).
13C NMR (100 MHz, CDCl3) δ(ppm) 158.05 (C=O),

85.80 (NH-CH2), 68.79 (Cp), 68.04 (Cp), 67.92 (Cp), 56.52 (CH), 40.33

(CHCH2), 40.27 (S-CH2), 39.84 (CHCH2), 38.49 (CH2C=O), 29.98 (CH2),

26.56 (CH2). ESMS expected for C19H28ON2S2Fe: m/z 420.1. –ve ESMS

found m/z 419.1 (M - H+) (base peak), 455.0 (M + Cl-).

2.2.1.10 Synthesis of 1-[4-(1,2-dithiolan-3-yl)butyl]-3-

phenylurea (54).

Based on a procedure described by Fidesser et al110, a solution of

49 (1.5 g, 6.49 mmol, 1 eq) in dry toluene (80 mL) was refluxed for 15

mins under nitrogen, after which aniline (0.604 g, 6.49 mmol, 1 eq) was

pipetted into the stirring solution. Refluxing was continued for 2 hr. The

solvent was then removed under reduced pressure (bath temp < 40 °C).

Yield = 0.765 g (39.8 %) 1H NMR (400 MHz, CDCl3) δ(ppm) 1.37 (m, 4H,

2 x CH2), 1.55 (m, 2H, CH2), 1.79 (m, 1H, ring CH2(Ha)), 2.32 (m, 1H,

ring CH2(Hb), 3.01 (m, 2H, CH2-NH), 3.06 (m, 2H, S-CH2), 3.42 (m, 1H,

CH), 5.54 (bs, 1H, CH2-NH), 6.95 (m, 1H, Ar), 7.19 (m, 5H, Ar), 7.38 (s,

1H, Ar-NH). 13C NMR (100 MHz, CDCl3) δ(ppm) 156.17 (C=O), 138.61

(CH), 129.53 (CH), 129.08 (CH), 123.77 (CH), 121.05 (CH), 120.19 (CH),

56.51 (CH), 40.26 (CH2), 40.05 (CH2), 38.47 (CH2), 34.51 (CH2), 29.86

(CH2), 26.54 (CH2). ESMS expected for C14H20N2OS2: m/z 296.1. +ve

ESMS found: m/z 335.1 (M + K+) (100%), 297.1 (M + H+) (75%), 319.1

(M + Na+) (20%).

2.2.1.11 Synthesis of 1-(5,7-disulfanylheptyl)-3-phenylurea

(55).

Based on a procedure by Chittiboyima et al,111 A solution of NaBH4

(0.065 g, 1.7 mmol, 2 eq) in 2 mL of H2O was added dropwise to an ice-

cold solution of 54 (0.25 g, 0.85 mmol, 1 eq). The mixture was allowed to

stir for an additional 1 hr. After completion of the reaction, 1N HCl (4 mL)

was added and the solvent was removed under reduced pressure (bath

temp < 40 °C). The residue was diluted with H20 (20 mL) and extracted

with DCM (2 x 25 mL). The combined organic layers were washed with
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brine, dried over Na2SO4 and concentrated under reduced pressure to

afford the product. Yield = 0.19 g (75.0 %). 1H NMR (400 MHz, CDCl3)

δ(ppm) 1.19 (m, 1H, SH), 1.28 (m, 1H, SH), 1.37 (m, 4H, 2 x CH2), 1.55

(m, 2H, CH2), 1.79 (m, 1H, ring CH2(Ha)), 2.32 (m, 1H, ring CH2(Hb), 3.01

(m, 2H, CH2-NH), 3.06 (m, 2H, S-CH2), 3.42 (m, 1H, CH), 5.54 (bs, 1H,

CH2-NH), 6.95 (m, 1H, Ar), 7.19 (m, 5H, Ar), 7.38 (s, 1H, Ar-NH). 13C

NMR (100 MHz, CDCl3) δ(ppm) 155.72 (C=O), 138.20 (CH), 128.55 (CH),

127.71 (CH), 121.84 (CH), 119.28 (CH), 118.80 (CH), 41.74 (CH), 38.93

(CH2), 38.43 (CH2), 37.68 (CH2), 28.88 (CH2), 23.34 (CH2), 21.34 (CH2).

HRMS, calculated for C14H22ON2S2: 299.1246 [M + H+]. Found: 299.1248.

2.2.1.12 Synthesis of 2-[(2-mercapto-phenylimino)-methyl]-

phenol (61).

From a literature procedure described by Tisato et al112,

salicylaldehyde (2.04 g, 16 mmol, 1 eq) and 2-mercaptoaniline (2.10 g,

16 mmol, 1 eq) were mixed in ethanol (30 mL). The solution immediately

became yellow and after 30 mins a white powder precipitated from

solution. This was filtered and washed with ethanol and finally diethyl

ether to give the product. Yield = 1.85 g (48.2 %). 1H NMR (400 MHz,

CDCl3) δ(ppm) 4.53 (s, 1H, SH), 6.76 (m, 2H, Ar), 6.93, (m, 2H, Ar), 7.02

(m, 2H, Ar), 7.21 (m, 1H, Ar), 7.25 (s, 1H, CH=N) 8.79 (br.s 1H, OH). 13C

NMR (100 MHz, CDCl3) δ(ppm) 157.12 (CH=N), 145.17 (C-OH), 130.75

(CH), 128.98 (CH), 128.48 (CH), 127.41 (CH), 125.77 (CH), 122.44 (CH),

122.38 (CH), 120.19 (CH), 119.73 (CH), 117.95 (CH), 111.60 (C-SH).

ESMS expected for C13H11NOS: m/z 229.1 [M + H+]. +ve ESMS found:

m/z 230.1 [M + H+].

2.2.1.13 Synthesis of 2,2’-(1E, 1’E)-(2,2’-disulfanediylbis(2,1-

phenylene)bis(azan-1-yl-1-ylidene)bis(methan-1-yl-1-

ylidene)diphenol (66).

From a literature based on a procedure by Wang et al113,

salicylaldehyde (1.75g, 14 mmol, 1 eq) and 2-mercaptoaniline (1.79 g, 14

mmol, 1 eq) were mixed in ethanol (30 mL). The mixture was stirred and

aerated over night at room temperature. A yellow precipitate resulted

which was filtered, washed with ethanol and finally diethyl ether to give
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the product which was dried in vacuo. Yield = 1.75 g (27.4 %). 1H NMR

(400 MHz, CDCl3) δ(ppm) 4.62 (s, 2H, OH), 7.68 (m, 1H, Ar), 6.93, (m,

2H, Ar), 7.02 (m, 2H, Ar), 7.21 (m, 1H, Ar), 8.79 (s, 1H, CH=N). 13C NMR

(100 MHz, CDCl3) δ(ppm) 162.84 (CH=N), 161.17 (C-OH), 145.19 (CH),

133.71 (CH), 132.62 (CH), 131.63 (CH), 127.75 (CH), 127.41 (CH),

127.66 (CH), 119.73 (CH), 119.24 (CH), 117.93 (CH), 117.49 (C-SH).

ESMS expected for C26H20N2O2S2: m/z 456.1. -ve ESMS found: m/z 535.1

[M + acetic acid - H+].

2.2.2 QD synthesis

2.2.2.1 Synthesis of CdSe QDs

CdSe QDs were prepared modifying slightly a procedure developed

by Peng et al.17 A stock selenium solution was prepared by dissolving

selenium powder (0.15 g, 1.9 mmol, 1 eq.) and trioctylphosphine (TOP),

(0.6 g, 1.6 mmol, 1 eq) in 1-octadecene (12.5 mL), a high boiling, non-

coordinating solvent. The solution was heated to 150 oC and maintained at

this temperature for 10 mins. Preparation of the cadmium solution

involved dissolving cadmium oxide (0.65 g, 0.5 mmol, 1 eq) and oleic acid

(1.4 g, 5 mmol, 10 eq) in 1-octadecene (25 mL). This solution was heated

to 265 oC and a portion of the TOPSe (5 mL) solution was added. The

temperature was maintained for 10 seconds and a portion of the reaction

was quenched by pouring on to crushed ice. This was repeated for a

reaction time of 30 seconds and also 2 minutes. After the ice had melted,

the QDs were separated from the aqueous solution as the upper intensely

coloured layer (10 mL).

2.2.2.2 Synthesis of CdSe/ZnS QDs

CdSe/ZnS QDs were prepared following a literature procedure by

Asokan et al114. Cadmium oxide (0.05 g, 0.4 mmol) and oleic acid (2 mL)

were charged to 1-octadecene (ODE) (25 mL) in a three-necked flask.

This mixture was degassed and heated under nitrogen to 250 °C. The

mixture became colourless at about 150 °C. The selenium precursor was

prepared by mixing selenium (0.016 g, 0.2 mmol) and trioctylphosphine

(TOP) under nitrogen. After sonication the solution became transparent.
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The zinc sulfide precursor was prepared by combining

hexamethyldisilathiane (0.2 mL), TOP (0.75 mL) and dimethylzinc (0.3

mL) in ODE (5 mL). When the cadmium solution had reached 250 °C, the

heat was turned off and the selenium solution was quickly injected in via

syringe. After the desired time had elapsed, the ZnS solution was injected

into the core QD solution. The reaction was then stirred for 2hrs at 100 °C

and dispersed in hexane. (25 mL)

2.2.3 Ligand exchange of hydrophilic ligands

2.2.3.1 Ligand exchange of CdSe and CdSe/ZnS QDs with

mercaptosuccinic acid to form 21 and 22.

Based on a procedure by Chen et al115, CdSe QDs (12 mL) in

octadecene were charged to a solution of 14 (0.16 g, 1.04 mmol) in

anhydrous methanol (120 mL). The mixture was pH adjusted to 10 with

the aid of tetrabutylammonium hydroxide and refluxed for 5 hrs under N2.

It was then concentrated to about one third of its original volume under

reduced pressure and treated with diethyl ether (100 mL) to precipitate

the QDs. The supernatant was carefully decanted off and the remaining

solution was centrifuged for 5 mins at 12,500 rpm. The resulting pellet

was vacuum dried overnight. Yield = 0.31 g.

A similar procedure was followed for the exchange with the

CdSe/ZnS QDs to yield 22 (0.20 g).

2.2.3.2 Ligand exchange of CdSe/ZnS QDs with 27 to form 28

A similar procedure to that used in 2.2.3.1 was followed using 0.60

g, 3.85 mmol of 27 in anhydrous methanol to yield 0.18 g of 28.

2.2.3.3 Ligand exchange of CdSe/ZnS QDs with 16 to form 29

A similar procedure to that used in 2.2.3.1 was followed using 0.11

g, 0.70 mmol of 16 in anhydrous methanol to yield 0.06 g of 29.



57

2.2.4 Ligand exchange of hydrophobic ligands

2.2.4.1 Ligand exchange of CdSe/ZnS QDs with 38 to form 39.

The procedure developed by Tomasulo et al 31was used for ligand

exchange with hydrophobic ligands. A solution of CdSe/ZnS core shell QDs

(0.5 mL, 0.027 mol) and 38 (0.03g, 150 μmol) in chloroform (20 mL)

was heated under reflux for 24 hr. After cooling to ambient temperature,

the solvent was removed in vacuo. The residue was suspended in

acetonitrile (8 mL) and centrifuged at 12,500 rpm for 5 min. The

centrifugation step was repeated three more times to afford the modified

CdSe/ZnS core shell QDs as a yellow powder (0.02 g).

2.2.4.2 Ligand exchange of CdSe/ZnS QDs with 52 to form 53.

Following a procedure by Tomasulo et al 31, a solution of CdSe/ZnS

core shell QDs (0.5 mL, 0.027 mol) and 52 (0.05g, 119 μmol) in dry

chloroform (5 mL) was heated at reflux under N2 for 3 hr. TBAOH (0.25

mL) was added to the solution. The reaction proceeded for another 3 hrs

after which a further addition of the ligand 52 (0.01g, 0.6 μmol) in dry

chloroform was transferred to the reaction. The reaction was removed

from the heat and allowed to stir overnight at RT under N2. The solvent

was removed in vacuo and the residue was suspended in acetonitrile (8

mL) and then centrifuged at 12,500 rpm for 5 min. The centrifugation step

was repeated three more times to afford the modified CdSe/ZnS core shell

QDs as an orange powder (0.02 g).

2.2.4.3 Ligand exchange of CdSe/ZnS QDs with 55 to form 56.

Following a procedure by Tomasulo et al 31, a solution of CdSe/ZnS

core shell QDs (2 mL, 0.108 mol), 55 (0.19g, 638 μmol) and TBAOH (0.5

mL) was refluxed in dry chloroform (15 mL) for 24 hr under N2. After

cooling to ambient temperature, the solvent was removed in vacuo. The

residue was suspended in acetonitrile (8 mL) and centrifuged at 12,500

rpm for 5 min. The centrifugation step was repeated three more times to

afford the modified CdSe/ZnS core shell QDs as an orange powder (0.07

g).
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2.2.4.4 Ligand exchange of CdSe/ZnS QDs with 61 to form 67.

Following a procedure by Tomasulo et al 31, a solution of CdSe/ZnS

core shell QDs (0.5 mL, 0.027 mol), 61 (2.3 g, 0.01 mol) and TBAOH

(0.25 mL) in dry chloroform was heated at reflux for 24 h. Upon

completion of reaction, the solvent was removed under reduced pressure.

The crude mass was suspended in acetonitrile (5 ml) and centrifuged at

12,500 rpm for 5 min. The supernatant solution was decanted off and the

solid was again suspended in fresh acetonitrile. This step was repeated a

further three times and the product was vacuum dried to obtain pure 67

as an orange coloured powder (0.02 g).

2.3 Quantum yield

Quantum yields were determined by preparing a sample of the probe and

the reference standards (rhodamine 6G or fluorescein) both with an

optical density of 0.08 A.U. at the excitation wavelength to be selected.

The fluorescence spectrum for both the probe and reference were

recorded and the integrated area under the curves was calculated.

The quantum yield was then obtained using equation 2.1:

QD = R(spectral areaQD / spectral areaR)(QD
2 / R

2) equation

2.1116

Where  = quantum yield,  = refractive index of solvent, R = reference.
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CHAPTER THREE

SYNTHESIS OF CdSe AND

CdSe/ZnS QDs
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3.1 History

The history of quantum dots is a relatively short one but even from

the middle ages there was evidence of such nanotechnology. Stained

glass windows in some European churches were impregnated with gold

nanoparticles and actually acted as air purifiers. The glaziers were

oblivious to this at the time but when the sunlight hit the gold

nanoparticles they resonated to the wavelength of the sunlight’s

electromagnetic field and became charged and this created their own

electromagnetic field. Any pollutants in the air were then broken down in

this field.

Fast forward a few centuries to the late 1970’s and in the Ioffe

Institute in St. Petersburg where Ekimov and his colleague Efros first

observed the birth of semiconducting nanocrystals (NCs) or quantum dots

(QDs)3-5. Since then two popular approaches for synthesising QDs have

been developed. Physicists have gravitated towards molecular beam

epitaxy (MBE) due to exact measurements and characterisation they

perform on single QDs117. The second approach, the colloidal route is the

most favoured by chemists due to the advantages of continuous size

control and chemical accessibility, enabling functionalisation of their

surface.

3.2 CdSe core and CdSe/ZnS core-shell synthesis

3.2.1 CdSe QD synthesis

The colloidal synthesis of CdSe QDs dates back only 21 years, from the

initial efforts of Dimitrijevic and Kamat118 followed by the now favoured

method developed by Murray, Norris and Bawendi16. This revolutionary

approach involved injecting the precursors dimethylcadmium and

elemental selenium into a hot (300 °C) matrix of coordinating ligands

trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO).
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260
o
C

Reaction mixture
poured on to ice after
desired QD size obtained

50:50 CHCl3:MeOH added to

octadecene layer to purify and

remove unreacted precursors.

After octadecene (top red layer) solidifies,
it can be easily separated from the water.

150oC

TOP-Se in
1-octadecene

Cd-oleic acid in
1-octadecene

Top-Se transferred to Cd-oleic acid
and timer started.

CdSe

Figure 3.1 Schematic diagram illustrating the preparation of CdSe core

nanocrystals18.
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By varying the crystal growth time different size QDs were obtained. It

still remains the preferred mode of fabrication although other methods

have emerged which have produced comparable results. Peng and

others17, 18, 119 report a similar procedure to Bawendi, replacing the very

toxic dimethylcadmium precursor with cadmium oxide and using an

alternative capping ligand in oleic acid while also retaining TOP. A

somewhat lower temperature was required (270 °C), producing very

monodisperse nanocrystals with quantum yields of ~10 - 15%. In this

thesis several procedures have been employed to synthesise QDs but the

method of choice has been the less toxic route, using CdO as the

cadmium source. From this route CdSe QDs ranging from ~2 nm to ~7

nm can be synthesised (see table 3.1). The reaction involved preparing a

selenium solution, which contained elemental selenium, trioctylphosphine

as a capping ligand and octadecene, a high boiling, non-coordinating

solvent (figure 3.1). A second solution containing cadmium oxide and oleic

acid was also prepared in octadecene. When the selenium solution heated

to 150 °C had become clear, an aliquot was injected into the cadmium

solution. The timer was started at this point and depending on the desired

size of QD, the solution was then poured into ice after a specific time

interval thus quenching the reaction. Removal of unreacted materials was

achieved by extractions with a 50/50 chloroform/methanol solution. The

QDs suspended in the octadecene layer were freely dispersible in a range

of solvents, e.g. toluene, chloroform, hexane and tetrahydrofuran.
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Figure 3.2 (a) Absorption and (b) photoluminescence spectra of various

sizes of CdSe QDs dispersed in chloroform. Excitation wavelength for the

three QDs was set at 370 nm.

