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1 Introduction 

Semiconductor quantum dots (QDs) have been extensively studied for over 20 years for 

their size dependent optical properties. Strong quantum confinement of the charge 

carriers in QDs increases their effective band gap energy significantly with decreasing 

particle size, resulting in size dependence of QD electronic absorption and luminescence 

spectra 
[1, 2, 3]

. Due to their unique optical and spectroscopic properties, luminescent 

semiconductor QDs have proven to be very effective donor fluorophores in numbers of 

processes and bioassays based on fluorescence (or Förster) resonance energy transfer 

(FRET). Use of semiconductor QDs as components of nanoarchitectures where FRET 

takes place has generated a tremendous amount of interest in recent years. 

FRET is a process whereby the electronic excitation energy of a donor fluorophore is 

nonradiatively transferred to a nearby acceptor fluorophore 
[4, 5]

. FRET processes are 

driven by through-space dipole-dipole interactions between the donor-acceptor pair and 

depend on the degree of spectral overlap between donor photoluminescence (PL) and 

acceptor absorption, as well as on the spatial distance and orientation between donor 

and acceptor pair. FRET-based studies involving pairs of organic dye molecules as the 

donor-acceptor couple are often limited by cross-talk caused by spectral overlap of the 

donor and acceptor emission. In addition, the broad emission spectrum of the donor, 

with its long red tail, can often overlap significantly with the acceptor emission 

spectrum. QDs can be considered as efficient ‘‘inorganic dyes’’ that offer a compelling 

alternative to conventional organic dye molecules. Unique advantages of QDs as a 

FRET donor include: 1) broad tunable absorption spectra with large absorption cross 

sections, which allows them to be excited at wavelengths remote from acceptor direct 

excitation, minimizing cross-excitation; 2) narrow and tunable symmetric PL spectra 

with high quantum yields, which alleviates the common problem of donor red tailing 

into acceptor emission wavelengths and allows for optimal spectral overlap with 

acceptor absorption; 3) exceptional resistance to photo- and chemical degradation; 4) 

high photobleaching thresholds; 5) the capacity to bind multiple acceptor molecules, 

which enhances the effective FRET cross section; and 6) the ability to excite mixed QD 

populations at a single wavelength far away from their respective emissions or assemble 

several receptors with different properties/functionalities on QD donors, which could 
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allow extensive multiplexing 
[1, 6, 7, 8, 9, 10]

. However, use of QDs does have limitations. 

Some disadvantages of QDs 
[11, 12]

 include the toxicity, the size which is larger than 

conventional organic dyes and might hamper some applications (e.g., does not allow 

very close approach of acceptors or may cause steric interference with protein function), 

and blinking processes which can cause complications especially when single molecule 

spectroscopy needs to be carried out. Moreover, the accurate determination of the QD 

concentration is still a problem so far. 

Energy transfer processes involving semiconductor QDs have been widely studied. 

Apart from the fundamental photo physical aspects, FRET-related QD systems hold 

promise to develop more efficient nanoscale FRET-based sensors 
[13, 14, 15, 16, 17]

. Until 

now the energy transfer-based QD hybrid systems include QD-QD, QD-dye and QD-

metal hybrid systems. Energy transfer between QDs of different sizes is not only of 

scientific interest, it may also be applied for light harvesting purposes. Differently sized 

semiconductor QDs have been assembled to be contained in thin solid films or form 

small aggregates in solution. Energy transfer between two chemically coupled QDs has 

not been reported yet. Controlling energy transfer on a nanometer scale where 

especially coupling with dye molecules or metal nanoparticles offers new avenues for 

detection schemes that can be used in bio-imaging and possibly other areas, such as in  

novel scanning probes for FRET-based near field microscopy 
[18, 19, 20, 21]

. In many of 

these hybrid systems, the acceptor is either covalently bound to the organic coating 

ligand using standard cross-linking chemistry 
[22]

, or bound using a biotin-streptavidin 

interaction 
[23]

. An additional component such as polymers 
[18, 24]

, proteins 
[25, 26]

, or 

peptides 
[27, 28]

, is needed to mediate the attachment of the acceptor to the QD donor.  

In this thesis, silica is chosen as a possible mediating material for coupling QD donors 

and dye acceptors. Silica is chemically inert and optically transparent. The silica shell 

may provide both chemical and physical shielding from the direct environment, thereby 

improving the stability of the nanoparticles. Furthermore, since the surface chemistry of 

colloidal silica is well understood, the main advantage of silica over polymer is the ease 

of introduction of functional groups such as amines, thiols, carboxyls, and methacrylate 

on the surface by modification of surface hydroxyl groups for further use 
[29, 30, 31, 32]

. 

Therefore, silica chemistry can offer various ways for attaching dye molecules to a 

silica surface. In addition, the silica layer allows for controlled placement of various 
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dyes 
[33]

. Based on silica chemistry, a QD-silica-dye hybrid system was designed where 

QD donors are covered by a silica shell and dye acceptors are then attached to the silica 

shell. To achieve this structure, QD-silica hybrid systems were prepared first. There are 

two methods to incorporate QDs into silica: the “Stöber” method and the water-in-oil 

(W/O) reverse microemulsion method. Using these two methods, two kinds of QD-

silica hybrid structures were obtained: the silica-QD-silica structure where 

CdSe/CdS/ZnS QDs are adsorbed on a “pure” silica core followed by further growth of 

a silica shell, and the QD-silica structure where one single CdSe/CdS/ZnS QD is 

encapsulated in a silica nanosphere. After optimization of reaction conditions, it was 

found that both structures had their own limitations for further investigations of energy 

transfer between QDs and dye molecules after attaching dye molecules to the silica 

surface. For the QD-silica structure, the obtained minimum thickness of the silica shell 

was still beyond the range where FRET between QD and dye could take place.  For the 

silica-QD-silica structure, the uneven surface after growing a thin silica shell did not 

facilitate the definition of the QD-to-dye distance. Nevertheless, the study of the QD-

silica structure shows the potential to prepare QD-dimers encapsulated in a silica 

particle and this makes it possible to study the energy transfer between two single QDs. 

More importantly, a new QD-silica-dye hybrid system has been assembled inspired by 

the silica-QD-silica structure. This structure comprises a silica core coated with an outer 

silica layer containing organic dyes, followed by QD surface adsorption. Using this QD-

silica-dye hybrid system, the energy transfer between multiple QD donors and multiple 

dye acceptors can be studied. By varying the thickness of the dye-containing silica shell, 

the energy transfer process has been investigated and described in the framework of 

Förster theory. 

Because the FRET efficiency is inversely proportional to the donor-to-acceptor distance 

to the sixth power 
[5]

, an increased separation due to the use of mediating materials can 

significantly reduce the energy transfer efficiency. To shorten the distance between QD 

and dye, a versatile route was developed to prepare QD-dye hybrid systems in organic 

solvents, in which dye molecules with dicarboxylate functional groups were directly 

attached to the QD surface without any spacer in between. It was proven that dye 

molecules with dicarboxylate functionality revealed a strong and robust attachment to 

QDs and the prepared QD-dye complexes were stable against repeated precipitation-
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dissolution cycles and long-term storage. By proper choice of dye and QD components, 

a broad spectral range from the visible up to the NIR can be covered and additionally 

the efficiency of energy transfer can be easily tuned. Since the QD-dye distance can be 

precisely controlled by simply varying the QD size while preserving the binding 

geometry, this particular QD-dye hybrid system also gives unprecedented insights into 

the energy transfer mechanism. Although in most cases the QD-based energy transfer is 

discussed as a FRET process 
[34]

, for QD-dye hybrid systems there are only a few 

reports where FRET has been quantitatively identified to be the energy transfer 

mechanism 
[25, 35, 36, 37]

, and in those experiments dye molecules have been attached to 

QD via mediating materials. Recently, many studies on QD-dye mixtures, where dye 

molecules are directly attached to QDs, demonstrate that in short-range energy transfer 

from QDs to dye molecules, other non-Förster type processes appear to play a role in 

addition to the Förster mechanism. Such non-Förster type processes involve 

contributions of surface states 
[38]

, spatial extension of the exciton wave function outside 

of the QD 
[39, 40]

, and degree of interdigitization of alkylamino chains on dye molecules 

into alkyl-capping layers on QDs 
[41]

. In order to experimentally clarify the energy 

transfer mechanism in the QD-dye hybrid system, the systematic quenching of QD 

emission with changing dye/QD molar ratios and the dependence of energy transfer 

efficiencies on the QD-dye distance were studied, confirming that FRET was the 

dominant mechanism. In addition, the high stability of the QD-dye hybrid systems 

allows directly transferring the QD-dye complexes from organic solvents into water 

using conventional transfer methods. The developed versatile route also provides a way 

to prepare QD dimers. Preliminary experiments were done to link QDs by bifunctional 

dye molecules. Using this versatile route, other organic molecules, e.g., calixarene 

molecules were able to complex with QDs and the QD-calixarene complexes also 

showed potential for QD-based energy transfer studies. 