Figure 3.2 reveals the spectral data (absorption and emission) for

various sizes of CdSe QDs produced. In figure 3.2a one of the unique
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properties of quantum dots is observed. As the QDs increase in size, as a

result of longer reaction time, the absorption onset or what is termed the

1st exciton peak moves to a longer wavelength. The shortest wavelength

absorption band (full line) is the absorbance profile of the smallest CdSe

QDs synthesised. These QDs were quenched after 10 seconds with the 1st

exciton peak appearing at λmax = 495 nm. The second spectrum (broken

line) shows the absorbance spectrum for the medium sized CdSe QDs,

quenched at 30 seconds with the 1st exciton peak at λmax = 514 nm. The

largest CdSe QDs (dotted line) prepared from a reaction time of 2 minutes

had a 1st exciton peak at λmax = 553 nm. Thus, as expected, increasing

the crystal growth phase by increasing reaction time led to an increase in

the absorption onset of the QD.

The emission profiles in figure 3.2b show another unique property

of QDs. The spectra are relatively narrow and Gaussian in shape with a

full width half maximum (FWHM) of ~50 nm. This sets them apart from

organic dyes which have a tendency to red-tail10. The excitation

wavelength used for all three QDs was 370 nm. From the emission profiles

it is evident that as the reaction time increases, so too does the emission

wavelength of the resulting QDs. A 10 second reaction time led to an

emission band centred at λmax = 505 nm while 30 second and 120 second

reactions led to emission bands with λmax = 528 nm and λmax = 560 nm

respectively. Thus, as the reaction time is increased, the crystal diameter

increases and the resulting emission wavelength is longer or lower in

energy. This can be explained by a decrease in the band gap energy with

increasing particle size (see figure 1.2 in chapter 1). Due to the fact that

QD electronic energy levels are discrete rather than continuous, the

addition of just a few atoms decreases the boundaries of the band gap

and the electron has a shorter energy drop to the ground state and hence

less energy is emitted (i.e. longer wavelength).

One of the more striking features of QDs is the vibrant range of

colours that they emit depending on their size. Controlling their growth

can result in QDs with emission colours ranging from violet through to

red. The emission max of the three batches of CdSe QDs shown in figure

3.2b are quite close together and as a result so too is their emission

colours as shown in figure 3.3. The quantum yields of the small, medium
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and large QDs calculated using a rhodamine 6G reference were 6.5%,

9.0% and 4.2% respectively (table 3.1).

Figure 3.3 Various sizes of CdSe QDs dispersed in toluene, irradiated

under UV Light. Small QDs (Blue / green), medium QDs (Green), large

QDs (green / yellow).

3.2.2 CdSe/ZnS QD synthesis

Core QDs usually require surface capping to produce materials with

higher quantum efficiencies. Surface passivation involves coating the core

QD with a substance that has a larger band gap such as ZnS. CdSe QDs

have a band gap energy of 1.73 eV at room temperature120. Overcoating

them with ZnS, which has a band gap energy of 3.6 eV120, increases their

luminescence quantum yield while retaining the spectral characteristics of

the core. The thickness of the ZnS shell is of importance in achieving

optimum photoluminescence (PL) QY. Optical phonon Raman studies have

been conducted on several samples of CdSe/ZnS QDs with varying

thickness of ZnS shell and the results have shown that at ~2 monolayers

(ML) the surface of the CdSe core is almost defect free but is not too thick

to prohibit effective electron transfer between the QD and the appended

ligands121.
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Figure 3.4 Schematic representation for the preparation of CdSe/ZnS

core-shell nanocrystals114.
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The issue of toxicity is another concern when dealing with cadmium

based compounds and the use of bare CdSe QDs as labels or bio-markers

has been restricted. Oxidation in air and from exposure to UV light leads

to release of cadmium from the QD surface122. This cytotoxicity can be

overcome by surface coating and the capping with a ZnS shell has

somewhat addressed this worry.

A typical procedure for the synthesis of CdSe/ZnS QDs involved

preparing the core QDs as described previously. The ZnS precursor was

prepared by combining hexamethyldisilathiane and dimethylzinc in

octadecene, under N2. After the desired QD core had been synthesised,

the ZnS solution was injected, the temperature lowered to 100 °C and

maintained at this temperature over several hours. The QDs were then

purified by repeated extractions with hexane / methanol (50/50)114. A

schematic diagram illustrating the CdSe/ZnS synthesis is shown in figure

3.4.

Figure 3.5 illustrates the absorption spectra of synthesised

CdSe/ZnS QDs. As with the CdSe QDs the position of the 1st exciton peak

moved to a longer wavelength with increasing reaction time. The shortest

reaction time (5 seconds) resulted in QDs with the shortest wavelength 1st

exciton peak at 389 nm which is close to the minimum possible for CdSe

QDs123. A quench at 30 seconds reaction time resulted in the formation of

medium sized QDs with the 1st exciton peak at λmax = 527 nm, while

quenching at 2.5 mins yielded larger nanoparticles, with the 1st exciton

peak at λmax = 575 nm.

The emission spectra obtained after excitation at 370 nm again

were Gaussian in shape with the exception of the small QDs which exhibit

significant red tailing. This may be due to a lengthy nucleation stage

resulting in a large size distribution34. The emission maximum of these

QDs was observed at 470 nm with a FWHM of 58 nm. The medium sized

QDs displayed an emission maximum at 547 nm and FWHM of 49 nm

while the largest nanoparticles had an emission maximum of 584 nm and

a FWHM of 42 nm.
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Figure 3.6 Schematic representation of CdSe/ZnS core-shell QDs.

Again, as with CdSe core QDs it is evident from the data presented

above that the emission wavelength can be tailored by controlling the

crystal growth reaction time. As all these QDs can be excited with a single

wavelength, possibilities for multiplexing are significantly greater than for

organic dyes.

Figure 3.7 shows a photograph of the small, medium and large

batches of CdSe/ZnS QDs. Although not very clear from the photo, the

smallest QDs are emitting a light blue fluorescence when excited with 340

nm light. The medium sized batch of QDs emitted green fluorescence

while the largest batch emitted orange fluorescence. The quantum yield of

the three batches of QDs were approximately 11%, slightly greater than

the CdSe core QDs (see table 3.1). However the magnitude of the

increase was not as great as anticipated. For comparison, a batch of

CdSe/ZnS QDs purchased from Evident Technologies, USA was also

analysed. The quantum yield of these 540 nm emitting QDs was

determined as 38.1% using rhodamine 6G as reference. It is clear that

the Evident QDs are significantly brighter than any of the three batches of

CdSe/ZnS QDs synthesised here. The reasons for this could be due to an

ineffective quenching of the reaction by not cooling the core QDs quickly

enough. Another possibility could be that the optimum shell thickness may

not have been achieved. In addition, the purification and size selection

strategies available to Evident are presumably more rigorous and

advanced. As these Evident QDs were of better quality than the QDs

prepared here, they were used in the probes developed in chapters four,

five and six.
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Figure 3.7 Various sizes of CdSe/ZnS QDs dispersed in toluene,

irradiated under UV Light. Small QDs (blue), medium QDs (Green), large

QDs (orange).

3.3 Size determination

3.3.1. Size determination by transmission electron microscopy

(TEM)

One method for determining the size of QDs is transmission

electron microscopy (TEM). It is the most important tool for the

measurement of QD size but can be laborious and tedious due to the time

and expense associated with it. TEM involves passing a beam of electrons

through a very thin specimen of sample. The electrons interact with the

sample and form an image which is picked up by a fluorescent screen,

charge-coupled device (CCD) camera or photographic film. TEM images of

all six batches of prepared QDs as well as the Evident QDs were obtained

from the EPSRC National Service at St Andrew’s University. The images

for the CdSe QDs are shown in figure 3.8 while those for the prepared

CdSe/ZnS QDs are shown in figure 3.9. The Evident CdSe/ZnS QDs are

shown separately in figure 3.10. The average particle size for each of the

prepared QDs and also the Evident batch were obtained by taking an

average value from ten independent measurements and calculated using

the available software. Due to the sparse number of small CdSe QDs
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present in the sample used for the measurements an accurate dimension

proved difficult to obtain. During the TEM measurement of this batch it

was noted that the solvent had encroached over the aperture on the grid

in an obtrusive way and thus making it difficult to obtain a clear image. A

set of 10 nm scale images were the only viable captures and

measurements were obtained from these.

Tables 3.1 and 3.2 summarises the sizes obtained for each batch of

QD. For the CdSe QDs, the average particle size increases from 4.5 nm for

the small batch, to 4.7 nm for the medium batch and 5.0 nm for the large

batch. Similarly, a gradual increase in size was also observed for the

CdSe/ZnS QDs with a value of 4.6 nm observed for the small QDs, a value

of 5.5 nm for the medium QDs and a value of 6.9 nm for the large QDs. In

contrast, the CdSe/ZnS QDs obtained from Evident Technologies displayed

a particle diameter of 3.8 nm. The medium batch of prepared CdSe/ZnS

QDs had an almost identical emission wavelength and therefore would be

expected to be of a similar size. There may be several reasons for this

difference in size. For one, there may be small aggregates present in the

prepared QDs that increase the average particle diameter. The well

defined synthesis and purification technology established at Evident may

result in more specific size distribution of the prepared nanocrystals. The

size of the ZnS shell may also be a factor which would increase the

particle size. However, this can be discounted as all batches of the CdSe

core QDs also had TEM diameters greater than the Evident CdSe/ZnS

QDs.
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(c)

Figure 3.8 TEM images of (a, b) small, (c, d) medium and (e, f) large

diameter batches of CdSe QDs. 10 nm and 20 nm magnification shown for

medium and large batches.

(a) (b)

(d)

(e) (f)
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Figure 3.9 TEM images of (g, h) small, (i, j) medium and (k, l) large

diameter batches of CdSe/ZnS QDs. 10 nm and 20 nm magnification

shown for small, medium and large batches.

(i) (j)

(k) (l)

(g) (h)
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Figure 3.10 TEM images (m, n) of Evident CdSe/ZnS QDs. 10nm and

20 nm magnification provided.

3.3.2 Size determination by dynamic light scattering (DLS)

Another technique to determine the size of nanoparticles is dynamic

light scattering (DLS), also called photon correlation spectroscopy (PCS).

Due to Brownian motion, particles are in constant movement in solution

and when a coherent light source, like a laser of known frequency is

directed at these particles, the light is scattered at a different frequency.

This change in frequency is referred to as a Doppler shift or broadening124.

For measurement purposes, this shift in light frequency is associated with

particle size. Figures 3.11 and 3.12 show the DLS spectra for the CdSe

and CdSe/ZnS QDs respectively, with the Evident CdSe/ZnS QDs shown in

figure 3.13. As for the TEM results, the results of the average particle

diameter by DLS are presented in tables 3.1 and 3.2. Again, there was an

increase in the average particle diameter on progressing from the small to

the medium to the large batches of QDs for both the CdSe and CdSe/ZnS

QDs.

(m) (n)
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Figure 3.11 Dynamic light scattering (DLS) histogram plot of

CdSe QDs dispersed in toluene (a) small, (b) medium and (c) large.
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Figure 3.12 Dynamic light scattering (DLS) histogram plot of CdSe/ZnS

QDs dispersed in toluene (d) = small, (e) = medium and (f) = large.
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A surprisingly small particle diameter of 2.62 nm was obtained for

the small batch (i.e. quenched at 10 seconds) of CdSe QDs which was

significantly smaller than the TEM result of 4.5 nm for the same batch.

Given that DLS gives a measure of the hydrodynamic diameter which

includes the surface ligands and hydration shell of the nanoparticle, the

values obtained for DLS are normally greater than that of TEM. This

suggests that the larger than expected particle diameters obtained by TEM

for the prepared batches of QDs are most likely due to aggregation.

However, the DLS instrument may also be at its operational limit at such a

small size as 2.62 nm. For the large CdSe QDs and for all the CdSe/ZnS

QDs the particle diameter obtained by DLS was larger than that obtained

for TEM, as would be expected. The hydrodynamic diameter remains the

most quoted value in the literature for QD particle diameter

characterisation as it is the most realistic when considering biological

applications125-127.

Figure 3.13 Dynamic light scattering (DLS) histogram plot of

Evident CdSe/ZnS QDs dispersed in toluene.

3.3.3 Size determination by UV-vis absorption spectroscopy

The determination of QD size is an important factor in their

characterisation and applications. Peng 43developed a formula which was

derived from TEM measurements and made it possible to measure the size

of QDs from the 1st exciton peak in the absorption spectrum. It has its

limitations though, due to the fact that only the core size is accounted for

and surface ligands or stabilizing layers are not considered. From the UV
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data the QD particle diameter, the concentration of the solution and the

extinction coefficient may be determined. By inputting the wavelength at

the 1st exciton peak into equation 3.1 (when the optical density is kept

between 0.15 and 0.25) the size of the QD core may be calculated. This

method gives a good approximation for the size of the QDs and is easily

obtained. The equations shown are for CdSe core QDs only due to their

relevance in this thesis. Similar equations for the determination of CdS

and CdTe QDs can also be found in the same publication43.

D = (1.6122 x 10-9)λ4 – (2.6575 x 10-6)λ3 + (1.6242 x 10-3)λ2 – (0.4277)λ

+ (41.57) (equation 3.1)

(where D = crystal size, λ = wavelength at 1st exciton peak).

From equation 3.1 crystal size (D), may be determined. Once the crystal

diameter is known it is possible to determine the extinction coefficient

from two different approaches. The first is from the transition energy of

the 1st exciton peak in eV using the equation:

ε = 1600 ∆E (D)3 (equation 3.2)

(where ε = extinction coefficient, ∆E = transition energy)

A second approach developed by Peng doesn’t consider the

transition energy ∆E and from experimental values equation 3.3 was 

derived.

ε = 5857 (D)2.65 (equation 3.3)

The determination of the extinction coefficient of QDs is essential in the

estimation of the actual concentration of the nanoparticles in any given

solution. In applications such as bio-medical labelling10, 45 and also in the

study of the nucleation and growth processes of QDs119, 128, 129 this

information can be critical. Through gravimetric methods, the

concentration of organic and inorganic compounds can be determined,
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however this is quite difficult with nanoparticles due to the variation in the

number of ligands populating the surface of the QDs. As a result, the use

of the absorption spectrum is a convenient and practical way to measure

the nanoparticle concentration. Once the extinction coefficient is known,

the concentration of the solution can be determined using the Beer-

Lambert Law.

Using equation 3.1, values were obtained for each batch of QDs and

are presented in tables 3.1 and 3.2. Again, a gradual increase in particle

size was obtained for the small, medium and large batches of prepared

QDs. A particularly small diameter was obtained for the small CdSe/ZnS

QDs which had a core size of just 1.46 nm. This is nearing the lower limits

of CdSe QD dimensions and it was feared that Peng’s calculation would

not be viable at these size ranges. However, a recent publication by Xia

and Zhu has reported CdSe QDs ranging in size from 1 – 2 nm123. These

so-called magic sized clusters were measured using Peng’s equation.

From the absorption onset, the extinction coefficient may also be

obtained by equation 3.3. As shown in table 3.1, the extinction

coefficients for the three sizes of CdSe QDs increases as the size of the

nanoparticle becomes larger. When compared to organic dyes like

rhodamine 6G and fluorescein, the molar extinction coefficients for the

band-gap absorption of QDs are comparable to the dyes when excited at

their max and can be of the order of 10 – 100 times greater, depending on

the excitation wavelength used. Using equation 3.3 the calculated values

for the core QDs were 5.32 x 104 M-1/cm-1, 6.57 x 104 M-1/cm-1 and 1.18 x

105 M-1/cm-1 for the small, medium and large batches respectively. These

values compare quite well with their organic dye counterparts excited at

their max (e.g. Rhodamine 6G = 1.16 x 105 M-1/cm-1). A similar trend was

observed for the three prepared batches of CdSe/ZnS QDs as shown in

table 3.2.
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3.4 Summary

Table 3.1 Characterisation data for various sizes of CdSe QDs.

QD sample max

abs

(nm)

max

em

(nm)

Extinction

Coefficient

(M-1/cm-1)



(UV)

(nm)



(DLS)

(nm)



(TEM)

(nm)

FWHM

(nm)

QY

()

(%)

CdSe (small) 495 505 5.32 x 104 2.30 2.62 4.5 43 6.5

CdSe (med) 514 528 6.57 x 104 2.49 4.43 4.7 46 9.0

CdSe (large) 553 560 1.18 x 105 3.10 6.77 5.0 39 4.2

Table 3.2 Characterisation data for various sizes of CdSe/ZnS QDs

(Evident and the three synthesised batches).