The organization of this thesis is as follows: a short summary on the basic properties of 

semiconductor QDs and on the FRET formalism and an overview of the major classes 

of hybrid FRET systems with semiconductor QDs as at least one component are given 

in chapter 2.  The materials and methods used to prepare and characterize QDs and QD 

hybrid systems are described in chapter 3. The following chapters present the 

experimental results: Synthesis and optimization of the two QD-silica hybrid systems ― 
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the silica-QD-silica structure and the QD-silica structure ― are described in chapter 4. 

Assembly of the QD-silica-dye and QD-dye hybrid systems and investigations of 

energy transfer in these two systems are presented in chapter 5 and 6, respectively. At 

last, chapter 7 gives a short summary of all the results. 
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2 Theoretical background  

2.1 Quantum dot properties  

Colloidal quantum dots (QDs), also termed zero-dimensional semiconductor 

nanocrystals (NCs), are composed of an inorganic core, made up of between a few 

hundred and a few thousand atoms, surrounded by an outer organic layer of surfactant 

molecules (ligands). 

Typically, for the 1 - 20 nm size range semiconductor nanocrystals show optical, 

electronic and mechanical properties distinct from those of the corresponding bulk 

material. 

2.1.1 Bulk semiconductors 

In a bulk semiconductor, the properties of the material are independent of the size and 

shape and are only chemical composition-dependent. The large number of atoms in a 

bulk crystal leads to the generation of sets of molecular orbitals with very similar 

energies which effectively form a continuum. At 0 K, the valence band is filled with 

electrons, while the conduction band is unoccupied. These two bands are separated by 

an energy gap (Egap), the magnitude of which is a characteristic property of the bulk 

material (at a specific temperature). Figure 2.1 gives an overview of the band alignment 

of III–V and II–VI bulk semiconductor materials, and Table 2.1 lists the properties of 

the semiconductors included in this thesis. 

 

Figure 2.1: Electronic energy levels of selected III–V and II–VI semiconductors. VB: valence band, CB: 

conduction band. (Adapted from Ref 42) 
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Table 2.1: Properties of bulk II-VI compound semiconductors (Adapted from Ref 43) 

compd band gap
a
/eV type

b
 structure Lattice spacing/Å 

CdSe 1.74 d wurtzite 
a: 4.299 

c: 7.010 

CdS 2.53 d wurtzite 
a: 4.136 

c: 6.713 

ZnS 3.8 d wurtzite 
a: 3.814 

c: 6.257 

ZnS 3.6 d zinc blend 5.406 

a
 at 300 K. 

b
 d, direct. 

At temperatures above 0 K, electrons in the valence band may get enough thermal 

energy to be excited across the band gap into the conduction band. An excited electron 

in the conduction band together with the resulting hole in the valence band forms an 

“electron-hole pair”. 

In conventional bulk semiconductors electrons and holes are the charge carriers. They 

can form a bound state when they approach each other in space. This bound electron-

hole pair, known as a Wannier exciton, is delocalized within the crystal lattice and 

experiences a screened Coulombic interaction. 

2.1.2 Quantum dots 

Two fundamental factors distinguish the behavior of quantum dots from that of the 

corresponding bulk material. The first is the large surface/volume ratio, and the second 

factor is the actual size of the particles 
[44]

. As the size of a crystal decreases to the 

nanometer regime, the electronic structure is altered from the continuous electronic 

bands to discrete or quantized electronic levels. As a result, the continuous optical 

transitions between the electronic bands become discrete and the properties of the QDs 

become size dependent 
[45, 46, 47, 48]

. Such size dependent optical properties occur 
[49]

 

when the size of the nanoparticle is smaller than the bulk-exciton Bohr radius, aB, of the 

semiconductor.  
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where ε represents the bulk optical dielectric coefficient, ħ is Planck's constant, e is the 

elementary charge, and me
*
 and mh

*
 are the effective mass of the electron and hole, 

respectively. 

Based on the effective mass approximation, for CdE (E = S or Se) nanocrystallites, the 

first electronic transition energy can be expressed as 
[50, 51, 52]
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where Egap is the bulk semiconductor energy gap, h
E10  and  e

E10  are the confinement 

energy of hole and electron respectively, Ecoul represents the Coulomb interaction 

between electron and hole, and R is the radius of the nanocrystal. Equation 2.2 is 

illustrated by Figure 2.2. 

 

Figure 2.2: Left: electronic state diagram of a nanocrystalline semiconductor (VB: valence band, CB: 

conduction band). Right: the dispersion of the energy of the conduction and valence bands, respectively, 

of the semiconductor with direct energy gap in k-space (k is the wave vector of the reciprocal space). 

(Modified from Ref 60) 

According to equation 2.2, with decreasing QD size, the quantization energy increases 

by 1/R
2
, whereas the Coulomb energy shifts the first excited electronic state to lower 

energy by 1/R. The Coulomb energy varies in a less pronounced manner than the 

quantization energy as the size of the QD changes. Consequently, as the QD size 

decreases, the electronic excitations shift to higher energy. Such quantum size effects 

have been observed experimentally in optical absorption measurements for 

nanocrystalline semiconductors. By using absorption spectroscopy technique, one can 

observe the development of discrete features in the spectra and the enlargement of the 
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energy gap in semiconductor nanocrystals 
[1, 46, 53, 54, 55]

. CdSe QDs are a model 

semiconductor system which has been extensively studied 
[1, 46, 53, 54, 55, 56, 57]

. For CdSe 

QDs, 1S3/2 – 1Se, 2S3/2 – 1Se, 1S1/2 – 1Se and 1P3/2 – 1Pe are the commonly observed 

lower energy transitions 
[57, 58]

. Figure 2.3 shows the absorption spectrum of 6.4 nm 

CdSe QDs and the corresponding transitions. Figure 2.4 shows the size dependence of 

the band gap for CdSe: the band gap decreases as the CdSe size increases from the 

molecular scale to the bulk. 

     

Figure 2.3: (a) Absorption spectrum of 6.4 nm CdSe quantum dots and (b) normalized second derivative 

of (a) (Adapted form Ref 59). The transitions are assigned according to Norris and Bawendi 
[58]

. In this 

absorption spectrum, the 1S1/2 – 1Se transition can not be resolved. (c) The electron and hole states of 

CdSe QDs in the strong confinement regime. The dashed lines represent surface states and deep traps of 

the QDs (Adapted from Ref 60). 

 

Figure 2.4: Size dependence of the band gap for CdSe from the molecular regime to the bulk. Filled 

(crossed) circles represent the band gap of cluster-molecules from Ref 61. Squares and triangles represent 

the band gap values for CdSe nanocrystals from Refs 1 and 62, respectively. (Modified from Ref 61) 

(c) 
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Experimentally, quantum size effects are observed as a shift towards higher energy 

values in the absorption edge (a blue shift) and a corresponding larger separation 

between electronic transitions with decreasing QD diameter. Figure 2.5 shows the 

absorption spectra for a series of CdSe QDs with different sizes. The absorption spectra 

show a consistent red shift as the QD size increases and up to 10 discrete optical 

transitions can be resolved. A high-quality absorption spectrum for monodisperse QDs 

can be used to calculate and calibrate the size and size distribution of the synthesized 

QDs directly. Empirical relationships between the size and the first absorption 

wavelength can be derived for various types of semiconductor QDs, and the size can be 

read out after determination of the first absorption wavelength from the absorption 

spectra. Figure 2.5 also shows how the first absorption peak changes as the QD size 

changes for CdSe, CdS and CdTe QDs. 

           

Figure 2.5: (a) Blue shift in the absorption edge and a larger separation between electronic transitions for 

a homologous size series of CdSe QDs and (b) Observation of discrete electronic transitions in optical 

absorption of QD dispersions, collected at room temperature (Adapted from Ref 53). (c) First absorption 

peak position versus the size of the QDs (Adapted from Ref 63). 
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2.1.3 Core-shell quantum dots 

The key parameters that determine the applicability of luminescent QDs are (i) high 

photoluminescence (PL) quantum yield (QY), (ii) stability of luminescence properties 

under real operation conditions and (iii) solubility of QDs in a desired solvent. In certain 

cases, organically passivated QDs can provide high PL QY. However, the organic 

ligands are labile and in dynamic equilibrium with the surrounding medium. As a result, 

the PL QY is strongly dependent on the QDs’ surroundings. Furthermore, these QDs 

typically exhibit surface related trap states acting as fast nonradiative de-excitation 

channels for photogenerated charge carriers, thereby reducing the quantum yield. They 

also exhibit some red-shifted luminescence and complex decay of the excited state 
[64, 65]

. 

Therefore, the organically passivated nanocrystals do not yet have a perfectly passivated 

surface.  

An important strategy to improve QDs’ surface passivation and thereby their stability is 

to grow a shell of a wide band gap semiconductor on the outside of the QD, resulting in 

core-shell systems. Such core-shell QDs have been shown to improve the PL quantum 

yields by passivating surface nonradiative sites. Particles passivated with inorganic 

semiconductor shell structure are also more robust than organically passivated QDs and 

are of practical interest for biological imaging and light-emitting devices. Some reported 

examples of core-shell QD structures include CdS/Cd(OH)2 
[66]

, CdSe/ZnSe 
[67 , 68 ]

, 

CdSe/ZnS 
[69, 79]

, CdS/HgS/CdS 
[70, 71]

, CdSe/CdS 
[72]

, InP/ZnS 
[73, 74]

, PbSe/PbS 
[75, 76]

, 

and Si/SiO2 
[77]

.  

 

Figure 2.6: Energetic band positions and lattice mismatch of bulk semiconductor material combinations. 

Lattice mismatch was calculated using: (ccore-cshell)/ccore, lattice spacing c is shown in Table 2.1. (Adapted 

from Ref 78) 
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In particular, for CdSe core-shell QDs, several wide band gap semiconductors, such as 

ZnS 
[7, 79]

, CdS 
[80, 81, 82, 83]

 and ZnSe 
[84, 86]

, were employed as the shell material to 

establish a core-shell system. In Figure 2.6, the band gap and lattice mismatch of bulk 

semiconductor materials included in this thesis are compared. 

ZnS is a nontoxic, chemically stable wide band gap semiconductor. Potentially, the ZnS 

shell should provide the best passivation of the CdSe core. However, as the thickness of 

the ZnS shell increases by more than ~ 2 monolayers, the strain due to the large lattice 

mismatch between CdSe and ZnS leads to the formation of dislocations, relaxes the 

structure and causing the growth to proceed incoherently 
[7, 85]

. The defects in the ZnS 

shell produced due to the generation of misfit dislocations could be the source of 

nonradiative recombination sites and thus lead to a decline in the quantum yield and 

negatively affect the stability of the CdSe/ZnS core-shell QDs. It is worth mentioning 

that the particle size distribution often broadens substantially upon growing the ZnS 

shell around CdSe cores 
[7]

.  

In the case of CdSe/CdS core-shell QDs, the lattice mismatch between the core and the 

shell materials is small enough to allow epitaxial growth of the CdS shell 
[81, 82, 83]

. As a 

result of the low concentration of defects in the shell, CdSe/CdS QDs exhibit very high 

quantum yield 
[80, 81, 86]

. However, the band gap of CdS is not large enough to provide 

the potential barrier necessary to block both electrons and holes inside the CdSe core 
[7, 

83]
. Moreover, the CdS shell can be excited by UV light broadly used in biological 

tagging application. The direct excitation of the QD shell causes its fast photooxidation 

that makes CdSe/CdS QDs unsuitable for many biolabeling applications 
[87]

.  

To combine the advantages of both shell materials, between the CdSe core and the wide 

band gap ZnS shell a CdS shell is introduced with lattice spacing intermediate to CdSe 

and ZnS, resulting in multishell CdSe/CdS/ZnS QDs 
[78]

. CdS has both the band gap and 

the lattice spacing intermediate to those of CdSe and ZnS (see Figure 2.6). Such double 

shell structure allows a stepwise change of lattice spacing from the emitting CdSe core 

to the protecting ZnS shell and thus allows reducing the strain inside the QDs 

considerably, leading to a high quantum yield.  

Figure 2.7 a shows the absorption and photoluminescence spectra of multishell 

CdSe/CdS/Cd0.5Zn0.5S/ZnS QDs during shell growth. The Cd0.5Zn0.5S shell is used as a 
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buffer layer to gradually change the shell composition from CdS to ZnS in the radial 

direction. It can be seen that the absorption and PL spectra shift to the red when the 

shell with the composition of CdS is grown, and this red shift can be explained using 

both molecular orbital and particle-in-a-box models 
[81]

, as shown in Figure 2.8.  

         

 

Figure 2.7: (a) Evolution of the absorption and photoluminescence (PL) spectra upon consecutive growth 

of the concentric shells. (b) Evolution of the PL quantum yield for several core-shell particles. (c) 

Photochemical stability of QDs in oxygen saturated chloroform solutions under UV-irradiation. (top) 

change in optical density and (bottom) change in PL quantum yield for the CdSe core and different core-

shell particles. (Adapted from Ref 78) 
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Figure 2.8: Schematic core and core-shell potentials (solid lines) and electronic energy levels (dashed 

lines) as described by a molecular model (a,b) and a particle-in-a-box model (c,d). (a,c) represent a core, 

while (b,d) represent a core-shell QD. “x” represents the absorption onset for a CdSe core, “y” for a core-

shell grown from this core, and “z” represents the potential step. The Gaussians shown are the results of 

effective mass calculations for electron and hole wavefunctions. (Adapted from Ref 81) 

In the molecular orbital model, the core and shell are viewed as molecular fragments. 

Since in CdSe/CdS core-shell QDs the core and shell bind together epitaxially and with 

minimal defects, their energy levels mix and a new set of core-shell levels emerges. The 

individual core and shell LUMOs will mix strongly since they are relatively close in 

energy. Consequently, the core-shell LUMO will be largely delocalized throughout the 

structure. However, the energy difference between the core and shell HOMOs is 

relatively large, and the core-shell HOMO will be predominantly corelike and localized. 

Thus, the electron-hole overlap in the core-shell first excited state is confined mostly to 

the core. 

The particle-in-a-box model can be used to obtain a first qualitative approximation of 

the election and hole wavefunctions.  As shown in Figure 2.8 d, in the core-shell 

structure, the electron potential step (see “z”) is about half as large as that of the hole 

z 

z 
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(0.27 vs 0.51 eV). Figure 2.8 c and d also show the electron and hole wave functions 

calculated with the particle-in-a-box model 
[88]

. These results suggest that the electron is 

delocalized throughout the core-shell structure, while the hole is mostly confined to the 

core. 