QD sample max

abs

(nm)

max

em

(nm)

Extinction

Coefficient

(M-1/cm-1)



(UV)

(nm)



(DLS)

(nm)



(TEM)

(nm)

FWHM

(nm)

QY

()

(%)

CdSe/ZnS

Evident

525 540 7.2 x 104 2.4 8.54 3.4 36 38.0

CdSe/ZnS

(small)

389 470 1.58 x 104 1.46 5.07 4.6 58 10.9

CdSe/ZnS

(med)

527 547 7.78 x 104 2.65 10.86 5.5 49 11.3

CdSe/ZnS

(large)

575 584 1.83 x 105 3.66 16.36 6.9 42 10.4

3.5 Conclusions

Three batches of CdSe and CdSe/ZnS QDs were successfully

prepared with varying sizes and distinct absorption and emission profiles.

The particle size was controlled by adjusting the reaction time during the

crystal growth phase. A gradual increase in particle size was observed for

the CdSe and CdSe/ZnS QDs within each series using TEM, DLS and
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absorption onset methods, however, there was significant variation

between the absolute values obtained using each method. The availability

of QDs with three distinct emission wavelengths that can all be excited

with the same excitation wavelengths offers the opportunity of multiplex

sensing. By attaching analyte specific receptors to their surface, probes

capable of simultaneously identifying numerous targets using a single

excitation source would be produced, a feature not possible with organic

dyes. However, it is clear the quality of the QDs prepared here are not as

good as those available from Evident Technologies and more development

is required to improve the synthetic procedure. As a result, for the future

chapters, CdSe/ZnS QDs used were obtained from Evident.
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CHAPTER FOUR

WATER SOLUBLE QDs
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4.1 Background

Optically sensing biologically relevant analytes in aqueous

environments using organic dye based sensors has been hampered

somewhat by the solubility issues of organic compounds in aqueous

media. Quantum Dots have emerged as viable alternatives to organic dyes

in biomedical applications due to their versatility in surface derivatisation,

in addition to their superior optical properties. Various strategies have

been employed to impart water solubility to these inherently hydrophobic

nanoparticles.

4.1.1 Ligand exchange

Exchange of the native hydrophobic ligands for hydrophilic ligands

is the most common approach to obtain water soluble QDs. These

hydrophilic ligands usually possess dual functionality; a thiol group for

anchorage to the QD surface and a hydrophilic group to impart the desired

water solubility. Some examples of such ligands are mercaptosuccinic

acid130, 2-aminoethanethiol131, mercaptopropionic acid45, dihydrolipoic

acid132 and cysteine based peptides133. Mono thiols have routinely been

used for anchoring ligands on to gold surfaces forming strong interactions.

The homolytic bond strength of the Au-S bond is 44 kcal/mol and analysis

with gold nanoparticles has revealed a short Au-S inter atomic distance

(rAu-S = 2.31 Å) indicating a strong surface interaction134, 135. This

phenomenon of surface attachment demonstrated with gold nanoparticles

has been observed with QDs and the use of mono-thiols have been

extensively used as the mode of imparting functionality on to the QD

surface. Recently, dithiols have become a more popular approach due to

their more robust attachment121, 136-138. Oxygen and nitrogen terminated

ligands have also been employed in surface attachment though not as

often139-141. There are drawbacks however to ligand exchange as a means

of derivatisation due to the altered chemical and physical states of the QD

surface atoms. After exchange, the quantum efficiencies of the

nanoparticles can decrease dramatically, and may fall from as much as

~50 % for CdSe/ZnS core-shell QDs to <2 %. There is also the issue of

precipitation of the QDs from aqueous solution which can occur over time
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with desorption of the grafted hydrophilic ligands from the QD surface due

to thiol oxidation.

HO

O

O

OH

SH

O

HO SH

SH

SH

O

HO

(14) (15) (16)

Figure 4.1 Examples of hydrophilic compounds routinely used in ligand

exchange reactions to impart water solubility on QDs. Mercaptosuccinic

acid 14, mercaptopropionic acid 15 and dihydrolipoic acid 16.

4.1.2 Micelles

Another means of imparting water solubility to QDs is though

hydrophobic interaction of the parent ligands with phospholipids such as

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (17) or 1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)] (18).

These amphiphilic compounds use their hydrophobic hydrocarbon chains

to interdigitate with the hydrocarbon chains of TOPO and leave their

hydrophilic head groups protruding into the solution to impart water

solubility.

Wang et al has also reported a procedure using octylamine-

modified poly (acrylic acid) to prepare amphiphilic polymers142. Solubility

in water is achieved through the carboxylate groups that orientate out

towards the solvent with the aliphatic portion adhering to the QD surface.

Hydrophobic interactions force the aliphatic portion of the octylamine to

interdigitate with the native TOP/TOPO groups thus encapsulating the QD.

The solubility is subject to the number of acrylic acid groups on the

polymer with between 40 – 45 % considered optimum. Above this figure,

the QD luminescence is more intense, however the water solubility

diminishes.
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Figure 4.2 (a) 1,2- dipalmitoyl-sn-glycero-3-phosphocholine 17. (b)

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol) 18.

Another issue affecting the QDs after modification is the reduction

in quantum efficiency of about 10 – 20 %. This is most likely due to a

couple of factors. Firstly, the isolation of the QDs after transfer from the

organic phase into the aqueous phase results in the loss of TOPO and

other capping ligands from the surface of the QDs thus reducing the

passivation of surface defects resulting in diminished luminescence.

Secondly, a dipole effect can exist from the action of water molecules on

the surface of the QD and also from the polymer142. The quantum
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efficiencies of these modified QDs are comparable to the values obtained

via another technique of water solubilisation called silanization.

Figure 4.3 Formation of polymer-QD complex (19) showing an idealized

micellar polymer shell (40% octylamine-modified PAA) encapsulating the

QD143.

4.1.3 Silanization

This alternative technique aligns itself with ligand exchange in

terms of quantum efficiencies. The process of silanization involves coating

the QD with an organosilicone compound functionalised with amines and

dithiols144. The dithiol has two roles with one adsorbing to the surface of

the QD and the second providing surface functionality. The free thiol can

form thioester linkages in the same way as the free amine can form a

peptide linkage. Silanization does, however, have a detrimental effect on

quantum yields due to the difficulty in controlling the silica shell growth

and the surface states that are generated leading to trap emission. A

method of silica encapsulation has been reported by Ying and co-workers

which involves a process called reverse micro-emulsion145. By carefully

controlling the silica layer growth and using alternative starting silanes,

for example an amino terminated silane rather than a thiol the quantum

yields can be increased.

Silica encapsulation is a solid strategy for providing water solubility

although its use is restricted to very small scale quantities as dilute

conditions are required. From this approach, like the micellar routes

(19)
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mentioned, larger particle sizes are produced (from tens of nanometres to

several micrometres). The subsequent size increase after encapsulation

can hamper their suitability for biological applications. The increase in

dimensions brought about by this modification could cause intracellular

delivery of water soluble QDs to be affected.

S Si O Si NH2
QD

S

Si
O Si

SH

S

Si
O

Si

OH

O
O

O
O

HO

HO
HO

HO

(20)

Figure 4.4 Quantum dot particle encapsulated in a silica shell143.

4.1.4 Polydentate Ligands

Ligand exchange of hydrophilic thiols onto the QD surface is a

convenient way to impart water solubility around the emissive inorganic

QD core. However, after the displacement of the hydrophobic capping

ligands the core can become somewhat exposed and in aqueous

environments the quantum yields are greatly diminished10, 146. In addition,

the desorption of thiols from the surface over time can cause aggregation

and precipitation of the QDs in solution. Coating the surface of the

nanoparticle with polymers or amphiphilic macromolecular constructs

protects it from the aqueous environment, however, it does increase the

dimensions of the QDs which can hamper biological applications. Callan

and Raymo recently reported the preparation of CdSe/ZnS QDs coated

with a polydentate thiol comprising a poly(methacrylate) backbone with

reduced DHLA ligands attached to each residue and have shown them to

be stable at pH 5 – 9 in aqueous environments for several days

possessing good luminescence yields (35 – 41 %) and relatively small
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hydrodynamic diameters (15 – 29 nm)138. From cellular imaging studies,

these modified QDs were shown to enter the cytosol or nucleus of human

umbilical vein endothelial cells (HUVEC), depending on the ligand used.

Furthermore, no cellular toxicity was detected in assays thus opening up

possibilities for use as intracellular probes.

Ligand exchange is by far the most common method for surface

functionalisation of QDs used in sensing applications and characterisation

tends to be more straightforward as particle size is not significantly

affected. Using thiol terminated ligands allows for convenient proof of

principle determination of new receptor types. Therefore, ligand exchange

using thiol terminated ligands will be the method used in this thesis.

4.2 Luminescent detection of Cu2+ ions in aqueous solution

4.2.1 Introduction

Copper is an essential element in all plant and animal life and plays

a vital role in biological electron transport in cells145. Blue copper proteins

like azurin and plastocyanin are involved in this electron transport and are

referred to as blue copper proteins due to the absorption band centred at

600 nm arising from the metal to ligand charge transfer (LMCT)147. Copper

is also found in the copper centres of cytochrome c oxidase and

superoxide dismutase enzymes148. Its anti-bacterial and anti-microbial

effects have been exploited for use in hospital surfaces and fittings. There

are however detrimental effects associated with copper in terms of its

consumption. There have been reports in India of cirrhosis of the liver

from cooking acidic food in copper pots149, therefore the detection of Cu2+

is of considerable importance.

4.2.2 Design of water soluble QD probe for Cu2+

Sub-micromolar recognition of copper ions in aqueous systems is

an area of great interest in the field of biology and environmental science

and historically this has been achieved through organic dye based

sensors. QD based sensors have recently been employed in the detection

of Cu2+ ions in aqueous solution88, 150, 151. In addition to those examples

outlined in section 1.8, Zhu and co-workers have designed a Cu2+
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sensitive CdTe/CdSe Type-II core shell QD functionalised with

mercaptopropionic acid (MPA)152. This type-II core shell QD emits in the

near infra-red (NIR) and has shown potential as fluorescent NIR probes in

biological imaging and NIR Cu2+ sensing. However, the lack of a protective

coating over the two cadmium based shells may limit it in terms of toxicity

for in vivo applications. Sanz-Medel and colleagues have modified CdSe

QDs with 2-mercaptoethane sulfonic acid and also with mercaptoacetic

acid and both have displayed selectivity towards Cu2+ ions in aqueous

solutions150. The sulfonate functionalised QDs were found to be more

sensitive to Cu2+ and further analysis was carried out using this probe in

the determination of trace copper levels in fountain and tap water.

In the work presented here, CdSe and CdSe/ZnS QDs were surface

functionalised with mercaptosuccinic acid (MSA), rendering them water

soluble. MSA has two important functions when grafted on to the QD. At

physiological pH the negatively charged MSA not only ensures water

solubility but also serves to electrostatically attract positively charged

substrates close to the QD surface. MSA has been used before as a

capping ligand for QDs130 but its resulting conjugate was not tested for

selectivity against cations. It is known that Cu2+ can quench the excited

state energy of fluorophores by electron / energy transfer153. In addition,

this design strategy is helped by the position of Cu2+ in the Irving-William

series, meaning it is expected to bind more strongly than any other

divalent 1st row transition metal ion to ligands, irrespective of the nature

or number of ligands involved50. In this capacity the MSA will serve as a

receptor and thus a QD-receptor conjugate with an “On-Off” response

could be realised. The effect the ZnS shell has on the quenching efficiency

of Cu2+ will also be investigated by performing titrations of CdSe and

CdSe/ZnS functionalised QDs with CuCl2. The ZnS shell would be expected

to insulate the emissive QD core and therefore influence the ability of

redox active substrates to interact with it. From table 3.1 the core size of

Evident CdSe/ZnS QDs was determined as 2.4 nm by UV methods while

TEM gave a value for the core-shell diameter to be 3.4 nm. Given that the

average contribution of one hemi-layer of ZnS has been reported as 0.31

nm, this would suggest that the Evident CdSe/ZnS QDs have

approximately three layers of ZnS coating the core. This is sufficiently thin
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to allow electron transfer processes between the core QD and the

appended receptors / analytes121.

4.2.3 Synthesis of QD conjugates 21 and 22

CdSe QDs (max em = 525 nm) prepared in section 2.2.2 and

CdSe/ZnS QDs (Evident technologies) (max em = 535 nm) were both

subjected to ligand exchange reactions with MSA as discussed in section

2.2.3. Briefly, the QD solution was pipetted into a stirring solution of MSA

in anhydrous methanol and adjusted to pH 10 with the aid of TBAOH.
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Scheme 4.1 Exchange reaction of MSA ligand with TOP/ TOPO groups

on QD surface. Reaction conducted in dry MeOH at pH 10.
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The reaction was refluxed for 5 hrs under N2, after which the solvent was

evaporated to one third of the original volume. Diethyl ether was used to

precipitate the QDs and the supernatant was carefully decanted off. The

suspended solid was centrifuged for 5 mins at 13,500 rpm. The resulting

solid was vacuum dried overnight. After exchange the modified QDs were

fully dispersible in water.

1H NMR was used to confirm ligand exchange of the QDs with MSA.

An example is shown for the CdSe/ZnS QDs in figure 4.5, with the stacked

1H NMR spectra for MSA, CdSe/ZnS QDs and 22 shown in descending

order. The MSA was characterised by two distinct resonances, one for the

methine proton centred at 3.60 ppm and a symmetric multiplet for the

diastereotropic methylene protons centred at 2.85 ppm. The acidic

carboxyl protons are observed at about 12 ppm and are not shown in the

expanded figure 4.5. However, the thiol proton was not observed most

likely due to deuterium exchange with the D2O solvent. The parent QDs

were characterised by the resonances centred at 5.75 and 4.85 ppm

representing the olefinic protons of 1-octadecene, a non-co-ordinating

solvent used in the synthesis of the QD, while the resonance at 1.95 ppm

represents the methylene protons adjacent to the olefinic group of 1-

octadecene. The remaining methylene protons of octadecene were

represented by the large resonance centred at 1.20 ppm while the methyl

protons were observed at 0.80 ppm. The methyl protons from TOPO

overlap with those of 1-octadecene. However, the methylene protons

adjacent to the P=O bond are observed as small broad resonances at 1.50

and 1.25 ppm, the latter appearing as a shoulder on the main methylene

peak observed for octadecene.

The spectrum for the QD-MSA conjugate reveals that the ligand

exchange and subsequent work-up results in the complete removal of

octadecene from the solution. In contrast, some TOPO groups remain with

the resonances at 1.50 and 1.25 ppm now more evident than in the

spectrum of the QD alone. Successful exchange was confirmed by the

upfield shift of the methine proton b, from 3.60 ppm in free MSA to 3.05

ppm in the QD-MSA conjugate. The smaller upfield shift observed for

methylene protons c and c’ to 2.55 ppm is most likely due to these being
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further from the sulfur atom and consequently are less influenced by the

QD surface.

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Figure 4.5 Stacked 1H NMR spectra of top: mercaptosuccinic acid (MSA)

recorded in D2O, middle: CdSe–ZnS QDs recorded in CDCl3 and bottom:

QD-MSA conjugate recorded in D2O.

4.2.4 Photophysical properties of 21 and 22

The absorption spectrum for the parent CdSe QDs recorded in

toluene and 21 recorded in 100% H2O are shown in figure 4.6a. A

significant red shift of the 1st exciton peak was observed after the

exchange with MSA. This red shift from 505 nm to 515 nm may be a

result of aggregation of QDs leading to this apparent increase in the 1st

excitonic peak. A particle diameter of 2.4 nm was calculated using

equation 3.1. When excited at 370 nm, emission was observed for 21 at

525 nm with a FWHM of 52 nm. Again, the profile and emission λmax are

similar to the parent QDs with the spectrum of 21, if anything less broad

than the parent QDs. This is most likely due to the extra precipitation
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steps involved in the reaction work-up after the exchange reaction. Also

observed is a slight blue shift in the emission spectrum which is possibly

due to a size selection process upon re-precipitation with the larger sizes

being excluded.
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Figure 4.6 (a) absorbance and (b) emission spectra for parent CdSe

QDs (–) and 21 (--).
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The absorption spectra for the parent CdSe/ZnS QDs and 22 are

presented in Figure 4.7a and a significant blue shift was observed after

ligand exchange. The 1st exciton peak in the parent QDs at 514 nm was

blue shifted to 525 nm for 22.
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Figure 4.7 (a) absorbance and (b) emission spectra for parent

CdSe/ZnS QDs (–) and 22 (--).
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This blue shift may be due to partial disruption of the ZnS shell

through photo-oxidation and removal of surface atoms resulting in a

slightly reduced diameter122. The diameter of the nanocrystals obtained

from the first exciton peak was 2.6 nm, using equation 3.1.

The emission spectra for 22 (figure 4.7b) when excited at 370 nm

was also relatively unchanged when compared to the parent CdSe/ZnS

QDs with max values of 541 nm and 539 nm respectively. The small red

shift into the emission may be due to leakage of the exciton into the ZnS

shell which has been observed before37. The quantum yield for 21 was 1%

(± 1%) while 22 returned a value of 2% (± 1%). These low quantum yield

values are common for water soluble QDs passivated with monothiols. The

appearance of the emission peak for 22 relative to 21 is significantly

narrower and is due to better passivation of the core with the higher band

gap ZnS.

4.2.5 Selectivity studies of 21 and 22

The selectivity of the MSA functionalised QDs were tested against a

range of physiologically and environmentally relevant cations in 100% H2O

solution, buffered to pH 7.4 using HEPES. Specifically, a 1 x 10-5 M

solution of Na+, K+, Mg2+, Ca2+, Fe2+, Mn2+ and Cu2+, as their chloride salts

in H2O were prepared in the presence of 21 or 22 (2.5 x 10-7 M). A bar

chart illustrating the results is presented in figure 4.8. For 21, Cu2+ was

observed to produce a 90% quench of the original fluorescent intensity

while Fe2+ also resulted in a quench, although of a much smaller

magnitude (48%), with the other ions tested producing only minor effects.
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Figure 4.8 Selectivity data for 21. Ion concentration was 1 x 10-5 M, ex

= 370 nm. [21]= 2.5 x 10-7 M.

The effect produced by Cu2+ was expected, due to its previously

mentioned position in the Irving-William series154. It would therefore be

expected to bind strongly to the carboxylate ligands of MSA and quench

21’s fluorescence by electron transfer.

The selectivity studies for 22 yielded similar results as for 21 (see

figure 4.9). Again, Fe2+ and Cu2+ were the main quenchers but

surprisingly, a significant enhancement was observed for K+, the reason

for which is unclear. As Cu2+ produced the most significant quench for

both 21 and 22, sensitivity titrations were undertaken to determine the

range over which the probe may be useful and to determine the effect if

any, the ZnS shell has on the quenching efficiency.
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Figure 4.9 Selectivity data for 22. Ion concentration was 1 x 10-5 M, ex

= 370 nm. [22] = 1.2 x 10-8M.

4.2.6 Sensitivity of 21 and 22 to Cu2+

The emission spectra for 21 and 22 in the presence of increasing

amounts of Cu2+ are shown in Figure 4.10. For 21 there is a distinct red

shift in the emission wavelength (~ 10 nm) at higher concentrations of

Cu2+ while for 22 the effect is much less significant (~ 4 nm). This red-

shift is indicative of surface effects between Cu2+ and the QD. This type of

interaction has been seen in other systems (the formation of Ag2Se upon

addition of Ag+ ions to CdSe QDs155 and the formation of HgTe on addition

of Hg+ ions to CdTe QDs156) and in the present case is explained by the

much lower solubility product of CuSe (-log KSP = 60)157 compared to

CdSe (-log KSP = 35)88.
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Figure 4.10 Emission Spectra for (a) 21 and (b) 22. Concentrations of

Cu2+ shown in the emission plots for CdSe were 0, 0.019, 0.13, 0.59,

1.10, 1.78, 3.31 and 3.99 m and for CdSe/ZnS were 0, 6.00, 14.00,

24.00, 64.00 and 104 nM with decreasing fluorescence intensity. [21]=

2.5 x 10-7 M, [22] = 1.2 x 10-8M.

A much smaller red shift (~4 nm) was observed for the CdSe/ZnS QDs

after addition of 104 nM Cu2+. It is unlikely that this is due to the

formation of CuSe due to the presence of the ZnS shell but could be due
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to the formation of small amounts of CuS or Cu2S
157. Again this is

supported by the lower solubility product of CuS (-log KSP = 35) compared

to ZnS (-log KSP = 20)158. This indicates that at higher concentrations of

Cu2+, the formation of CuSe and CuS / Cu2S may contribute to the

fluorescence quenching of 21 and 22 respectively. However, at lower

concentrations of Cu2+ where the emission maximum remains constant,

the most probable cause for the quenching is electron transfer from the

excited QD to Cu2+. UV-vis analysis was not carried out on the modified

QDs in the presence of Cu2+ due to the limited amount of 21 and 22

available for these studies.

To determine the sensitivity of the two QD-receptor conjugates

toward Cu2+, and to investigate the effect the ZnS shell may have on the

quenching efficiency, a plot of relative fluorescence intensity against –log

[Cu2+] is shown in Figure 4.11.
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Figure 4.11 Plot of relative intensity against –log [Cu2+] for 21 (triangles)

and 22 (diamonds). [21] = 2.3 x 10-7 M, [22] 1.3 x 10-8 M.

From figure 4.11 it is evident that 21 and 22 display different

binding responses to the presence of Cu2+. For 21, the fluorescence

“switched off” over about two log units which suggests a 1:1 binding

between Cu2+ and the QD conjugate108. In contrast, 22 displayed a
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greater range of quenching, “switching off” over about four log units.

Furthermore, 22 appears to be much more sensitive to Cu2+ addition with

the quenching process occurring over a significantly less concentrated

range. However, due to the slightly higher quantum yield of 22, this

solution had to be about 17 times more dilute than 21 in order to obtain

the same starting fluorescence intensity. Therefore, it was expected that

less Cu2+ would be required to bind to cause a quench in the intensity of

22 compared to 21. However, it was also observed from figure 4.11 that

a more complete quench was observed for 21 with a residual fluorescence

of 10% remaining after Cu2+ addition compared to 20% for 22, a feature

again attributed to an insulating effect by the ZnS shell. Although the

binding stoichiometry could not be confirmed due to the inability to

calculate the number of surface ligands on 21 or 22, the quenching for 21

occurred over approximately 2 log units and so a 1:1 binding was

assumed. A derivation of the Henderson-Hasslebalch equation can be

made to fit a 1:1 binding model and hence obtain a binding constant (β)

value.

The Henderson-Hasselbalch equation calculates the pKa values for

the dissociation of weak acids159. The equation derived to calculate pKa

values from changes in emission intensity is shown in equation 4.1.

Log[(IFmax – IF) / IF – IFmin] = -pH + pKa equation 4.1

y = mx + c

When y is plotted against x, dividing the y-axis intercept by the modulus

of the gradient gives an accurate value for the pKa of the probe. For 21,

equation 4.12 can be rearranged by replacing –pH with log[Cu2+] and

replacing pKa with log β160, 161. The binding constants –Log , obtained

from such a plot gave a value of 5.89 for 21.

4.3 Conclusions

CdSe QDs synthesised by a literature procedure and CdSe/ZnS QDs

purchased from Evident technologies were functionalised with MSA,

rendering them water soluble. On functionalisation, the QDs displayed well

defined spectral characteristics however as expected quantum yields were
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low ~ 1 % for both core and core-shell QDs. Both sets of QDs showed

selectivity for Cu2+ with a moderate interference by Fe2+ which was

attributed to an inner filter effect. The quenching of the fluorescence on

the introduction of Cu2+ was most likely due to a combination of electron

transfer from the QD and surface effects from the formation of CuSe for

21 and CuS or Cu2S for 22. A binding constant of 5.89 was determined

for 21 from the 1:1 association of 21 and Cu2+.

4.4 Luminescent detection of ATP using positively charged

CdSe/ZnS Quantum Dots.

4.4.1 Background

Virtually all life-forms use adenosine triphosphate (ATP). It is a near

universal molecule of energy transfer and within cells it serves as the

main energy currency. It is produced as the energy source in the

processes of photosynthesis and cellular respiration and consumed by

enzymes and cellular processes like biosynthetic reactions and cell

division162.

Its structure consists of the purine base, adenine attached to a

ribose sugar and three phosphate groups. ATP has multiple ionizable

groups with different acid dissociation constants162. It is ionized in neutral

solution and exists mostly as ATP4- and to a lesser extent as ATP3-. It has

been shown that ATP can chelate metals with great affinity due to its

negatively charged phosphate groups when in neutral solution and in cells

it exists as a complex with Mg2+.163
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Figure 4.12 Structures of ATP (23) and GTP (24) both in the ionised

form.

Kanekiyo et al developed a novel fluorescent probe for the detection

of ATP based on the aggregation of pyrene-appended boronic acids on a

polycation164. Due to the formation of reversible boronate esters with the

diol groups on the ATP, electrostatic attraction between the negatively

charged ATP and the polycation surface resulted in a hydrophobic

interaction between the pyrene units causing excimer emission (figure

4.13). Selectivity studies revealed significant spectral changes for ATP and

adenosine diphosphate (ADP) with a minor response from adenosine

monophosphate (AMP). The selectivity for ATP and ADP over AMP was

attributed to the decrease net charge of AMP relative to ATP and ADP

which decreased its extent of attraction to the polycation surface. Non-

charged species like adenosine and fructose were used as controls and

resulted in no response.

(23) (24)
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Figure 4.13 (a) ATP-mediated aggregation of pyrene-appended boronic

acid on polycationic surface. (b) Fluorescence spectra illustrating the

excimer emission upon addition of various concentrations of ATP. (c)

Dependence of the intensity ratio at 482 nm to 377 nm (I482/I377) on

nucleotide concentration164.

Inspired by these results and noting how ATP and ADP were

attracted to the polycationic surface while AMP and other non-charged

species showed no affinity for these quarternised amines, it was

envisaged that a comparable response would be observed by a QD

appended with similar positively charged ligands.

Therefore, a QD probe was designed where a charged quaternary

ammonium group was used not only as a receptor but also to ensure

aqueous solubility and was co-ordinated to the surface of a CdSe/ZnS QD

(a)

(b) (c)
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via a thiol group, to give conjugate 28. The oxidisability of guanine and

adenine is well known as they have the lowest oxidation potentials among

the nucleic acid bases165. CdSe QDs can be oxidised and reduced at

relatively moderate potentials and can thus participate in electron transfer

processes in a similar manner to organic dyes166. Therefore, the present

design attempts to discriminate between nucleotides based on differences

in their surface charge, which in turn modulates their attraction to the

surface of the QD. Electron transfer efficiency is known to be distance

dependant167 and so only those nucleotides that are attracted close to the

surface of the QD can participate in effective electron transfer.

4.4.2 Synthesis of receptor 27 and QD conjugate 28

The synthetic scheme adopted for the synthesis of the charged

receptor ligand and its attachment to the surface of the QD is shown in

scheme 4.2. The receptor was synthesized in one step by the direct N-

alkylation of 2-dimethylamino-ethanethiol with iodomethane (see section

2.2.1.2).
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Scheme 4.2 Synthesis of 28 (1) iodomethane, dry DCM, 18 hr, 25oC.

(2) amberlite ion exchange resin. (3) CdSe / ZnS QDs, MeOH, pH 10.0, 5

hr.
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An aqueous solution of the receptor was then passed through amberlite

ion exchange resin to substitute the iodide for chloride to prevent

potential quenching by the heavy atom effect. The new ligand was then

exchanged for the TOPO groups of the native CdSe/ZnS QDs by refluxing

in dry methanol for 5 hrs. The nanoparticle chosen was again a 2.4 nm

CdSe/ZnS QD purchased from Evident Technologies. The QD-receptor

conjugate was purified by reiterative dissolution in methanol and

precipitation from diethyl ether.

The 1H NMR spectra of the free ligand 27, the free QD and the QD-

ligand conjugate 28 are shown in figure 4.15. The S-CH2- and N-(CH3)3

protons of the receptor were observed together at 3.08 ppm while the -

CH2-N- protons were observed at 3.60 ppm (figure 4.15). The spectrum of

the free QD shows the methyl and methylene protons of trioctylphosphine

oxide (TOPO) resonating at 0.8 and 1.1 – 1.7 ppm respectively (figure

4.15). After the ligand exchange reaction, these signals disappear almost

completely as shown in the spectrum of 28. This confirms an almost

complete exchange of the TOPO ligands for 27. As expected however, the

signals from the receptor remain but are relatively unaffected in terms of

chemical shift when compared to the free ligand. This contrasts with the

MSA-functionalised QDs where a shift in the receptor proton signals were

observed upon surface exchange. A similar effect was also observed in

section 5.1 and appears to be a common feature associated with

cysteamine derivatised QDs. The zeta potential of an aqueous solution of

the 28 was + 56 mV / mol, which was similar in magnitude but opposite

in sign to a solution of QDs whose surface TOPO groups were exchanged

for dihydrolipoic acid (29) which had a zeta potential of - 61 mV / mol.
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Figure 4.14 TOPO groups of CdSe/ZnS QDs exchanged with dihydrolipoic

acid (DHLA)121.

Colloidal particles when dispersed in solution will be electrically

charged due to their ionic characteristics. Zeta potential is a measure of

how much particles repel or attract each other in solution. It is normally

used to predict the stability of formulations and optimisation of emulsions

and suspensions168. It can also be used to confirm the charge on the

surface of QDs and predict if they will attract species near the surface.

Figure 4.15 Stacked 1H NMR spectra of top: 27, recorded in D2O, middle:

CdSe/ZnS QDs recorded in CDCl3 and bottom: 28 recorded in D2O.
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The absorption spectra for the parent CdSe/ZnS QDs and 28 are

shown in figure 4.16. From the spectra it is evident that the 1st exciton

peak of 28 was not as well defined compared to the parent QDs, however

its position remains relatively unchanged as expected. This lack of

definition in the UV spectrum is common for water soluble QDs where the

surface states become altered and leads to broadening of the peak144.
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Figure 4.16 Absorbance spectrum of parent CdSe/ZnS QDs () and 28

(---). Parent CdSe/ZnS QDs dispersed in CHCl3 [2.0 x 10-6 M]. 28

dispersed in H2O [8.0 x 10-5 M].

The fluorescence spectra for the parent QDs and 28 are shown in

figure 4.17. The parent CdSe/ZnS-TOPO QDs emit at 531 nm while the

exchanged QDs 28 emit at 543 nm which is likely due to aggregation and

broadening of size distributions131. A quantum yield of 1% for 28 was

markedly less than the parent QDs (38%). This poor QY is due to surface

defects associated with the ligand exchange and also interaction with

water molecules as detailed previously in section 4.1.2.
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Figure 4.17 Emission spectrum of parent CdSe/ZnS QDs ( ) and 28

(---). Parent CdSe/ZnS QDs dispersed in CHCl3 [2.0 x 10-7 M]. 28

dispersed in H2O [8.5 x 10-6 M].

4.4.3 Selectivity studies of 28

The selectivity of 28 was tested against a number of nucleotides,

namely ATP, ADP, AMP, GTP, GDP and GMP. The analyses were carried out

in a 100% aqueous solution buffered with HEPES (0.1M) at pH 7.4. A plot

of relative fluorescence intensity against concentration is shown in figure

4.18 for each of the nucleotides tested. The top plot (figure 4.18a)

represents ATP, ADP and AMP and shows a significant reduction of the

original fluorescence intensity for ATP with an approximate 80% quench

observed at a concentration of 0.07 M ATP. In contrast, virtually no

change was observed in the intensity of 28 upon addition of a similar

quantity of ADP or AMP. The lower plot (figure 4.18b) shows the effect of

adding GTP, GDP and GMP to a solution of 28. Again, only minor changes

were observed with GTP causing a 25% quench at a concentration of 0.07

M, while GDP and GMP caused virtually no effect. These results suggest

that the greater charge on ATP relative to ADP or AMP and for GTP relative

to GDP or GMP results in a greater attraction to the positively charged

nanoparticle surface, where due to their oxidisability guanine and adenine

can engage in electron transfer with the QD and quench its fluorescence,
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Figure 4.18 Plot of relative fluorescence intensity against –log [anion]

for (a) 27 titrated with AMP (o), ADP (♦) and ATP (■) and (b) 28 titrated

with GMP (o), GDP (♦), GTP (■). [28] = 3.5 x 10-6 M, 0.1 M HEPES at pH

7.4, excitation wavelength = 370 nm.



110

as shown schematically in figure 4.19. However, one would expect a

greater quench for GTP compared to ATP due to the lower oxidation

potential of guanine (1.29 V for guanine compared to 1.42 V for adenine

vs NHE). The reason for this is unclear, however the results do show that

28 exhibits good selectivity for ATP when tested against other

physiologically relevant nucleotides.

N
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ZnS

N
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h
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h
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em

"ON" state

"OFF" state

Figure 4.19 Schematic diagram illustrating the quenching effect on

addition of ATP to positively charged CdSe/ZnS QDs. The quaternary

ammonium ligand attracts the tetravalent ATP to the surface of the QD

and engages in electron transfer thus quenching the excited state energy.
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Figure 4.20 Plot of fluorescence intensity against wavelength for 28

upon increasing addition of ATP. [28] = 3.5 x 10-6 M, excitation

wavelength = 370 nm.

Figure 4.20 shows a spectral plot of 28 upon titration with ATP in

HEPES buffer (pH =7.4). An almost full quench (~80 %) was achieved

after 70 mM addition of ATP with no shift in max at 540 nm being

observed. This is in contrast with the red-shift observed for the interaction

of 21 or 22 with Cu2+ and would suggest that surface effects are not

responsible for the quenching of QD fluorescence.