These two models present a picture of core-shell energy levels. The red shift is 

predominantly a result of the high degree of mixing of the core and shell LUMOs in the 

molecular orbital model, the loss of quantum confinement in the particle-in-a-box 

model (a bigger box). Confinement of the hole to the core would also be consistent with 

the very high observed quantum yields when growing CdS shells (Figure 2.7 b), as the 

highest probability of electron-hole overlap would then be in the core, away from the 

nonradiative traps and defects associated with the QD surface.  

 

Figure 2.9: Radial probability functions for the lowest energy (1S3/2-1S(e)) electron and hole wave 

functions in bare 20 Å diameter CdSe dots, CdSe/ZnS dots with a 20 Å diameter core and a 4 Å ZnS shell, 

and CdSe/CdS dots with an identical core and a 4 Å CdS shell. The sketches to the right show the 

approximate band offsets between the various components. (Adapted from Ref  7) 
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From the models, the spreading of the electron wavefunction into the shell is also 

predicted.  Figure 2.9 shows the radial probability functions of the electron and hole for 

bare CdSe dots, and for the same dots with a ZnS or CdS shell.  

In the bare dots, the wave function of the lighter electron spreads over the entire particle 

and tunnels only slightly into the surrounding organic matrix whereas the heavier hole 

has a higher probability to be found at the center of the dot and does not extend into the 

surrounding matrix. When a shell of ZnS surrounds the CdSe particle, the electron 

wavefunction tunnels into the ZnS shell while the hole wavefunction has a negligible 

probability of spreading into the ZnS layer. Beyond a certain thickness of the ZnS shell 

the electron and hole wavefunctions cannot spread out further. In CdS the barrier height 

for the electron is smaller than the total energy of the electron (also see Figure 2.8), and 

thus its wavefunction extends well into the CdS shell. The hole, however, has lower 

probability of penetrating into the surrounding CdS matrix than the electron but extends 

into the CdS more than it does for a ZnS shell. Therefore, the ZnS shell can provide 

more efficient confinement of not only hole but also electron wavefunctions inside the 

QDs.  As a result, the QDs with an outer layer of ZnS have a higher photochemical 

stability and also higher long-term fluorescence intensity, as can be seen in Figure 2.7 c. 

Summarizing, the combination of low strain, provided by the intermediate CdS layer 

serving as a ‘‘lattice adapter’’ and efficient passivation and charge-carrier confinement 

assured by the outer ZnS shell offers core-shell QDs with high stability against photo-

oxidation and high quantum yields. 
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2.2 Fluorescence resonance energy transfer  

Fluorescence (or Förster) resonance energy transfer (FRET) between optically active 

species is a well documented process 
[5, 89, 90]

 and has become widely used. FRET occurs 

between a donor (D) molecule in the excited state and an acceptor (A) molecule in the 

ground state without the appearance of a photon, and is the result of long range dipole-

dipole interactions between the donor and acceptor. The rate of energy transfer depends 

upon the extent of spectral overlap of the emission spectrum of the donor with the 

absorption spectrum of the acceptor, the quantum yield of the donor, the relative 

orientation of the donor and acceptor transition dipoles and the distance between the 

donor and acceptor molecules. 

FRET therefore is a powerful photophysical reporting technique. The power of this 

technique derives from its high intrinsic sensitivity to small changes (0.5 -10 nm) in the 

separation distance and orientation between the donor and acceptor dipoles, which has 

led to the characterization of FRET in several reports as a “spectroscopic ruler” 
[5]

. 

2.2.1 Characteristics of FRET 

The mechanism of FRET was theoretically described for the first time by Theodor 

Förster in 1948 
[91]

. He considered the so-called “homo” transfer between the donor and 

the acceptor being of the same type of fluorophore. In 1949, Förster extended his theory 

to the situation where the electronic transition of the donor involves a larger energetic 

step 01
DDD EEE −=∆  compared to the electronic transition of the acceptor 

01
AAA EEE −=∆  

[92]
, as illustrated in Figure 2.10. The initial step of energy transfer from 

the donor to the acceptor is resonant or isoenergetic. A transfer from the excited donor 

level 1
DE  can only take place into a vibronically excited acceptor level ,*1

AE . However, 

the excess vibronic energy is readily dissipated, leaving the acceptor in state 1
AE  (Figure 

2.10). This second step of energy dissipation is usually much faster (typically within 

less than a picosecond) than the time scale of the original resonant energy transfer and 

therefore FRET becomes a “one way” process. This means that the probability of the 

back transfer is substantially reduced because it is unlikely that the relaxed acceptor 

gains thermal energy 1,*1
AAth EEE −=∆  

[34]
. 
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Figure 2.10: Schematic representation of the FRET process. After absorption of a photon by the donor, 

the energy is transferred resonantly to an excited state 
,*1

A
E  of the acceptor. The excess energy is quickly 

dissipated. Finally, the fluorescence emerges from the acceptor. 

It is important that FRET is a process that does not involve emission and re-absorption 

of photons. The theory of energy transfer is based on the concept of a fluorophore as an 

oscillating dipole, which can exchange energy with another dipole with a similar 

resonance frequency 
[93]

. In contrast, radiative energy transfer is due to emission and re-

absorption of photons and depends upon non-molecular optical properties of the sample, 

such as the size of the sample container, the path length, and so on. Thereby, non-

radiative energy transfer contains a wealth of structural information concerning the 

donor-acceptor pair. 

2.2.2 Principles of FRET 

The rate of energy transfer from a donor to an acceptor kT (r) is given by 
[5]

 

( )
6

01








=

r

R
rk

D

T
τ

                                                    (2.3) 

where τD is the decay time of the donor in the absence of acceptor, r is the donor-

acceptor distance and R0 is the Förster radius, where the FRET efficiency is 50%. In 

other words, R0 is the distance between the donor and the acceptor at which 50% of the 

excitation energy of the donor is transferred to the acceptor and 50% deactivates in 

other radiative and nonradiative processes. The rate of FRET depends strongly on 

distance, and is proportional to r
-6

 (equation 2.3). 

The FRET efficiency (E) is the fraction of photons absorbed by the donor which are 

transferred to the acceptor. This fraction is given by 
[5]
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which is the ratio of the transfer rate to the total decay rate of the donor in the presence 

of acceptor. 

Taking equation 2.3 and 2.4 together, the FRET efficiency can be described as 
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As can be seen from equation 2.5, the FRET efficiency is strongly dependent on D-A 

distance (r) and Förster radius (R0).  

 

Figure 2.11: Dependence of the energy transfer efficiency (E) on distance. (Adapted from Ref 5, 94) 

Figure 2.11 shows the dependence of FRET efficiency on the distance. The efficiency 

quickly increased to 1 as the D-A distance decreases below R0. Conversely, the transfer 

efficiency quickly decreases to 0 if the D-A distance is greater than R0. Because E 

depends so strongly on distance, measurements of the D-A distance (r) are only reliable 

when r is within a factor of 2 of R0.  

6/142
0 ))((211.0 λκ JQnR D

−=                                        (2.6) 

The Förster radius (R0) depends on the orientation factor (κ
2
) describing the relative 

orientation in space of the transition dipoles of the donor and acceptor, the refractive 

index of the medium (n), the QY of the donor in the absence of acceptor (QD), and the 
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spectral overlap integral ( )(λJ ). When the wavelength is expressed in nm, the Förster 

distance in Å is expressed by equation 2.6 
[5]

. 

The overlap integral ( )(λJ ) describes the degree of spectral overlap between the donor 

emission and the acceptor absorption 
[5]

: 
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)(λDF is the fluorescence intensity of the donor and )(λε A is the extinction coefficient 

of the acceptor at λ, which is typically in units of M
-1

 cm 
-1

. In calculating )(λJ  one 

should use the corrected emission spectrum with its area normalized to unity (equation 

2.7, middle), or normalize the calculated value of )(λJ  by the area (equation 2.7, right). 

FRET can be reliably assumed to occur whenever the donors and acceptors are within 

the Förster radius, i.e. suitable spectral overlap occurs. The R0 value can be reliably 

predicted from the spectral properties of the donors and the acceptors. Energy transfer is 

a through-space interaction that is often independent of the intervening solvent and/or 

molecule. Therefore, one can assume that FRET will occur if the spectral properties are 

suitable and the D-A distance is comparable to R0.   

When a single donor interacts with multiple acceptors brought in close proximity and all 

acceptors are equally separated from a central donor, the FRET efficiency is given by 

6
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where n is the number of acceptors surrounding a single donor 
[10, 25]

. 

2.2.3 Measurement of FRET 

FRET efficiency can be experimentally determined by quenched donor emission or 

sensitized acceptor emission using steady-state measurements, or by a decrease of donor 

fluorescence lifetime in the presence of the acceptor using time-resolved measurements. 

Reduced donor emission     Upon excitation of the donor fluorophore, the occurrence 

of FRET leads to a decrease in donor emission intensity, also called quenching of the 



2  Theoretical background 

 21 

donor fluorescence or quenched donor emission. Intensity-based FRET measurement 

determines FRET efficiency by analyzing steady-state spectra of the donor emission. 

The FRET efficiency can be measured using the relative fluorescence intensity of the 

donor, in the absence (FD) and presence (FDA) of acceptor 
[5]

: 

 
D

DA

F

F
E −= 1                                                         (2.9) 

To calculate E by analyzing fluorescence intensities from steady-state spectra, the 

concentrations of the donor and acceptor should be taken into account. 

Sensitized acceptor emission       In a FRET experiment, the acceptor does not need to 

be fluorescent, although its absorption must overlap with the donor emission. If the 

acceptor is a fluorophore, the quenched donor emission is simultaneously accompanied 

by an enhanced acceptor emission. Assuming that the donor does not emit at the 

acceptor wavelength, the FRET efficiency is given by 
[5]
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where )( ex
DA λε  and )( ex

DD λε are the extinction coefficients (single D-A pairs) or 

absorbance (multiple acceptors) of the acceptor and donor at the donor excitation 

wavelength ( ex
Dλ ). )( em

AADF λ  and )( em
AAF λ  are the acceptor intensities measured at an 

acceptor emission wavelength ( em
Aλ ) in the presence and absence of donor, and fD is the 

fractional labeling with the donor. The acceptor is almost always excited directly at the 

donor excitation wavelength 
[95]

. Therefore, the enhanced acceptor emission requires 

considering all these interrelated intensities. It is also important to correct further for the 

donor emission at em
Aλ , which is not considered in equation 2.10. 

Reduced donor lifetime      The occurrence of FRET shortens the average lifetime of 

the donor. The FRET efficiency therefore can also be calculated from the decay of the 

donor emission in the presence (τDA) and absence (τD) of the acceptor 
[5]

: 

  
D

DAE
τ

τ
−= 1                                                    (2.11) 
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If the intensity decays are multi-exponential, an average decay time that is proportional 

to the steady-state intensity should be used. These averages are given by the sum of the 

αiτi products, where τi are the decay times and αi are the amplitudes of the components. 

It’s important to remember that equations 2.9 and 2.11 are only applicable to donor-

acceptor pairs that are separated by a fixed distance. A single fixed donor-acceptor 

distance is not found for a mixture of donors and acceptors in solution, nor for donors 

and acceptors dispersed randomly in space. 
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2.3 Energy transfer with quantum dots 

Energy transfer processes involving semiconductor QDs have been widely studied and 

most of the energy transfer processes can be explained using the Förster theory 
[10, 25, 94, 

96 , 97 , 98]
. In applying the Förster formalism to analyze the non-radiative transfer of 

excitation energy in systems involving QD fluorophores (e.g. from an excited QD to a 

proximal ground-state dye acceptor), the QD excited state (or exciton) is approximated 

as an oscillating (point) dipole. This approximation is derived from the combination of 

two factors: 1) strong overlap of the electron and hole carrier wavefunctions in the QD, 

and 2) the spatial extent of the carrier wavefunctions as well as the separation between 

electron and holes carriers inside the QDs are much smaller than the wavelength of light
 

[14]
.  

2.3.1 Energy transfer between quantum dots 

2.3.1.1 Energy transfer in thin solid film containing quantum dots 

The first demonstration that CdSe QDs (core only) can engage in efficient non-radiative 

energy transfer was reported by the Bawendi group 
[96]

. Energy transfer between 

randomly distributed QDs in close-packed solid films was studied. Solutions containing 

two CdSe QDs of different diameters were prepared, using small 3.9 nm CdSe QDs 

functioning as exciton donors and large 6.2 nm CdSe QDs serving as energy acceptors. 

These solutions were then spin cast to form films of close-packed interpenetrating 

networks of donor-acceptor QDs. Steady-state fluorescence data collected at room 

temperature and at 10 K showed that there was a clear decrease in the PL from the 

smaller QDs along with an increase in larger QD PL when exciting at the blue edge of 

the first absorption maximum of the smaller QDs (Figure 2.12). Time-resolved 

fluorescence experiments also showed a decrease in the PL lifetime of the donor and an 

increase in the acceptor PL lifetime, which corroborated the steady-state results. Data 

were successfully analyzed within the Förster formalism, showing that dipole-dipole 

interaction is the dominant mechanism for energy transfer between nearest neighbor 

QDs. 

In subsequent studies, the authors showed that in a population (with a finite size 

distribution) of close-packed CdSe QDs, there is shift of the PL maximum wavelength 
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compared to the wavelength of their dilute solution counterparts, which was attributed 

to FRET from small- to larger-size nanocrystals. They further confirmed that the shift is 

more pronounced when the size distribution becomes broader 
[97]

. 

 

Figure 2.12: Absorption and emission spectra for 3.9 and 6.2 nm CdSe QD solids at (a) room 

temperature (RT) and (b) 10 K. PL spectra for the mixed system (solid lines) dispersed in solution at (c) 

RT and (d) 10 K and close-packed in the solid films at (e) RT and (f ) 10 K. Dotted lines plot the relative 

quantum yields for 3.9 nm dots in a pure film and for 6.2 nm dots in the mixed film when excited to the 

red (578 nm) of the 3.9 nm dots absorption edge at (e) RT and (f ) 10 K. (Adapted from Ref 96) 

2.3.1.2 Energy transfer in layered assemblies of quantum dots 

In layer-by-layer assembled structures of QDs, all the excitation energy that is absorbed 

by QD layers containing smaller particles (donors) can be concentrated in the larger QD 

layers (acceptors). The first reported structure consisted of two monolayers of 

differently sized QDs capped by long-chain organic ligands covalently bound by dithiol 

linker molecules 
[2598]

. Because of the relatively large length of the linker molecule, 

which caused a large interdot separation (~ 6.2 nm center-to-center), the energy transfer 

was relatively slow and had a FRET rate of (750 ps)
-1

. This study was followed by an 

investigation of bilayers of similar QDs (1.5 nm and 1.9 nm in radius, respectively) 

fabricated using the Langmuir–Blodgett technique (Figure 2.13 a), thus avoiding the 

linker molecules in between to minimize the distance between donor and acceptor QDs 

and achieve a faster energy transfer 
[99]

. Figure 2.13 b shows the spectra of this structure 

recorded at different times after excitation. With increasing time, the high-energy PL 

(smaller QD monolayer) rapidly decays, while the low-energy PL (larger QD monolayer) 
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grows. The energy transfer related dynamics in the two layers recorded at 2.30 and 2.17 

eV, which approximately correspond to PL peaks in monolayers of the smaller and 

larger QDs, was compared in Figure 2.13 c. The exponential fit to the initial PL decay at 

2.30 eV and its growth at 2.17 eV yielded an improved inter-layer energy transfer rate 

of (120 ps)
-1

. 