4.4.4 Effect of pH on the interaction of 28 with ATP

To determine the effect of pH on the interaction of ATP and 28 a pH

titration was performed. By varying the extent of ionisation of the ATP it

was thought it may affect its attraction to the QD surface. Figure 4.21

shows a plot of relative fluorescence intensity against pH for a solution of

28 (pink squares) and a solution of 28 in the presence of ATP (0.065 M)

(blue diamonds). For 28 alone, as the pH is lowered from physiological

range, the fluorescence is quenched. Lowering the pH causes thiol

desorption from the surface of 28169 which reduces the passivation of the

QD core and a reduction of luminescent intensity results. The pH titration

of 28 in the presence of ATP shows that the fluorescence suppression is
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unperturbed regardless of what the pH value is. It was thought that

reducing the pH of this solution would cause more of the ATP’s phosphate

groups to become protonated thus reducing their attraction to 28 leading

to recovery in the fluorescence intensity. However, this effect would also

compete with the thiol desorption process meaning that even if the ATP

becomes protonated, the competing thiol desorption process means the

fluorescence intensity would remain low. Therefore, this demonstrates the

importance for working in buffered media for 28 to be effective at

measuring ATP concentrations.
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Figure 4.21 Plot of fluorescence intensity against pH for 28 (shown by

pink squares) and a plot of 28 in the presence of ATP against pH (shown

by blue diamonds). [28] = 3.5 x 10-6 M, [ATP] = 0.065 M.

4.5 Conclusions

CdSe/ZnS QDs purchased from Evident technologies were modified

with ligand 27. These water soluble QDs were luminescent albeit of much

lesser magnitude than the parent QDs ( = 1%). Selectivity studies

revealed an almost complete quench for ATP (80%) with a minor quench

for GTP (25%). No quench was observed for the other nucleotides tested

i.e. ADP, AMP, GDP or GMP. The quench for ATP was attributed to its

Thiol desorption due to
SH formation
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greater net negative charge resulting in a more significant attraction to

the QD surface where it could engage in electron transfer with the QD

resulting in a quench of the fluorescence emission.
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CHAPTER FIVE

ANION SENSING WITH QDs
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5.1 Background

As discussed in section 1.8.2, the photoinduced electron transfer

(PET) mechanism has been central to the design of many organic dye

based sensors and there are many examples of these within the

literature49, 51. This mechanism has also been incorporated in the design of

QD based probes, although examples are limited in comparison to their

organic counterparts8. Most of the early examples of PET controlled QD

sensors relied on redox active substrates being attracted to the QD

surface and engaging in electron transfer with the excited QD to perturb

the fluorescence output91, 93, 94, 170-172. In this chapter we will examine PET

sensing with QDs where the receptor is designed to specifically undergo a

change in its redox properties upon binding an analyte and this change is

manifested by a modulation in the emission intensity of the QD.

5.2 Proof of principle for receptor mediated PET with QDs

The examples of Cu2+ and ATP sensing with surface charged QDs,

discussed in sections 4.2 – 4.4 are examples of QD sensing by electron

transfer. However, these were cases in which the analyte itself was

responsible for the electron transfer process. To expand the power of this

technique, it is desirable to design systems in which the electron transfer

occurs from the receptor itself with the process being modulated by

analyte binding. This means that non-redox active substrates can be

targeted. As mentioned in section 4.4.1 CdSe QDs can be oxidized and

reduced at relatively moderate potentials, similar in magnitude to organic

dyes166. Therefore, in principle these QDs should engage in electron

exchange reactions with PET active receptors. Although it is now

commonly accepted that QDs engage in electron transfer with surface

bound ligands, this was not the case at the outset of this project. To

determine if receptor mediated analyte binding was sufficient to alter the

redox properties of a receptor and register the binding event as a change

in the QD fluorescence, the following experiment was performed. The PET

active 4-aminothiophenol was chosen as a receptor due to its low

oxidation potential (0.73 V)173 and presence of a thiol group that should

adhere to the surface of the QD. 4-Aminothiophenol was added to a

solution of CdSe/ZnS QDs and it was observed that fluorescence was
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quenched, most likely by electron transfer from the anilinic moiety to the

QD (Figure 5.1). Addition of 4-acetamidothiophenol, however, resulted in

no fluorescence quenching. This was attributed to delocalisation of the

amine lone pair over the amide bond, leading to an increase in its

oxidation potential and making electron transfer energetically

unfavourable. This suggested that PET type sensing was possible with QDs

as a simple modification in the chemistry of the receptor unit resulted in a

significant change in its interaction with the excited QD. However, this

particular case involves a non-reversible interaction and practical sensors

require reversible interactions between receptor and substrate.

Nonetheless, it demonstrated that PET active organic receptors that

engage in electron transfer processes with organic dyes should also

engage in similar processes with QDs.
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Figure 5.1 (a) Emission spectrum of CdSe/ZnS QDs, (b) emission

spectrum of CdSe/ZnS QDs after addition of 0.05 mM 4-aminothiophenol

and (c) emission spectrum of CdSe/ZnS QDs after the addition of 0.05 mM

4-acetamidothiophenol. All spectra were recorded in toluene [sensor] =

2.1 x 10-8 M, ex = 370 nm).

5.3 Anion Sensing

The sensing and quantitative determination of inorganic anions such

as fluoride, chloride and phosphate is of considerable current interest62, 174,

175. The agricultural and industrial sectors are producing vast quantities of

materials containing these anions, whether it is fertilisers or raw materials

(a) CdSe/ZnS QD (blank)

SH NH
2(b) CdSe/ZnS QD +

SH N
H

O

CH
3(c) CdSe/ZnS QD +
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for the chemical industry and this has a knock-on effect for the

environment. The physiological significance of anion sensing is well

documented in the literature and the monitoring of these substrates can

be of critical importance. In haemodialysis patients, high levels of arterial

acetate can develop leading to cardiovascular instability and dialysis

problems176. Therefore, acetate recognition is an area of particular

interest. Other anions like fluoride is well known for its role in the

prevention of dental caries177 and as a treatment for osteoporosis178. As a

result there is a need for the development of highly selective and sensitive

sensors for anions. The attractiveness of anion sensing monitored by

fluorescence spectroscopy lies in the fact that the method is highly

sensitive, very adaptable and relatively inexpensive. There are many

challenges associated with anion sensing that have hampered and

discouraged its progress. The fact that anions are larger than isoelectronic

cations and as a result have a lower charge-to-radius ratio means they

form less effective electrostatic binding with receptors179, 180. Anions are

also likely to be present in a delocalised form and pH can be an issue due

to solvation, meaning detecting them in aqueous environments can be

problematic. Competition with certain solvents (i.e. DMSO) can also

contribute to recognition difficulties and cause irreproducibility of results.

A common approach in the fluorescent detection of anions is to

employ charge neutral PET sensors with thiourea and urea functionality62,

63, 108, 175, 181-183. Recognition of anions is achieved through hydrogen

bonding of the receptor with the substrate and this is communicated to

the fluorophore by a change in the rate of PET between the two. Thioureas

are stronger hydrogen bond donors with respect to ureas due to their

more acidic nature (pKa = 21.0 and 26.9, respectively in DMSO)184. It is

therefore expected that they will bind more strongly to anions and form

complexes with greater stability. Substituents on the (thio)urea receptors

can influence the acidity of the N-H bonds and in turn can tune the

sensitivity of the sensor. For example, an electron withdrawing group such

as CF3 can increase the acidity of the thio(urea) protons and make them

stronger hydrogen bond acceptors.
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Figure 5.2 Hydrogen bonding of a receptor with anion substrate. When Y

= CF3, the acidity of the (thio)urea protons increases altering its

selectivity and sensitivity.

Gunnlaugsson et al have developed a number of anion sensors

based on the thiourea motif61-63, 108, 175. In one report, with the aim of

demonstrating PET sensing, several charge neutral aliphatic and aromatic

thiourea receptors were prepared from isothiocyanates, with the organic

dye anthracene used as the fluorescent signalling unit108. Quenching of

these probes was observed with F-, AcO- and H2PO4
- with Cl- and Br-

showing no effect. A chiral PET sensor 31 was also synthesised that

showed selectivity towards N-acetyl protected amino acids. No significant

enantioselectivity was achieved but the potential of this type of detection

was established from these studies thus meriting more attention.
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Figure 5.3 Examples of thiourea based anion PET sensors. Sensor 31 is

a chiral probe designed for the enantioselective detection of carboxylates

such as N-acetyl protected amino acids108.

In another report, naphthalimide replaced anthracene as the

fluorophore due to its lower background autofluorescence and light

scattering tendencies185. It also emits in the visible region at longer

wavelengths (max ~ 540-550 nm) and with higher quantum yields. A

further improvement to the sensor saw a second aromatic unit integrated

into the design which further tuned its anion recognition185. Similar

selectivity was achieved for this probe with the added feature of

colorimetric detection with the naked eye.
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Figure 5.4 Anion PET sensor with naphthalimide fluorophore. A second

aromatic ring is incorporated into the design further tuning selectivity185.

Anion sensing with quantum dots is a relatively unexplored field

and only a few examples exist186-188. Recently, Li et al reported iodide

recognition using a thiourea receptor anchored to a CdSe QD via a 4-

substituted pyridine type ligand (PyTU)140. The design of the sensor relies

on a three pronged approach. Firstly, the thioureas can align parallel with

each other and the 4 N-H protons can form a complex with the anion.

Secondly, iodide being a large ion can be encapsulated within the flexible

PyTU ligand. Thirdly, the pyridine end group allows the anchoring of the

receptor onto the QD surface.
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Figure 5.5 QD probe selective for iodide ions. Encapsulation and

complexing of the large iodide anion within the thiourea moiety and

flexible ligands140.

A number of mechanisms for the quenching of fluorescence were

proposed by the authors. It is believed that the introduction of iodide may

disrupt the hydrogen bonding that exists between the PyTU ligands and

cause a destabilisation of the QDs that results in a modulation of the

fluorescence. It was also suggested that due to the large surface-to-

volume ratio of the QDs there may be some adherence of iodide to the

surface of the nanoparticles as has been observed before with the

negatively charged cyanide ion on films of CdSe QDs189. The preference

for iodide was attributed to the size of the cavity formed between the H-

bonds of the two PyTU ligands which is more complimentary to the size of

the iodide ion.

Anion recognition by photo-activated CdSe QDs is described by

Sanz-Medel and co-workers190. They report that when mercaptoethane

sulfonate (MES) modified CdSe QDs were exposed to sunlight for 24 hrs,

they were photoactivated and exhibited an order of magnitude increase in

emission intensity with a slight blue shift in wavelength. This activation

caused a change and reconstruction of the surface atoms on the QD and

recognition studies with a number of common anions showed it to be very

selective for cyanide.
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As described in section 5.2, it was possible to alter QD emission by

changing the chemistry of the receptor. As PET sensing is a modular

concept defined by a fluorophore-spacer-receptor structural motif, the aim

of this section was to determine if PET active receptors with proven

selectivity could be anchored to a QD to produce a QD-spacer-receptor

conjugate with a retention in selectivity. Thus, a modular approach will be

adopted. Gunnlaugsson’s thiourea anion receptor present in 34 (figure

5.6b) was adapted to permit anchorage to the QD surface, and the effect

of anions on the emission intensity of the resulting conjugate were

examined.
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Fluorophore Spacer Receptor

H
N

H
N

S

(a)

(b)

(c)

(34)

(35)

Figure 5.6 (a) fluorophore-spacer-receptor format of a typical PET

sensor. (b) PET anion sensor 34 designed by Gunnlaugsson et al,

comprising a thiourea receptor. (c) Analogous QD based sensor 35.
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5.4 Synthesis of receptor 38 and QD-conjugate 39

The receptor, 1-(2-mercapto-ethyl)-3-phenyl-thiourea 38 was

synthesized in one step by reaction of phenylisothiocyanate and 2-

aminoethanethiol in chloroform as described in section 2.2.1.4. Ligand

exchange of the parent TOP/TOPO ligands with the synthesised thiourea

receptor was achieved following a procedure outlined in section 2.2.4.1.

Surface functionalisation was confirmed by 1H NMR spectroscopy, figure

5.8 showing spectra of the free QD and the QD-receptor conjugate. As
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Scheme 5.1 Synthesis of QD receptor conjugate. (1) chloroform (dry)

room temperature, 18 hrs (2) ligand exchange of TOP/TOPO with

receptor, chloroform, 24 hrs reflux (3) QD-receptor conjugate 39.
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observed by Landi et al,191 the addition of the receptor did not displace all

the ligands on the surface of the QD with shifts at 0.8 and 1.2 ppm again

representing the methyl and methylene protons respectively of

trioctylphosphine oxide (TOPO)82. However, the magnitude of these

resonances are significantly reduced in the spectrum of 39 compared to

the parent QDs. Even when the loading ratio was increased (i.e. more

ligand with respect to QD) a similar spectrum was obtained, suggesting

complete exchange of the QD with receptor 38 was not possible. Clearly

evident though are the thiourea protons, CH2-NH and Ar-NH at 6.4 and

7.7 ppm respectively with the signals at 2.9 and 3.9 ppm representing the

methylene protons for S-CH2 and N-CH2 respectively of the spacer. Again,

there was no significant change in the position of these resonances when

compared to the receptor alone. A similar effect was observed in section

4.4.2 for the ATP sensor 28. This initially led to the belief that the

receptor had not anchored to the QD surface. However, if this was the

case then after the repeated precipitations and centrifugations conducted

during the work-up all the free ligand should have been removed and

therefore should not have shown up in the NMR spectrum of 38. In

addition, the precipitate isolated after the ligand exchange reaction was

fluorescent when dissolved in CHCl3 illustrating the precipitate contained

the QD. The possibility of the receptor oxidising to the disulfide was also

considered. However, even when receptor 38 was treated with NaBH4, a

similar NMR spectrum after exchange was observed. Furthermore,

Raymo’s group have shown that disulfides adsorb onto the surface of

QDs121. They showed that dithiolane ligands (such as that shown in figure

5.7) exchange on to the surface of CdSe/ZnS QDs even without being

reduced to their corresponding thiols. Therefore, it can be concluded that

the methylene protons of cysteamine based ligands do not exhibit

significant changes in terms of chemical shift when adsorbed onto a QD

surface.
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Figure 5.7 Raymo’s CdSe/ZnS QDs appended with a dithiolane anchor.

(R = polymeric ligand with polyethylene glycol (PEG) backbone)121.

Figure 5.8 Stacked 1H NMR spectra of top: CdSe/ZnS QDs recorded in

CDCl3 and bottom: 39 recorded in CDCl3.

5.4.1 Photophysical properties of 39

UV-Vis absorption analysis before and after surface functionalization

(Figure 5.8) showed no difference in the visible region, the position of the

1st exciton peak being unchanged at max = 516 nm. When the optical

density was fixed at 0.1 for both samples at this wavelength a difference

was observed at ~ 300 nm with the absorbance of the QD-receptor
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conjugate greater (2.9) than the QD alone (1.4). The increase in

absorbance at this wavelength was due to absorbance by the phenyl

chromophore (max = 264) of the receptor component.

0

0.5

1

1.5

2

2.5

3

300 400 500 600 700

Wavelength (nm)

A
b

s
o

rb
a
n

c
e

Figure 5.9 UV trace of parent CdSe/ZnS QDs (▬) and 39 (---). [39]

and [QD-TOPO] = 1.8 x 10-6 M.
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Figure 5.10 Emission spectra of parent CdSe/ZnS QDs (▬) and 39

(---). [Parent CdSe/ZnS QDs], [39] = 1.8 x 10-7 M. Solvent = CHCl3.
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This is further evidence that the receptor was effectively exchanged

onto the QD surface. However, an attempt to accurately determine the

number of surface ligands attached per nanoparticle by UV proved

unsuccessful. From the UV-vis spectrum a size of 2.54 nm was calculated

for 39 using equation 3.1. As expected, the size didn’t differ greatly from

the parent QDs as this method for size determination only accounts for

the core size.

Excitation of 39 at 370 nm resulted in emission at 540 nm, with

little change in the profile compared to the parent QD (see Figure 5.10),

although the quantum yield () did drop from 0.38 to 0.33. This suggests

a small degree of PET quenching even in the absence of anions, as

observed by Gunnlaugsson et al for the anthracene based sensor 34.

However, the position and profile of the emission peak was comparable to

the parent QDs with a FWHM of 37 nm determined for 39.

5.4.2 Selectivity of 39 for common monovalent anions

The probe was screened for selectivity against the

tetrabutylammonium salts of AcO-, F-, Cl-, Br- and HSO4
- in chloroform.

The emission spectra for each of the anions tested are presented in figure

5.11. Significant quenches of the QD fluorescent intensity at 540 nm were

observed upon addition of F-, Cl- and AcO-, with only minor changes

observed for H2SO4
- and Br-. In addition, there was no evidence of any

significant change in the position of the emission maximum upon addition

of Cl- and AcO-. However, at higher concentrations of F- a distinct red-shift

was observed. This suggests some interaction between F- and the QD

surface at higher concentrations. A plot of relative intensity against –log

anion concentration was made for F-, Cl- and AcO- and are shown in figure

5.12. Again, due to the inability to accurately determine the number of

surface ligands present on the surface of each QD, the binding

stoichiometry could not be accurately determined. However, the

quenching profile observed for AcO- and F- occurred over approximately

two log unit suggesting a 1:1 binding interaction between 39 and these

analytes108. Using equation 4.1, a binding constant log β of 1.94 and 2.15

was determined for AcO- and F- respectively. In contrast, a more distinct

quenching profile was observed for Cl-, with quenching occurring over
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about one log unit. The results observed here compare favourably with

those observed by Gunnlaugsson et al for similar experiments conducted

with 34. They observed significant quenches with F- and AcO- but only

minor quenches for Cl-, Br- and HSO4
-. Similarly, the calculated binding

constants were in a similar range with 2.90 observed for F- and 2.15

observed for AcO-. The slight reduction in sensitivity observed for 39 may

be due to an extra methylene unit in the spacer (which was included for

synthetic convenience) reducing the effectiveness of PET, as PET efficiency

has previously been shown to be distance dependent167.The only major

discrepancy in the results observed between 34 and 39 is the selectivity

observed for Cl-. This effect is difficult to explain but may be due to a co-

operative binding effect between adjacent receptors on the QD surface

when binding Cl-, which is not possible for free receptors in solution, i.e.

34. Similar effects have been observed for a Schiff base functionalised QD

discussed in chapter 6. In addition, polysiloxanes with appended thioureas

have produced different binding profiles when compared to the monomer

alone192, suggesting co-operative binding may be occurring between

adjacent thiourea residues. Due to the inorganic nature and size of the QD

core, obtaining single crystals is obviously not possible.

The reason for the quenching of the QD fluorescence upon addition

of F-, Cl- and AcO- can be explained as follows: in aprotic solvent such as

CHCl3, these ions form strong H-bonds with the thiourea receptor resulting

in an increase in its reduction potential and a concomitant increase in the

rate of PET between receptor and excited QD108, 193. Therefore, the anion

binding event is signaled by a decrease in emission intensity. A similar

phenomenon has been reported by Gunnlaugsson for 34 and other

similarly constructed sensors. The selectivity of the receptor for F- and Cl-

over Br - can be related the higher charge density of these ions enabling

them to form stronger hydrogen bonds with the receptor, although steric

reasons may also play a part. Steric factors may also explain the

selectivity for acetate over hydrogen sulfate, with the former able to form

stronger linear hydrogen bonds108.
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Figure 5.11 Emission spectra for 39 titrated with monovalent

anions. (a) acetate (b) fluoride (c) chloride (d) bromide (e) hydrogen

sulfate. All titrations conducted in spectrograde chloroform. [39] = 7.96 x

10-9 M.
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Figure 5.12 Plot of relative fluorescence intensity versus –log [anion].

Inset: plot of log [FMAX – F] / [F – FMIN] against –log [anion] for 39 with

anions. Where (a) = acetate (b) = fluoride and (c) = chloride. All

titrations conducted in spectrograde chloroform.
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Figure 5.13 Plot of relative intensity against –log [anion] for all ions, Br-

(▲), HSO4
- (*), Cl- (X), AcO- (♦) and F- (■). [39] = 7.96 x 10-9 M. All

measurements conducted in CHCl3.

To confirm that an H-bonding interaction was occurring between

the receptor component of 39 and F-, Cl- and AcO- an NMR experiment

was conducted in which a solution of tetrabutylammonium acetate in

CDCl3 was added to a solution of 38 in CDCl3. The 1H NMR spectrum was

recorded before and after the anion addition. Anion-receptor binding was

confirmed by changes in the chemical shift of the thiourea protons, with

CH2-NH moving downfield by 0.4 ppm to 6.8 ppm and Ar-NH by 0.5 to 8.1

ppm upon addition of 1 eq of AcO- (figure 5.15). In addition, these

resonances become significantly broader after anion addition while the

aromatic protons and the methylene protons of the spacer (not shown)

remain unaffected. This data suggests a hydrogen bonding interaction

between the acetate anion and thiourea protons of the receptor as

depicted in Figure 5.14. In terms of the model described by Gunnlaugsson

for 34, the quenching effect by Cl-, F-, and AcO- is a result of this

hydrogen bonding interaction and leads to an increase in the reduction

potential of the receptor, enhancing the rate of PET from the HOMO of the

receptor to the QD63, 108, 194.
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Figure 5.14 Hydrogen bonding interaction of acetate with 39.

This is opposite to typical PET sensing behavior where the oxidation

potential of the receptor is raised upon analyte recognition, thus removing

the thermodynamic driving force for PET and fluorescence is “Switched

On”49153, 195-198.

Figure 5.15 Expansion of the receptor region showing free receptor 38

(top) and after the addition of 1 eq of AcO- (bottom). Both spectra

recorded in CDCl3 at 400 MHz.

To prove the requirement of the receptor for quenching upon

addition of AcO-, F- and Cl- a titration was performed in which AcO- was
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added to a solution of the parent QDs alone, i.e. no receptor attached.

The results are shown in figure 5.17 where relative intensity is plotted

against –log[anion] and is presented alongside the results of 39 with AcO-

for comparison. A minor reduction in relative intensity was observed for

the parent QDs upon increasing AcO- addition, attributed to a dilution

effect but there was no evidence of a defined binding event. In contrast,

the addition of AcO- to 39 shows approximately 60% greater decrease in

relative intensity over the same concentration range. This control

experiment confirms the requirement of the urea receptor for efficient QD

quenching.
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Figure 5.16 Plot of relative intensity against –log [acetate] for as

received QDs (▲) and 39 (♦). [QD] = 5.45 x 10-9 M. [39] = 7.96 x 10-9

M.
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Table 5.1 Photophysical properties for 39 before and after the addition of

anions. (a) Quantum yield calculated with reference to fluorescein. (b) %

reduction in fluorescence spectral area. (c) Binding constant calculated

from a plot of –log (FMAX-F) / (F-FMIN) against –log [anion].

Sensor F
a %F red

b Log βc

39 0.334 - -

F- 0.042 87.3 2.15

Cl- 0.015 95.4 -

Br- 0.281 15.7 -

AcO- 0.037 88.9 1.94

HSO4
- 0.268 19.8 -

5.5 Conclusions

CdSe/ZnS QDs purchased from Evident technologies were modified

with 1-(2-mercapto-ethyl)-3-phenyl-thiourea (38). The resulting QD

probe (39) was very soluble in CHCl3 and strongly luminescent with a

quantum yield of 33%, marginally lower than the parent QDs.

Characterisation of the probe was performed using 1H NMR, UV-vis and

fluorescence. The spectral characteristics were well defined, with a 1st

exciton peak present at 516 nm and a narrow emission peak centred at

540 nm with FWHM of 37 nm.

The probe was screened against common monovalent anions and

was shown by fluorescence to be selective for AcO-, F- and Cl-. Binding of

the anions by the thiourea protons through hydrogen bonding resulted in

an increase in the reduction potential with a concomitant increase in the

rate of PET between the receptor and the QD.

The combined results presented above illustrate that tried and

tested organic receptors with proven selectivity may be adapted for

anchorage to the surface of preformed QDs to produce conjugates with

similar selectivity / sensitivity profiles to the all-organic probes. These

new sensors may, however, benefit from the improved optical properties

the QDs offer.
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5.6 “Off – On” QD sensor for fluoride

The previous results illustrate that receptors with proven PET

activity when part of all-organic systems are also effective in QD based

systems. In section 5.4 an “on – off” sensor for anions was developed.

This section details the design, synthesis and photophysical evaluation of

a ferrocene based “off – on” QD sensor for fluoride.

The ability of ferrocene based compounds to quench the excited

state of QDs has been demonstrated by Palaniappan et al.199 They

prepared CdS and CdSe QDs decorated with perthiolated cyclodextrin

units (43) (see figure 5.17). They then added ferrocene methylamine to

the solution containing the QDs and the QD fluorescence was quenched by

95%. Upon addition of adamantane carboxylic acid the original

fluorescence intensity was recovered. The initial quenching of intensity

upon addition of ferrocene was due to it being encapsulated in the

cyclodextrin cavity, which brought it close enough to the QD surface to

engage in electron transfer and quench QD fluorescence. The subsequent

addition of adamantane, which being a better fit for the cyclodextrin

cavity than ferrocene, ejected the ferrocene into the bulk solution

meaning it was no longer close enough to the QD to engage in electron

transfer. Therefore, the ability of QD fluorescence to be switched “off” by

ferrocene and back “on” by its removal means incorporation of ferrocene

into the design of analyte specific organic receptors may be an

appropriate method to develop “off – on” fluorescent QD sensors.
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Figure 5.17 Palaniappan’s perthiolated β-cyclodextrin-modified QDs.

Also shown are the competing species: substituted ferrocene compound

(41) and adamantine carboxylic acid (42)199.

It has also been demonstrated by Beer and colleagues that

amperometric anion sensing can be achieved through perturbation of the

ferrocene/ferrocenium redox couple200, 201. They have demonstrated using

a lower-rim ferrocenyl substituted calixarene that upon addition of H2PO4
-

a sizable cathodic shift of 160 mV was observed in the cyclic

voltammogram. In another study using mono and bis-substituted

ferrocene ureas they showed by electrochemical means selectivity for

H2PO4
-, Cl- and AcO-.202 In addition, 1H NMR studies revealed significant

downfield shifts of the N-H signals upon titration with both H2PO4
- and Cl-

proving the interaction and binding of the anions with the urea protons.

The majority of studies of anion sensing involving ferrocene based

receptors utilise electrochemical detection. One notable example where

both electrochemical and fluorescent detection are used within the same

probe was developed by Molina and co-workers201. They appended a

ferrocene with two urea groups both terminating at an aromatic group

(e.g. naphthalene), functioning as the reporting fluorophore.
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Figure 5.18 Molina’s ferrocene-based urea as a multi-signalling sensor

for anions201.

As discussed in section 5.3, ureas are attractive for anion

recognition due to the formation of strong hydrogen bonds and in the case

of Molina’s design, two ureas were employed resulting in the formation of

an eight-membered chelate ring with the target analyte. They

demonstrated that 44 displayed selectivity for F- and also to a lesser

extent for H2PO4
-. Both fluorescence and electrochemical detection were

utilised with a large cathodic shift observed in the cyclic voltammogram

and a substantial enhancement in the emission spectrum upon addition of

F-. Therefore, these results showed that the presence of ferrocene close to

the naphthalene chromophore was sufficient to quench fluorescence, most

likely by electron transfer. Addition of fluoride to the sensor resulted in an

enhancement of fluorescence emission most likely due to a modulation of

the electron transfer process. Unfortunately, the authors did not provide a

reason for the fluorescence enhancement.
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In this section ligand 51 was prepared containing a ferrocenyl urea

unit similar to that developed by Pratt and Beer202 but also containing a

lipoic acid linker for anchorage to the QD surface. The resulting conjugate

53 was screened for selectivity against commonly occurring monovalent

anions.

5.6.1 Synthesis of receptor 51 and QD-conjugate 53

The receptor, 1-ferrocenyl-3-[4-(1,2-dithiolan-3-yl)butyl]urea 51

was synthesised from the isocyanate 50 and ferrocenemethylamine 47,

as shown in scheme 5.2. Ferrocene carboxaldehyde 45 was first reacted

with hydroxylamine to generate oxime 46 which was reduced using LiAlH4

to produce ferrocenmethylamine 47. The isocyanate was formed by first

reacting lipoic acid 48 with diphenylphosphorylazide to produce azide 49

which was subjected to Curtius degradation in hot toluene to furnish the

isocyanate 50. This was then reacted with ferrocenemethyl amine to

produce the urea 51 which was reduced using sodium borohydride to give

the dihydrolipoic acid ferrocenyl urea 52. This was then exchanged on to

the surface of preformed CdSe/ZnS QDs (540 nm) as described in 2.2.4 to

furnish the desired sensor 53.
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Scheme 5.2 Synthesis of 53. (i) sodium hydroxide, hydroxylamine

hydrochloride, ∆, ethanol. (ii) LiAlH4, ∆, anhydrous THF. (iii) triethylamine, 

diphenylphosphoryl azide, DMF. (iv) ∆, toluene. (v) 

ferrocenemethylamine, toluene (iv) sodium borohydride, THF. (v)

CdSe/ZnS QDs, CHCl3, tetrabutylammonium hydroxide (TBAOH).

(53)
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5.6.2 Characterisation of 53

Functionalisation of the QD surface with ligand 52 was confirmed

by 1H NMR spectroscopy with figure 5.19 showing the spectra of the QDs

and the QD-conjugate 53. As in the case of 39 (figure 5.8) again the

methyl and methylene protons of the QD TOPO groups are evident by

resonances centred at 0.8 and 1.2 ppm respectively. The appearance of

the cyclopentadienyl protons at 4.15 ppm and the methylene protons

adjacent to the cyclopentadienyl ring at 4.05 ppm in the spectrum of 53

confirms the attachment of ligand 52. In addition, there was a significant

reduction in the intensity of the TOP/TOPO protons after ligand exchange

indicating a substantial exchange. The urea protons were not observed in

the 1H NMR spectrum of 53, most likely due to the broadness of the

peaks.

Figure 5.19 1H NMR spectra of (a) CdSe/ZnS QDs and (b) QD-ligand

conjugate 53. Both spectra recorded in CDCl3. (Cp = cyclopentadienyl).

It was initially thought that the use of tetrabutylammonium

hydroxide (TBAOH) to generate the thiolate anion in the exchange

reaction may cause deprotonation of the urea protons. However, both

urea protons were also not apparent in the 1H NMR spectrum of 52 even

though the mass spectrum for this compounds confirmed its identity.

Therefore, the absence of resonances for the urea protons in the spectrum

of 52 and 53 may be due to the paramagnetic iron present in the

ferrocene ring leading to a broadening of the peaks. In addition,

H
N

S
S

H
N

O

CdSe

ZnS
Cp
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anchorage of the receptor onto the QD surface in the case of 53 may

further broaden the peaks as observed in polymeric compounds where

protons in or near the backbone suffer an ineffective averaging of their

chemical shift anisotropies203. When the fluorescence spectrum of 53 was

recorded after excitation at 370 nm, no QD emission was observed

illustrating a complete quenching effect by the ferrocenyl ligand.

DLS spectra for QDs before and after ligand exchange are shown in

figure 5.20. The average hydrodynamic diameter of 53 was found to be

8.70 nm, slightly larger than the parent QDs (8.54 nm) but significantly

more mono-disperse. Again, this may be attributed to an extra

precipitation step involved in the work up of 53.

Figure 5.20 Dynamic light scattering (DLS) histogram plot of (a) parent

CdSe/ZnS QDs and (b) 53 dispersed in toluene.

To confirm that the ferrocenyl moiety was responsible for the

quenching process a control compound was prepared, similar in structure

to 51 but lacking a ferrocene unit. Ligand 54 was prepared by the

reaction of lipoic acid isocyanate 50 (prepared in a similar manner as in

(a)

(b)
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Scheme 5.3 Synthesis of 56. (i) triethylamine, diphenylphosphoryl azide,

DMF. (ii) ∆, toluene. (iii) aniline, toluene (iv) sodium borohydride, THF.

(v) CdSe/ZnS QDs, CHCl3, tetrabutylammonium hydroxide.

scheme 5.2) with aniline. The resulting urea was reduced with sodium

borohydride and exchanged on to the QD surface as described in section
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2.2.1.11. This control compound contains the same DHLA linker, a urea

unit and aromatic ring and resembles ligand 51 with the exception of the

ferrocene unit. Figure 5.21 shows the UV-vis and emission spectra for QD-

conjugate 56 and in contrast to 53 exhibits a strong emission peak with

max at 545 nm. This suggests the lack of fluorescence observed for 53 is

due to the presence of the ferrocene unit.
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Figure 5.21 Absorbance [1.5 x 10-6 M] and emission [7.6 x 10-9 M]

profiles for 56. QDs dispersed in CHCl3 and excited at 420 nm.

5.6.3 Selectivity and sensitivity of 53 against monovalent anions

The probe was screened against a number of monovalent anions to

assess its selectivity. Titrations were carried out in chloroform with

fluoride, acetate, hydrogen sulfate, dihydrogen phosphate, chloride,

bromide and perchlorate added to solutions of 53 as their

tetrabutylammonium salts (figure 5.22). Figure 5.23 shows the results of

these titrations as a plot of fluorescence intensity against concentration. A

substantial fluorescence enhancement (~25 fold) was observed upon

addition of fluoride (0.2 M) which was significantly greater than for any of

the other anions tested. Only acetate and dihydrogen phosphate produced

fluorescence enhancements of any significance but of somewhat lesser

magnitude (~5 fold) than for fluoride at the same concentration.