 

Figure 2.13: (a) The bilayer structure fabricated from QDs with different sizes. (b) Normalized PL 

spectra of the QD bilayer measured at different times after excitation. The zero-delay-time spectrum is 

decomposed into two Gaussian bands (blue dashed lines) that correspond to emission spectra from 

individual monolayers. (c) The bilayer PL dynamics measured at 2.30 eV (blue squares) and 2.14 eV (red 

circles). (Adapted from Ref 99) 

The energy transfer mechanism between QDs was further experimentally verified by 

measuring PL dynamics in a bilayer structure where the distance between QD 

monolayers was precisely controlled by a spacer layer (Figure 2.14 a) 
[100]

. As shown in 

Figure 2.14 b, the energy transfer rate from the donor(D)-QDs to the acceptor(A)-QDs 

becomes smaller with increasing spacer-layer thickness. The dependence of energy 

transfer rate on the distance between two QD monolayers can be quantitatively 

explained by the Föster model. Accordingly, the energy transfer between the donor and 

acceptor QDs is dominated by the dipole-dipole interaction. 

(a) 

(b) (c) 
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Figure 2.14: (a) Schematic diagram of the deposition process of the bilayer structure. (b) The dependence 

of energy transfer rate on the distance between donor(D)-QDs and acceptor(A)-QDs. (Adapted from Ref 

100) 

2.3.1.3 Energy transfer in solution-based complexes containing quantum dots 

 

 

Figure 2.15: (a) PL spectra of CdTe QDs as a function of the concentration of Ca
2+

 ions in GR mixture 

solution, and PL decay curves of (b) pure G and (c) mixed GR samples at 550 nm at different Ca
2+ 

concentrations. (Adapted from Ref 105) 
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The energy flow in coupled QD pairs 
[101]

 or small aggregates of QDs in solution 
[102, 103, 

104] 
has been reported. Recently, an efficient energy transfer has been demonstrated in 

stable clusters of CdTe QDs. Ca
2+

 ions acting as electrostatic chelating linkers were 

used to induce clustering of water-soluble CdTe QDs through coordination to the 

negatively charged carboxylic acid groups of their ligands 
[105]

. As shown in Figure 2.15 

a, the effect of Ca
2+

 on the cluster containing green- (G) and red- (R) QDs (denoted as 

GR sample) resulted in a strong decrease of green emission of the G donor QDs, 

accompanied by a slight increase and a red shift of the red emission of R acceptor QDs. 

This is consistent with FRET from the high-energy donor QDs to the low-energy 

acceptor QDs. A comparison of the decay curves for green-emitting CdTe QDs in a 

pure G sample and in a GR mixture (Figure 2.15 b, c) shows that the PL from green 

QDs decays much faster in the GR samples than in the G samples. This is because there 

are more suitable acceptors in the GR sample than in the pure G sample. Time-resolved 

fluorescence measurements reveal that at least part of the energy transfer involves long-

lived intermediate trap states and the recycling of this trapped excitation energy by 

transfer to red-emitting QDs. 

2.3.2 Energy transfer from quantum dots to organic dye molecules 

2.3.2.1 Energy transfer in quantum dot-dye mixtures 

          

Figure 2.16: (a) Schematic representation of a QD-Nile Red dye complex. The arrow indicates the 

direction of resonant energy transfer (FRET). (b) Plot of the rate of quenching vs. the particle size of 

CdSe QDs. (Adapted from Ref 108) 

Sadhu et al. 
[106]

 has reported the energy transfer in a mixture of CdS QDs and the 

organic dye Nile Red in n-hexane  (Figure 2.16 a). Van der Waals type interactions 

(a) (b) 
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between CdS QDs and dye molecules contribute to the binding of the energy acceptor to 

the QD surface. A quenching in photoluminescence (PL) intensity of QD emission was 

observed in the presence of Nile Red. A stochastic model for the kinetics of energy 

transfer from CdSe QDs to Nile Red dye molecules was proposed 
[107]

. The energy 

transfer form CdSe QDs with different sizes to Nile Red dye was investigated using 

FRET and kinetic model 
[108]

. The estimated energy transfer rates from the kinetic 

model were nicely matched with FRET data (Figure 2.16 a). 

There are also many studies on QD-dye mixtures where PL quenching of QDs was not 

assigned to FRET. Schmelz et al. 
[109]

 observed a complete quenching of CdSe/ZnS QD 

fluorescence upon attachment of diazaperylene dye molecules, which was assigned to 

charge transfer. A complete quenching of CdSe QD fluorescence by single dye 

molecules (Texas Red C5 and Lissamine Rhodamine B ethylenediamine) was also 

reported 
[110]

. The competition between electron and energy transfer from CdSe QDs to 

adsorbed rhodamine B (RhB) molecules was examined by Boulesbaa et al 
[111]

. The 

major pathway (~ 84%) for exciton quenching in this system was through electron 

transfer to RhB, whereas energy transfer accounted only ~ 16%. Blaudeck et al. 
[112]

 

investigated the photoluminescence (PL) quenching of CdSe/ZnS QDs induced by 

functionalized porphyrin molecules (Figure 2.17 a). The majority of the observed strong 

quenching of the QD PL was assigned to neither FRET nor charge transfer, but to the 

extension of the wave function of the exciton outside of the QD (Figure 2.17 b). It was 

suggested that the attachment of dyes resulted most likely in a modification of the 

excitonic wave function close to the QD surface causing new and/or enhancing non-

radiative deactivation channels. Their further investigations extended the non-FRET 

quenching mechanism to ligand dynamics that forms effective quenching sites close to 

or on QD surfaces 
[40]

. In addition, other reported non-Förster type parameters for QD-

dye mixture systems included QD surface effects 
[38]

 and degree of interdigitization of 

alkylamino chains on dye molecules into alkyl-capping layers on QDs 
[41]

.   

 



2  Theoretical background 

 29 

                  

Figure 2.17: (a) Schematic representation of nanoassemblies formed by self-aggregation of pyridyl-

functionalized porphyrin molecules on the CdSe/ZnS surface. The arrow indicates the direction of 

resonant energy transfer (FRET). (b) Scheme of the PL quenching model: Upon excitation, an electron-

hole pair (exciton) is created in the CdSe core of the QD. The electron is delocalized over the core and the 

ZnS shell. As a result of the finite ZnS energy barrier, the electron can tunnel to the ZnS surface (and the 

environment). Because of the presence of a pyridyl-coordinated porphyrin molecule, the electron 

becomes partly localized in a volume element in the vicinity of the attachment site, described by Ψ
2
(r). 

(Adapted from Ref 112) 

2.3.2.2 Energy transfer in polymer-mediated quantum dot-dye complexes 

 

Figure 2.18: Fluorescence spectra of the QDs (green), dye (red), QD-polymer-dye (dark blue), and QD-

dye (light blue), respectively, upon excitation at 488 nm. Dye fluorescence can only be observed upon 

energy transfer within the QD-dye and QD-polymer-dye complexes. (Adapted from Ref 18) 

QD-polymer-dye complexes were found to be of higher photostability than QD-dye 

complexes formed in pure mixtures 
[18]

. When mixing CdSe/ZnS QDs and Texas Red 

dye molecules in chloroform to form complexes through the amino group on the dye or 

by nonspecific binding, the measured energy transfer efficiency increased within the 

first minutes and then decreased over the next few hours. This decrease is most likely a 

(a) (b) 
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result of a time-dependent degradation of the dye, which is thought to be induced by 

hole-transfer process from the QDs to the dye molecules 
[109]

. The polymer ligands were 

designed to have amine groups as anchors for the QD surface and functionalized groups 

to enable the polymer to be decorated with dye molecules. The polymer backbone in the 

QD-polymer-dye complexes leads to a spatial and energetic barrier to the charge 

transfer, and thereby the QD-polymer-dye complexes are much more stable than the 

QD-dye complexes against dye degradation. In the same way the polymer spacer also 

leads to a reduced FRET efficiency which can be seen in Figure 2.18. 