However, virtually no enhancement in fluorescence was observed for

hydrogen sulfate, chloride, bromide and perchlorate.
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Figure 5.22 Emission spectra of 53 titrated with various anions. [53] =

8 x 10-9 M. All measurements conducted in spectrograde CHCl3.
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This highlights that 53 has good selectivity for fluoride over other

commonly occurring monovalent anions. Again, it was not possible to

determine the stoichiometry of the complex formed between 53 and

fluoride and therefore a binding constant could not be determined. By

plotting the relative intensity of 53 against concentration of F-, good

linearity was observed in the range 0.3 – 5.6 mM F- (figure 5.25).
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Figure 5.23 Plot of relative intensity against [anion] for Br- (*), HSO4
-

(▲), H2PO4
- (●), Cl- (X), AcO- () and F- (♦). [53] = 8 x 10-9 M. All

measurements conducted in spectrograde CHCl3.

The fluorescence response upon the addition of fluoride to 53 was

so significant that it could be detected with the naked eye. Figure 5.24

shows a photograph of 53 before and after the addition of fluoride and

reveals a switching “on” of the green QD fluorescence upon F- addition.
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Figure 5.24 Photograph of the QD probe in the “off” and “on” state. On

the left is 53 dispersed in chloroform with no fluoride added. The vial on

the right shows the dramatic effect on addition of fluoride with the probe

emitting fluorescence demonstrating the “off” to “on” effect.

Figure 5.25 Plot of relative intensity (I/Io) of 53 against log [fluoride].

As mentioned previously, Pratt and Beer have shown using

electrochemical means that H2PO4- , Cl- and AcO- bind to the urea of 57

resulting in a significant cathodic shift. The binding unit of this compound

is identical to the binding unit present in 53. The difference in selectivity

for 53 which was selective for F-, is attributed to a co-operative binding

between adjacent urea receptors on the nanoparticle surface. Molina’s 44,

which contained two urea receptors in close proximity within the same

molecule also displayed selectivity for F- by changes in the cyclic
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voltammogram and emission spectra. To prove that fluoride was switching

“on” the QD fluorescence of 53 by binding to the urea unit and not

through QD surface binding a number of experiments were conducted.

N
H

O

N
H

(57)

Figure 5.26 Pratt and Beer’s mono-urea substituted ferrocene

receptor202.

First, the 1H NMR spectra of 51 in the presence and absence of F-

were recorded. As the urea protons were not apparent in the 1H NMR

spectrum of 52 or 53, ligand 51 was chosen instead. As shown in figure

5.27 the urea proton, observed at 4.42 ppm shifted significantly downfield

to 5.70 ppm upon addition of 0.01 M F-. As explained in section 5.1.5 this

downfield shift is indicative of H-bonding interaction between the urea

protons and the fluoride108.

Figure 5.27 1H NMR spectra of 51 (top) and 51 in the presence of 0.01

M tetrabutylammonium fluoride (bottom). Inset shows the expanded

region between 4.30 to 6.50 ppm. Solvent = CDCl3.
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Secondly, methanol was added to a chloroform solution of 53 in the

presence of F- and a 90% reduction in emission intensity was observed,

indicating the protic methanol solvent was competing with F- for H-

bonding sites of the urea (figure 5.28). Collectively, these experiments

provide evidence that F- switches the fluorescence of 53 “on” by binding

to the urea component of the receptor and not by surface or other effects.

This H-bonding interaction must modulate the electron transfer process

between the ferrocene and the excited QD in a manner that reduces the

PET rate. In normal “off-on” PET sensors binding of the analyte to the

receptor increases the oxidation potential of the receptor reducing the

rate of PET68. However, Beer and Molina both showed that anions bind to

the ferrocenyl urea receptor and cause a cathodic shift which indicates an

decrease in the oxidation potential. Therefore, further studies would be

required to investigate the electrochemistry of 53 in the absence and

presence of F- to gain a fuller understanding of this mechanism.
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Figure 5.28 Emission spectra for (a) 53 (blue spectrum), (b) 53 in the

presence of 0.02 M F- (pink spectrum) and (c) 53 in the presence of 0.02

M F- to which MeOH was added.

It has also been reported in some cases that ferrocene can

quench fluorescence by energy transfer204. For effective energy transfer

to occur, the absorption spectrum of the quencher should overlap well

with the emission spectrum of the fluorophore. The absorption λmax of

the ferrocenyl receptor, at 442 nm overlaps poorly with the QD
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fluorescence λmax (540 nm) reducing the likelihood of FRET as a possible

quenching mechanism (see Figure 5.29). In addition, there was no

change in either the position or magnitude of the absorption λmax after

the addition of fluoride. This further confirms that energy transfer is not

responsible for either the quenching or recovery of fluorescence

emission observed for 53 in the absence and presence of fluoride.
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Figure 5.29 Absorption spectrum of 51 in the absence (blue line) and in

the presence of fluoride (red line). [51] = 2.4 x 10-2 M, [F-] = 1.9 x 10-1

M.

Furthermore, when fluoride was added to a solution of 53 already

containing one of the other tested ions, the fluorescence was recovered

showing that 53 could possibly operate in competitive media. Figure 5.30

shows the fluorescence spectrum of 53 in the presence of 0.1 M Br- and

for 53 in the presence of 0.1 M Br- to which 0.1 M F- has been added. For

the former, the fluorescence remains quenched whereas in the latter

solution, the QD fluorescence is switched “on”. This indicates that F- binds

more strongly to the urea than bromide and this strong binding is the

basis for the selectivity of 53 over the other tested monovalent anions.
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Figure 5.30 Emission spectra of 53 in (a) the presence of 0.1 M [Br]

(blue line) and (b) in the presence of 0.1 M [Br-] to which was added 0.1

M [F-](yellow line).

5.7 Conclusions

The anchorage of a ferrocenyl receptor onto a CdSe/ZnS QD was

shown to switch the QD fluorescence “off” by an electron transfer

mediated process. The resulting probe was tested for selectivity against a

range of monovalent anions, as their tetrabutylammonium salts and

displayed good selectivity for F- by a switching “on” fluorescence. This

“off-on” process was attributed to a modulation in the rate of PET between

the QD and ferrocenyl urea due to a strong hydrogen bonding interaction

between the F- and the urea.

Both 39 and 53 prove that it is possible to utilise QDs in a similar

manner to organic dyes as the emissive component of fluorescent sensors

and that the PET mechanism may be used as a mode of communication

between the receptor and QD components. Thus, many different receptor

types with proven selectivity may be adapted for use in QD sensors, to

provide a range of probes which benefit from the optical properties QDs

offer.
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CHAPTER SIX

QDs AS FRAMEWORK FOR

RECEPTOR ASSEMBLY
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6.1 Introduction

6.1.1 Background

The previous chapters focussed on developing functional

chemosensors for the single detection of biologically and environmentally

important analytes. As an extension of this, designing probes capable of

simultaneously detecting multiple analytes is more demanding. A number

of examples exist in the literature of such probes and they tend to involve

either the insertion of multi chromogenic units in one sensor205, use

multichannel detection methods (fluorescence, electrochemical and

colorimetric)206 or elaborate mathematical tools to process results207.

Recently, a move away from selective detection (i.e. one analyte per

sensor) and focusing more on a differential response (i.e. semi-selective

sensors) has facilitated the simultaneous detection of two analytes by a

single chromophore208, 209. Kaur et al developed the chromogenic

chemosensor 58 for the simultaneous detection of Cu2+ and Ni2+208. This

differential complexation was achieved through two distinctly ionisable

groups, i.e. phenol OH and secondary amine NH, with Cu2+ binding

resulting in a change from ~490 nm to ~610 nm and Ni2+ binding from

~490 nm to ~700 nm.

O

O HN

N

OH

(58)

Suzuki’s group has also synthesised a sensor that allows the

intracellular detection of multiple analytes using a single probe210. Prior to
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this, their attempts in simultaneous multiple analyte sensing involved

loading a number of sensors into the cell and monitoring each individually.

This proved unsuccessful due to the different metabolisms and

photobleaching rates of each sensor. Also, a larger invasive effect and

excessive cross talk meant this approach was unsuitable for quantitative

analysis. Further research saw them develop the sensor KCM-1 59, a

single probe for the simultaneous detection of intracellular Ca2+ and

Mg2+210.

N

COOH

COOH

O

HOOC

O

O

O

N

HOOC

HOOC

F

The molecule consists of a coumarin fluorophore with a fluorine

substituted BAPTA (O,O’-bis(2-aminophenyl)ethyleneglycol-N,N,N’,N’-

tetraacetic acid) as the Ca2+ binding site on the electron-donor component

of the chromophore. The Mg2+ binds to the charged β-diketone which is

the electron accepting site. Upon Ca2+ recognition, the binding of the

cation to the electron-donor site on the BAPTA chromophore produced a

blue shift in the absorbance and fluorescence spectra of 45 nm and 5 nm

respectively. With Mg2+ complexation, a red-shift was observed leading to

a 21 nm offset in the absorbance spectrum and a 5nm shift in the

fluorescence spectrum.

(59)
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6.1.2 The Schiff base

The Schiff base is a condensation product of carbonyl compounds

with primary amines. They were first discovered in 1864 by Hugo Schiff211

and are noted by the common structural feature of RHC=N-R’, where R

and R’ are aryl, alkyl, heterocyclic or cyclo alkyl groups. The presence of a

lone pair of electrons on the sp2 hybridised nitrogen atom makes them

very useful and of considerable chemical and biological importance212.

They are generally quite easy to prepare, requiring little or no purification

steps and due to the properties of the imino group, they are excellent

chelating agents213, 214. This is especially the case when there is an OH or

SH group near the Schiff base. Due to this property, their use in sensors

for biologically and environmentally relevant ions has increased and

several reports have emerged of such probes. Gao and colleagues have

exploited this field making use of the imino functionality in the sensor

design of 60215. They demonstrated that calix[4]arene probes with two

spirobenzopyran groups attached to the lower rim can recognise

lanthanide ions. No specificity was shown until a Schiff base was

incorporated into the upper rim of the design. With this modification the

dipodal probe displayed selectivity for both Dy3+ and Er3+ visible by a

colorimetric change.

(60)

Figure 6.1 Gao’s dipodal Schiff base functionalised calix[4]arene probe

for lanthanide detection215.
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Bhardwaj et al described the synthesis of a series of tripodal

receptors based on the mesitylene anchor 62 and has shown that when

these receptors were incorporated into a tripodal arrangement,

chromogenic selectivity for Ag+ was observed216. When 61 was the

receptor component of 62 (through a thioether linkage), its affinity for

Ag+ was evidenced by a marked enhancement in its fluorescence

intensity.

HS

NOHR =

R' =Me / Et

R'

R

R'

R

R'

R

(62)

HS

NOH

N

N

R"

R" = NO2 or Cl

(63)

(61)

The results presented in figure 6.2 show that a band centred at

λmax= 413 nm, assigned to intraligand (π-π*) fluorescence from the excited

enolic state, has low intensity due to PET from the N and O lone pairs,

quenching the fluorescence. On addition of Ag+, this band increases in

intensity signalling the chelating of this metal with these lone pairs and

cancelling the PET process. The probe was also tested against a number of

other metal ions namely, Cu2+, Ni2+, Co2+, Zn2+, Hg2+ and showed no

affinity for these metals under the same experimental conditions. A 1H
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NMR study revealed the nature of the binding between the receptor and

Ag+. A distinct gradual broadening and upfield shift from δ13.13 to δ12.79

of the OH signal pointed to an important role of the binding of Ag+.

Changes in the imino proton signal was small and no movement of the –

SCH2 protons was observed suggesting that the chelation of the cation

was mainly through the O lone pairs.

Figure 6.2 Emission spectra of tripodal sensor incorporating receptor 61

illustrating its selectivity for Ag+ over other metal ions217.

In subsequent work, when 63 was the component of 62 (again

through a thioether linkage) it was shown to enable the optical detection

of Ag+ by a colour change from yellow to red upon complexation. Studies

conducted in an almost fully aqueous system (dioxane:water ,1:9 v/v)

revealed a distinct bathochromic shift in the UV-vis absorption spectrum

on addition of Ag+. A number of metal ions were screened for selectivity

with 63 and the results are presented in figure 6.3. No significant changes

were observed for Li+, Na+, K+, Sr2+, Ca2+, Cd2+, Zn2+, Hg2+, Pb2+, Ni2+ and

Cu2+. However, upon addition of Ag+ a new band emerged at 510 nm

while the original band at 384 nm reduced in intensity. This bathochromic

shift from 394nm to 510 nm was responsible for the colour change from

yellow to red.
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Figure 6.3  Changes in λmax on addition of various metal ions to 63

(dioxane:water, 1:9 (v/v))216.

From the studies with 61 and 63 the authors have postulated that

the selectivity observed for a particular metal ion is due to the reduced

binding affinity of these receptors when incorporated into a tripodal

arrangement217, 218.

6.2 Quantum Dot-Schiff base conjugate studies.

The incorporation of Schiff base receptors into tripodal

arrangements has proved an effective strategy for increasing the

selectivity of this class of receptor. This method of assembly and the

subsequent selectivity these probes provide parallel the approach offered

by self assembled monolayers (SAMs) on gold. 219. The added feature of

these SAMs is the ordered and oriented layers they create thus enabling

control of the morphology and reactivity220. The three dimensional surface

of a QD also offers the opportunity of organising receptor molecules in a

manner that may improve their selectivity. The thiol functionality present

on the Schiff base 61 means it is an ideal candidate for attachment to a

QD surface.
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Scheme 6.1 Synthesis of 67. (i) ethanol, RT. (ii) CdSe/ZnS QDs,

CHCl3, tetrabutylammonium hydroxide.
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Furthermore, as it is electron rich it may interact with the excited QD and

switch “off” fluorescence, enabling possibilities for sensing.

6.2.1 Synthesis of QD-receptor conjugate 67 and control

compounds

Receptor 61 was synthesised in one step after reaction of

salicylaldehyde and 2-mercaptoaniline following a literature procedure112

(scheme 6.1). 61 was exchanged onto the surface of CdSe/ZnS QDs

following a ligand exchange reaction as detailed in section 2.2.3. The

disulfide 66 was prepared through aerial oxidation of receptor 61.

6.3 Characterisation of 67

6.3.1 1H NMR characterisation

Surface functionalisation of 67 was confirmed by 1H NMR

spectroscopy, with figure 6.4 showing the stacked spectra of QD-

conjugate (67), the receptor (61) and the parent QDs. This reveals an

almost complete exchange of TOP/TOPO groups with the methyl and

methylene protons of TOP/TOPO at 0.85 – 1.80 ppm respectively being

significantly reduced in the spectrum of 67. Also evident from figure 6.4

are the changes in the spectra of 61 before and after the exchange

reaction. There was a notable downfield shift of the imino proton from

7.25 ppm in 61 to 8.70 ppm in 67. There was also a slight downfield shift

of the aromatic protons when anchored to the QD surface due to their new

electronic environment. The thiol proton, present at 4.60 ppm in the

spectrum of 61 was absent in the spectrum of 67, also suggesting an

effective exchange of the receptor onto the QD.
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Figure 6.4 Stacked 1H NMR of (A) as received CdSe/ZnS QDs, (B)

Receptor 61 and (C) QD-conjugate 67. Spectra A, B and C recorded in

CHCl3.

6.3.2 Photophysical properties of 67

The UV-vis absorption spectrum of 67 (figure 6.5) reveals peaks for

both the bound receptor in the UV region and also the distinctive 1st

exciton peak observable in the visible region with λmax 510 nm. The low

intensity of the 1st exciton peak relative to the receptor illustrates a high

grafting efficiency of the receptor on the QD surface. At this wavelength

and at an optical density of ~ 0.15 a.u., the core size was determined

using equation 3.1 to be 2.45 nm, similar to the parent QDs. When

excited at 370 nm there was no evidence of QD emission indicating a

quenching process occurring upon excitation. As 61 is quite electron rich,

this quenching most likely occurs due to electron transfer from the

receptor to the nanoparticle as has been observed in section 5.6 with

ligand 52 and for other electron rich analytes which were added to

solutions of QDs.101, 199

OH

N

HS

OH

N

S

CdSe

ZnS
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Figure 6.5 Enhanced UV-vis absorption spectrum of 67 recorded in

100% THF to show the 1st exciton peak centred at 510 nm. [67] = 2.0 x

10-6. M.

6.3.3 Size characterisation of 67

The QD-receptor conjugate 67 was further characterised by DLS

(see figure 6.6). A small sample dispersed in THF was diluted to an optical

density of ~ 0.1. The hydrodynamic diameter was determined to be 15 ±

2 nm, slightly larger than the parent QDs (12 ± 2 nm). This may be due

to the presence of the rigid ligand 61 on the QD surface as compared to

the more conformationally calamatic TOP/TOPO groups present on the

native QDs. Again, a more monodisperse distribution observed for 67 due

to the extra precipitation step involved in its preparation. The presence of

nanoparticles was further confirmed by TEM (figure 6.7), from which a

size of 3.70 nm was calculated which was slightly larger than 3.40 nm

obtained for the parent CdSe/ZnS QDs.
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Figure 6.6 DLS plots of (a) CdSe/ZnS-TOP/TOPO (size = 12 ± 2 nm)

QDs and (b) 67 (size = 15 ± 2 nm).