Although direct linking of dye to QD surface makes the acceptor as close as possible to 

the donor, water-soluble QDs have only limited long-term stability in aqueous solution 

and tend to aggregate, as eventually the ligands and hence also the acceptor will unbind 

from the donor 
[113]

. In order to provide colloidal stability to the QD donor, the dye 

acceptor was directly embedded in the amphiphilic polymer used to make the QD donor 

water soluble
 [24]

. In this way, the linkage of the acceptor to the QD donor is very stable, 

the whole assembly has excellent colloidal stability, and the D-A distance is potentially 

reduced.  

2.3.2.3  Energy transfer in biomolecule-mediated quantum dot-dye complexes 

Semiconductor QDs are potentially useful fluorophores for developing biological assays 

[114, 115, 116]
. The application of the QDs in the FRET process has been studied in several 

types of QD-based bioconjugates 
[25, 26, 36, 37, 117, 118, 119, 120, 121, 122, 123]

. Willard et al. 

reported the first biologically relevant FRET investigation using QDs as donors 
[26]

. 

Water soluble CdSe/ZnS QDs were conjugated to biotinylated bovine serum albumin 

(bBSA) via a thiol linkage. StreptAvidin (SAv) was covalently labeled with 

tetramethylrhodamine (TMR) and used as acceptor. The two subunits were allowed to 

react to form QD-bBSA-SAv-TMR complexes via avidin-biotin interactions. A 

decrease in the QD PL and an increase in the TMR PL was observed as the molar ratio 

of SAv-TMR to QD increased, indicating FRET between QDs and TMR on the SAv. 

Low FRET efficiencies were obtained in this QD-protein-dye configuration.  

A classic study to understand FRET between QDs and dye molecules in bioconjugates, 

showing the potential of QDs in a quantitative analysis of protein binding, is based on 

applying maltose binding proteins (MBP-zb) onto surfaces of CdSe/ZnS QDs capped 
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with dihydrolipoic acid ligands 
[25]

. By attaching a cyanine dye (Cy3) to MBP, dye 

labeled protein could be bound at a well-defined distance to QDs through electrostatic 

self-assembly. The QD-MBP-dye complex is shown schematically in Figure 2.19 a. 

Steady-state fluorescence measurements showed that, as the fraction of dye-labeled 

proteins per QD increased, the QD PL systematically decreased and a concomitant 

enhancement of Cy3 PL was measured (Figure 2.19 b). Similarly, time-resolved 

fluorescence experiments on these self-assembly QD-protein-dye bioconjugates showed 

a progressive decrease of the QD excited state lifetime with increasing dye to QD ratio 

(Figure 2.19 c). These two sets of observations confirmed that efficient nonradiative 

energy transfer between QD donors and dye acceptors was realized by using dye-

labeled proteins self-assembled on a QD surface. Analysis of the results using Förster 

theory allowed the determination of the D-A separation distance, which was in 

agreement with the distance determined using structural characterization techniques. 

 

     

Figure 2.19: (a) Schematic representation of a QD-protein-dye complex. (b) Evolution of the PL spectra 

derived from titrating 510-nm emitting QDs with an increasing ratio in QD-MBP-Cy3 assemblies. 

Spectra have been deconvoluted and corrected for direct excitation contribution to acceptor emission. (c) 

Plot of the QD emission intensity at 510 nm vs. time immediately after a short pulse excitation signal. 

Data are shown for various QD-MBP-Cy3 conjugates where the number of Cy3-labeled proteins was 

increased from 0 to 10, while maintaining the total number of proteins fixed at 10 MBP/QD. (Adapted 

from Ref 25) 

(a) 

(b)  (c) 



2  Theoretical background 

 32 

2.3.3 Energy transfer from quantum dots to metal nanoparticles 

Energy transfer between semiconductor QDs and metal nanoparticles is currently 

attracting increased attention. Gold nanoparticles (Au-NP) have been shown to be 

efficient quenchers of QD emission in solution-based assemblies 
[102, 124, 125]

 and solid 

samples 
[126]

. The assemblies of QDs (CdSe/ZnS QDs 
[102]

 or CdTe QDs 
[124]

) and Au-

NPs have been prepared in aqueous solution through electrostatic interactions. The QDs 

were significantly quenched upon binding with Au-NPs. The quenching efficiency was 

affected by both the concentration of Au-NPs in the complex and the length of spacer 

between the QD and Au-NPs which was tuned by varying the length of the ligand 

chains on the Au surface. In such QD-nanogold assemblies, long-range FRET is 

sufficiently effective to account for the observed quenching of donors, but the presence 

of additional mechanisms cannot be excluded. 

Using a rigid variable-length polypeptide as a bifunctional biological linker, Pons et al. 

monitored the photoluminescence quenching of CdSe/ZnS QDs by Au-NP acceptors 

arrayed around the QD surface, where the center-to-center separation distance was 

varied over a broad range of values (~ 50 - 200 Å) 
[125]

, as schematically represented in 

Figure 2.20 a. The steady-state PL spectra of QD-YEHK7-Au-NP conjugates showed 

that the QD PL was progressively quenched as the Au-NP to QD ratio increased (Figure 

2.20 b). Time-resolved data also showed a significant decrease in QD excited-state 

lifetime upon conjugation to Au-NP-labeled YEHK7. Figure 2.20 c shows a plot of the 

QD quenching efficiency for each of the Au-NP- YEHKm as a function of the separation 

distance, together with data collected for QD-dsDNA-Au-NP (from Ref 127) and QD-

YEHK-Cy3 (from Ref 28). The experimental data were fit to the FRET, NSET 

(nanosurface energy transfer) and DMPET (dipole-to-metal-particle energy transfer) 

analytical treatments. The NSET treatment appears to provide a better description of the 

experimental quenching of QDs by proximal Au-NPs. FRET and DMPET 

underestimate the rate of quenching and are also unable to describe the trend observed 

at longer separation distances. The nonradiative quenching of the QD emission by 

proximal Au-NPs was found to be due to long-range dipole-metal interactions that 

extend significantly beyond the classical Förster range. 



2  Theoretical background 

 33 

 

   

Figure 2.20: (a) Schematic representation of the QD-peptide-Au-NP bioconjugates. (b) PL spectra 

collected from QD-YEHK7-Au-NP conjugates using 300nm excitation. (c) PL quenching efficiency vs R 

for QD-YEHK5,7,14,21-Au-NP conjugates (red squares) and QD-dsDNA-Au-NP from Ref 127  (black 

triangles) together with best fits using FRET (red line), DMPET (blue line), and NSET (green line). The 

quenching efficiencies for QD-YEHK1,3,5,7,14,21-Cy3 conjugates from Ref 28 along with a fit using Förster 

FRET formalism are also shown (black dots and back line). Comparison between fits and data using R0 as 

a fitting parameter. Horizontal error bars are the standard deviation of the distance and vertical error bars 

are the standard deviation of the measurement. (Adapted from Ref 125) 

In conclusion, luminescent QDs, offer several unique advantages as energy donors 

compared to conventional dye molecules due to their enhanced photostability and 

tunable surface chemistry. FRET-related studies of QDs in solution hold promise to 

develop efficient FRET-based sensors, while the investigations of solid state structures 

may allow the creation of novel light-harvesting devices. Exciting developments in this 

area involve controlling energy transfer on a nanometer scale where especially coupling 

with metal nanoparticles or dye molecules offers new avenues for detection schemes 

that can be used in bio-imaging and possibly other areas, such as in novel scanning 

probes for FRET-based near field microscopy. Light-harvesting and directional energy 

transfer utilizing semiconductor QDs is one particularly promising approach for the 

development of new concepts in hybrid photovoltaics 
[34]

. 

(a) 

(b) (c) 
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3 Materials and methods 

3.1 Materials  

Chemicals (Table. 3.1) were purchased from Merck, Sigma-Aldrich, Alfa, Acros or 

prepared. Carboxylate-modified calix[4]arene was supplied by the workgroup of Prof. 