Figure 6.7 TEM image of the 67. Size determined to be 3.70 nm.
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6.4 Selectivity of receptors 61 and 66

6.4.1 UV-vis selectivity study of receptors 61 and 66 for various

metal ions

The UV-vis plots in figure 6.8 illustrate the binding affinities of

receptor 61 and its disulfide 66 for the various metal ions. In figure 6.8,

there were bathochromic shifts observed for seven out of the twelve metal

ions tested for 61 with minor intensity increases for the remaining ions.

This demonstrates the non-selective nature of the receptor but also more

importantly, the effective binding ability that it exhibits. The disulfide

analogue 66 (figure 6.9) also displays poor selectivity for any particular

metal ion with intensity increases for many of the ions tested and the

appearance of new red-shifted absorbance bands for Cd2+, Cu2+ and Ag+.
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Figure 6.8 UV-vis absorption spectra of 61 in the presence of various

metal ions. [61] = 1 x 10-6 M; [ion] = 5 x 10-5 M; in a 80% THF / 20%

0.01 M HEPES buffer solution at pH = 7.0.
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Figure 6.9 UV-vis absorption spectra of 66 in the presence of various

metal ions. [66] = 1 x 10-6 M; [ion] = 5 x 10-5 M; in a 80% THF / 20%

0.01 M HEPES buffer solution at pH = 7.0.

6.5 Selectivity of probe 67

6.5.1 UV-vis investigations

As mentioned above, the QD emission was quenched upon

exchange of 61 onto the QD surface. Thus, it was hoped that the addition

of certain metal ions to a solution of 67 may result in a restoration of its

emission signal. Therefore, the probe was screened against a number of

physiologically and environmentally important cations (as their chloride

salts) in a buffered THF-H2O (80:20) solution at pH 7.0 but unfortunately

no restoration of the emission was observed. However, it was noted that a

distinct colour change had occurred in the QD solutions that contained

Fe3+ and Cu2+, from colourless to brown for Fe3+ and from colourless to

green for Cu2+ (see figure 6.11). Two main bands were present in the UV-

vis spectrum of 67, one centred at 275 nm and the other at 355 nm

(figure 6.10), the latter being attributed to an intraligand charge transfer

transition of the imine chromophore221. As observed in figure 6.10, a

substantial increase in intensity of both bands was observed upon addition

of Fe3+ while with Cu2+ there was a distinct bathochromic shift of both
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bands to 295 nm and 410 nm respectively. In contrast, the UV spectra of

61 and 66 show binding to many different ions illustrating that selectivity

is improved when 61 is anchored to the QD surface.
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Figure 6.10 UV-vis absorption spectra for 67 in the presence of various

metal ions.

Figure 6.11 Photo illustrating the effect of Fe3+ and Cu2+ metal ions on

67 in THF-H2O (80:20) pH 7.0.

The bar chart in figure 6.12 shows the selectivity of 67 for the

various metal ions tested when measured at 325 nm for Fe3+ and 410 nm

for Cu2+. These two wavelengths were selected because 325 nm

represents an isosbestic point for all the ions except Fe3+ which reduces

the possibility of interference while 410 nm was the max for Cu2+ induced

69 Na+ K+ Ca2+ Mg2+ Mn2+ Fe3+ Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Ag+Na+ K+ Ca2+ Mg2+ Mn2+ Fe3+ Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Ag+
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changes. From the plot it is evident that only Fe3+ causes any interference

with Cu2+ at 410 nm while at 325 nm there was no significant effect from

any metal ion toward Fe3+.
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Figure 6.12 Bar charts revealing the selectivity of 67 for metal ions

when determined at 325 nm for Fe3+ (top) and 410 nm for Cu2+ (bottom).

[67] = 4.0 x 10-8 M; [ion] = 50 μM.
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Table 6.1 Illustrating the dA/Ao ratios for various metal ions at λmax =

325 and 410 nm, where dA is the change in absorbance of the host on

addition of ion and A0 is the absorbance of the host without any ion

added.

Ion
dA/Ao
325 nm

dA/Ao
410 nm

Na+ 0.095 1.025
K + 0.050 1.140

Mg2+ 0.029 1.099
Ca2+ 0.102 1.073
Mn2+ 0.084 1.092
Fe3+ 1.081 9.716
Co2+ 0.164 3.271
Ni2+ 0.130 2.748
Cu2+ -0.049 22.717
Zn2+ 0.191 2.977
Ag+ 0.188 2.822
Cd2+ 0.213 2.410

6.5.2 Sensitivity of 67 to Fe3+ and Cu2+.

Figure 6.13 shows the UV-vis absorption spectral plots for the

titration of 67 in the presence of Cu2+ and Fe3+. It can be observed in

figure 6.13a that as the Cu2+ concentration increases two new bands

gradually appear at 295 nm and 410 nm with a gradual decrease in the

original bands centred at 275 nm and 355 nm. Also evident is the

presence of two isosbestic points at 325 nm and 380 nm. Upon increasing

Fe3+ concentration, a gradual increase in the original absorbance at 275

nm and 355 nm was observed.
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Figure 6.13 UV spectra of 67 in the presence of (a) increasing Cu2+

concentration and (b) increasing Fe3+ concentration. Inset reflects

concentration of ions used in μM. [67] = 4 x 10-8 M.

From the spectra shown in figure 6.13 a plot of absorbance

intensity against concentration was made for Cu2+ at 410 nm and Fe3+ at
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325 nm and is presented in figure 6.14. Good linearity was observed for

both ions up to a concentration of 25 μM.
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Figure 6.14 Plot of concentration against absorbance for Cu2+ (blue

diamonds) at 410 nm and also Fe3+ (pink squares) at 325 nm.

6.5.3 Competitive titration of 67 with Cu2+ and Fe3+.

Simultaneous detection of multiple targets is dependent on

ensuring there is no competitive interference from other metal ions in

solution. From the selectivity experiments it was determined that only

Fe3+ and Cu2+ caused any change in the UV-vis spectrum, therefore any

recognition studies conducted in the presence of both ions would confirm

the viability of this probe.

Solutions were prepared containing 67 in the presence of various

concentrations of Cu2+ and Fe3+. To evaluate possible Cu2+ interference

with Fe3+ measurements, solutions containing equimolar concentrations of

Fe3+ and Cu2+ were prepared at 2.5, 5.0, 7.5, 10, 12.5, 15, 17.5 and 20

μM. These concentrations reflect the concentration of the Fe3+ ion present,

with an equimolar amount of Cu2+ present. The UV spectrum of each

solution was recorded and is shown in figure 6.15. To evaluate possible

Fe3+ interference with Cu2+ measurements, solutions were prepared, again

containing 2.5, 5.0, 7.5, 10, 12.5, 15, 17.5 and 20 μM of Cu2+ and Fe3+.

However, this time it was only possible to have 25% of Fe3+ present
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relative to Cu2+. For example, the 2.5 μM solutions contained 2.5 μM Cu2+

and 0.625 μM Fe3+. The UV-vis spectrum of each solution was recorded

and is shown in figure 6.16. The results from these titrations are shown

graphically in figure 6.17, with Cu2+ monitored at 410 nm and Fe3+

monitored at 325 nm. Good linearity was observed for both sets of

solutions up to a concentration of 20 μM with very little deviation from

solutions containing only Cu2+ or Fe3+. Therefore, 67 can measure Fe3+

concentration in the presence of equimolar Cu2+ and Cu2+ concentration in

the presence of 0.25 equivalents of Fe3+. Unfortunately, at higher

equivalents of Fe3+ the match between Cu2+ only samples deviated

significantly.
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Figure 6.15 UV-vis spectra of 67 in the presence of Fe3+ and Cu2+. The

values shown in the inset are the μM concentrations of Fe3+ with

equimolar concentration of Cu2+. Solutions prepared in a 80% THF / 20%

0.01 M HEPES buffer solution at pH = 7.0. [67] =4.0 x 10-8 M.
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Figure 6.16 UV-vis spectra of 67 in the presence of Cu2+ and Fe3+. The

values shown in the inset are the μM concentrations of Cu2+with Fe3+

being present at 25% of this concentration. Solutions prepared in a 80%

THF / 20% 0.01 M HEPES buffer solution at pH = 7.0. [67] =4.0 x 10-8 M.
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Figure 6.17 Plot of absorbance intensity of 67 against metal ion
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6.5.4 Effect of pH on probe

The UV-vis spectrum of 67 was found to be strongly influenced by

solution pH. At a low pH (~3.5), a prominent band was observed which

was centred at 325 nm. This band reduced in intensity upon increasing pH

and a new red shifted band appeared with λmax = 382 nm (figure 6.18) a

result most likely of the deprotonation of the phenolic group on the

receptor. The position and shape of this band was similar to the Cu2+

induced band at max 410 nm (figure 6.3) suggesting a Cu2+ induced

deprotonation of the phenolic group may occur upon Cu2+ binding. A plot

of absorbance intensity at 382 nm against solution pH (see figure 6.19)

shows a sigmoidal profile with an enhancement occurring over 2 log units.

Assuming a 1:1 interaction between receptor and base the pKa, calculated

from equation 6.1 was found to be 8.92.

log[(Amax – A)/(A – Amin)] = pKa – log β equation 6.169
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Figure 6.18 UV-Vis pH titration of 67. [67] = 4 x 10-8 M in an 80% THF

/ 20% H2O solution. Inset lists the pH values tested.
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Figure 6.19 Plot of absorbance intensity against pH for 67. [67] = 4.0

x 10-8 M in an 80% THF / 20% H2O solution.

6.6 Conclusions

A chromogenic sensor for the simultaneous detection of multiple

analytes was designed using a CdSe/ZnS QD as a nanoparticle scaffold.

Although the Schiff base receptor itself displayed no selectivity for any of

the metal ions that were tested, when assembled on the QD, semi-

selective behaviour was observed for Cu2+ and Fe3+. The recognition of

these cations were noticeable by a colour change with Cu2+ also displaying

a bathochromic shift in the absorption spectrum while Fe3+ displayed a

significant intensity increase. However, no fluorescent emission was

observed from this probe, most likely due to an electron transfer from the

electron rich ligand to the QD.

Analyses conducted in THF:H2O (80:20) solution buffered to pH 7.0

with HEPES revealed that the probe was capable of measuring both Cu2+

and Fe3+ in the presence of each other, however in the case of Cu2+ it was

only possible to measure with 0.25 equivalents of Fe3+ present. Thus QDs

provide an ideal framework for the organisation of receptors and can

improve the selectivity of receptors which possess no prior selectivity.

Thus many other receptors could be tested to determine if organisation on

a QD surface increases their selectivity.
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CHAPTER SEVEN

CONCLUSIONS AND FUTURE WORK
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7.1 Conclusions

The primary aim of this work was to establish the photoinduced

electron transfer (PET) mechanism with quantum dots (QDs). By

anchoring tried and tested receptors for various ions and small molecules

on to the surface of these QDs, their suitability as chemical and biological

sensors could be assessed. At the outset of this project no examples of

PET mediated fluorescent sensors using QDs as the emitting unit existed.

This has since changed in the intervening years and is now quickly

establishing itself 95,96,102,222,223.

The work presented in this thesis can be divided into a number of

specific goals and objectives.

1. Synthesis of CdSe and CdSe/ZnS QDs.

2. Design of water soluble QDs with appended surface ligands

providing dual functionality (i.e. water solubility and receptor

modality).

3. Establishing the PET mechanism with QDs.

4. Anion sensing with QDs using urea and thiourea charge neutral

receptors.

5. Using the QD surface as a framework for the assembly of Schiff

base receptors.

In chapter 3 the synthesis and characterisation of CdSe and

CdSe/ZnS QDs is described. CdSe QDs are the prototypical QD and most

often used in chemical and biological applications. To demonstrate the

versatility of these nanocrystals, three sizes of both core and core-shell

QDs were prepared by simply varying the reaction time of the syntheses.

Absorption and emission profiles for each size revealed broad absorption

profiles and narrow emission spectra typical of CdSe QDs. The sizes were

determined using three methods. These were TEM, DLS and a UV-vis

method derived by Peng. Of these methods, DLS provided the most

realistic measurement when considering biological applications.

The synthesised QDs were modified with mercaptosuccinic acid

(MSA) rendering them water soluble. These functionalised QDs were

screened against environmentally and biological relevant metal ions and
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were found to be selective for Cu2+ and to a lesser extent Fe2+. From

these studies the quantum yields for these functionalised QDs were quite

low and it was clear that any further work would need to be conducted

with better quality nanocrystals. As a result, the remainder of the project

was carried out using very high quality QDs purchased from Evident

technologies.

Another set of water soluble QDs were also prepared, replacing the

native TOP/TOPO groups with a quaternised amine providing a positive

surface. These QDs were shown to be selective for ATP and to a lesser

extent GTP over other the nucleotides tested. The selectivity toward ATP

and GTP was attributed to a greater net negative charge of these

nucleotides over the mono and diphosphates.

In chapter 5 it was shown that altering the receptor chemistry could

influence the rate of PET between the receptor and the QD. This was

observed quite effectively using an amine and an amide. In the presence

of an amine, PET occurred from the nitrogen lone pair to the QD resulting

in a complete quench of fluorescence. When the corresponding amide was

added to a solution of QD, minimal quenching was observed. This

experiment demonstrated that PET was possible with QDs in a similar

fashion to organic based sensors.

Gunnlaugsson’s strategy for anion recognition by employing charge

neutral thioureas was embraced and incorporated into a QD based design.

With proof of the PET principle with QDs in place it was envisaged that

similar selectivity would be observed. This indeed was the case with

acetate and fluoride being detected while chloride, not detected with the

organic analogue was also bound by the thiourea receptor, most likely by

co-operative binding with adjacent receptors. Hydrogen bonding of the

anions with the thiourea receptor was believed to be responsible for the

quench and was proven by a visible shift in the 1H NMR spectrum of the

thiourea protons.

Also in this chapter an “off-on” QD sensor was prepared providing

selective detection for fluoride and to a lesser extent with acetate and

dihydrogen phosphate. From the literature it was observed that when

redox active ferrocene was brought close to the surface of QDs a complete

quench in fluorescence was observed199. This phenomenon coupled with
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work reported by Pratt and Beer202 that demonstrated amperometric

detection of acetate and dihydrogen phosphate by hydrogen bonding with

a urea receptor led to a sensor design incorporating these two

components. No fluorescence was observed from the QD conjugate

attributed to the proximity of the ferrocene. This was reversed by the

addition of fluoride and a substantial increase in the fluorescence resulted.

A minor effect was observed with acetate and dihydrogen phosphate. As

with the previous example with the thiourea receptor, hydrogen bonding

of the anions with the urea receptor was proven by a visible shift in the 1H

NMR spectrum of the urea protons. A further experiment involving the

addition of methanol, a competitive solvent for the hydrogen bonding

sites, further proved the pivotal role of the urea.

In chapter 6 the use of QDs as a framework or scaffold for

assembling receptors was examined and produced some interesting

results. A Schiff base receptor showing no particular selectivity for a

number of cations displayed semi-selective behaviour for Cu2+ and Fe3+

when assembled on CdSe/ZnS QDs. In addition, monitoring each cation in

the presence of the other was also possible. To the best of our knowledge,

this was the first reported example of simultaneous detection of two

analytes with QDs.

7.2 Future work

The focus of this project over the last three years has been to

synthesise a variety of ligands and investigate their response by

spectroscopic means upon anchorage to QDs. Anion sensing was an

attractive area to focus on due to its relatively unexplored background

and this comprised a major part of the thesis. The probe 39 discussed in

chapter 5 returned impressive results and this could be expanded by

preparing other QD sensors containing a similar receptor with different

substituents on the para position of the aromatic ring to tune the acidity

of the urea group. This may affect the selectivity / sensitivity of the

probes. Also in chapter 5 the mechanism of the quenching process

involved between the ferrocene and the QD needs to be explored in more

detail by electrochemical means and it is hoped Dr. J Tucker at the

University of Birmingham may help with this. Another possible area of
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future work would be to assess if probe 53 could detect anions by

electrochemical means in addition to fluorescence, with perhaps different

sensitivity/selectivity.

A further study that would have been interesting to perform with

the Cu2+ probe in chapter 4 would have been to see how the thickness of

the ZnS shell could affect the fluorescence quench. From the work

presented it was noted that with the core shell QDs a more sensitive

quench was observed compared to the bare core QDs. It is well known

that the thickness of the shell can influence the electronic properties of

the QD but it can also affect its quenching ability224.

A number of other receptors were synthesised during the course of

the project and after anchorage to the QD surface varying degrees of

success resulted from selectivity studies. A notable example was a probe

designed to measure zinc similar in design to Gunnlaugsson’s probe225

(see figure 7.1). It became clear however, that due to the composition of

the QD, the addition of zinc was in fact passivating the surface of the QD

and any fluorescence enhancement was likely due to this phenomenon.

N OO

HN

N

CO2Na

CO2Na
S

N

CO2Na

CO2Na

QD

(a) (b)

Figure 7.1 (a) Gunnlaugsson’s PET chemosensor for Zn(II)225. (b)

Analogous QD probe.

Future work on the development of a QD probe incorporating this design

will require the use of alternative materials in its composition.
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