Dr. Böhmer (Abteilung für Lehramtskandidaten der Chemie der Johannes-Gutenberg-

Universität Mainz). Organic dyes (Table. 3.2) were supplied by the workgroup of Prof. 

Dr. Klaus Müllen (Max Planck Institute for Polymer Research, Mainz, Germany) or 

purchased from Invitrogen (Carlsbad, CA, USA). All chemicals were used without 

further purification. 

Table 3.1: Chemicals used in the study 

Chemical Structure 
Molecular 

Weight 
Supplier 

Trioctylphosphine oxide 

 (TOPO, 98%) 
 

387 Merck 

Trioctylphosphine 

(TOP, 90%) 
 

371 
Sigma-

Aldrich 

Octadecene  

(ODE, 90%)  252 
Sigma-

Aldrich 

Oleic acid 

(OA, 90%)  
282 

Sigma-

Aldrich 

Oleylamine 

 (70%)  
267 

Sigma-

Aldrich 

Tetradecylphosphonic 

acid  

(TDPA)  
278 Lab 

[128]
 

Mercaptopropionic acid 

(MPA, 99%)  106 
Sigma-

Aldrich 

11-mercaptoundecanoic 

acid 

(MUA, 99%) 
 218 

Sigma-

Aldrich 

Dihydrolipoic acid 

(DHLA)  
208 Lab 

[128]
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Chemical Structure 
Molecular 

Weight 
Supplier 

Carboxylate-modified 

calix[4]arene 

 

885 Prof. Dr. Böhmer 

Tetraethyl orthosilicate 

(TEOS) 
 

208 Acros 

(3-Aminopropyl)triethoxysilane 

(APS, 98%) 

    

221 Sigma-Aldrich 

Polyvinylpyrrolidone 

(PVP-10) 

 

~ 10,000 Sigma-Aldrich 

Triton X-100 

 

~ 625 Sigma-Aldrich 

Igepal CO-520 

(NP-5) 

 

~ 441 Sigma-Aldrich 

Synperonic NP-10 

 

~ 660 Sigma-Aldrich 

tetramethylammonium hydroxide  

(25 wt. % in methanol) 

 

91 Sigma-Aldrich 

Cadmium oxide 

(CdO, 99.5%) 
 128 Sigma-Aldrich 

Zinc oxide 

(ZnO, 99%) 
 81 Sigma-Aldrich 

Sulfur 

(S, 99.98%) 
 32 Sigma-Aldrich 

Selenium 

(Se, 99.5%) 
 79 Alfa 
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Table 3.2: Organic dyes used in the study 

Fluorophore Structure 
Molecular 

Weight 
Supplier 

PDI 

 

1079 AK Müllen 

PMIMA 

         

982 AK Müllen 

PDIDC 

 

1049 AK Müllen 

TDIDC 

 

805 AK Müllen 

TA-PDI 

 

1019 AK Müllen 
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Fluorophore Structure 
Molecular 

Weight 
Supplier 

TDA 

 

1334 AK Müllen 

PMI 

 

482 AK Müllen 

Texas Red-X, STP ester, 

sodium salt 

 

970 Invitrogen 
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3.2 Synthesis methods 

3.2.1 CdSe/CdS/ZnS core-shell quantum dots 

Luminescent CdSe/CdS/ZnS core-shell QDs were synthesized based on the methods 

developed by Peng et al. 
[82, 129] 

and our previous work 
[78]

. All reaction steps of the 

synthesis were performed under an argon inert gas atmosphere Schlenk line (Figure 3.1). 

Experiments under vacuum were done at about 1-4 mbar. The temperature was adjusted 

at a heating rate of 10 - 15 °C / min in the temperature interval 20 ~ 800 °C under a 

continuous argon flow of 20 - 30 ml / min. 

 

Figure 3.1: Experimental set up for QD synthesis: 1. schlenk glass ware; 2. to vacuum pump; 3. pressure 

indicator; 4. heating mantle; 5. magnetic stirrer; 6. thermocouple; 7. condenser; 8. to argon gas cylinder. 

CdSe core       To synthesize CdSe QDs, the standard hot injection approach was used. 

For a typical reaction, a mixture of 0.0514 g of CdO powder, 0.2232 g of 

tetradecylphosphonic acid (TDPA) and 3.7768 g of trioctylphosphine oxide (TOPO) in 

a 50 mL three-neck flask was evacuated at 100 ºC for 10 min and heated to 320 ºC 

under Ar flow. At about 300 ºC, reddish CdO powder was dissolved and generated an 

approximately colorless homogeneous solution. The temperature was then lowered to 

290 ºC, and a 2.5 ml Se solution (0.158 g Se powder dissolved in 10 ml TOP) was 

injected into the reaction flask. QDs grew at 250 ºC for 1 - 5 min to reach the desired 

size. Then, the reaction solution was cooled to room temperature. Methanol was added 

1 

2 

3 

4 

5 

6 

7 

8 
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to precipitate the QDs. After centrifugation and decantation, the particles were dispersed 

in, typically, 4 ml of chloroform or toluene for further processing.  

Concentration determination of CdSe core      Typically, 50 µl of the prepared CdSe 

solution was added to 3 ml of toluene. Absorption and fluorescence spectra of this 

solution were then recorded. According to the procedures described by Yu et al. 
[63]

, the 

diameter of the CdSe particles and the extinction coefficient per mole of particles (ε, 

l/mol·cm) can be obtained from the wavelength of the first exciton absorption peak 

(according to Figure 2 and Figure 4 in Ref 63). The CdSe molar concentration (C, 

mol/L) was then calculated using Lanbert-Beer’s law: 

LCA ⋅⋅= ε                                                         (3.1) 

where L is the path length of the radiation beam used for recording the absorption 

spectrum (L = 1 cm) and A is the absorbance at the peak position of the first exciton 

absorption peak. It should be noted that other methods for determining the CdSe 

concentration has also been reported 
[109, 130, 131, 132]

. However, the CdSe concentrations 

determined using different methods show a large discrepancy 
[132]

. There is still no 

common method to accurately determine the CdSe concentration. So far, Yu’s method 

is widely adapted. 

Precursor solutions for shell growth    The zinc precursor solution (0.1 M) was 

prepared by dissolving 0.2034 g ZnO in 10 ml oleic acid (OA) and 15 ml octadecene 

(ODE) at 310 ºC. The cadmium precursor solution (0.1 M) was prepared by dissolving 

0.3204 g CdO in 10 ml oleic acid and 15 ml ODE at 240 ºC. The sulfur precursor 

solution (0.1 M) was prepared by dissolving 0.08 g sulfur in 25 ml ODE. All these 

solutions were prepared under Ar atmosphere.  

Calculation of the amount of precursor solutions    The amount of the injection 

solution for each monolayer (ML) can be deduced from a calculation of the number of 

surface atoms. The average thicknesses of one CdS-ML (0.35 nm) and one ZnS-ML 

(0.31 nm) are estimated on the basis of the wurzite structure of the respective 

compounds 
[82, 78]

. To calculate the amount of Cd-precursor for the growth of the first 

monolayer, it is assumed that the surface of the CdSe cores consists equally of Se- and 

Cd-atoms and therefore used only 50% of the amount of calculated Cd-precursor for a 

complete ML 
[78]

. The amounts of the following Zn or Cd and S precursors are 
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calculated from the respective volumes of concentric spherical shells with a thickness of 

one hypothetical monolayer. 

Shell growth on CdSe core      Core-shell QDs were synthesized using the successive 

ion layer adsorption and reaction method (SILAR) 
[82, 78]

. This technique allows for 

growing very complex shells around a given CdSe core with precise thickness control. 

A typical SILAR synthesis was performed as follows: 3 mL of ODE, 0.5 ml of 

oleylamine and 1 ml CdSe QDs in toluene (8.5 ×10
-5

 mol/L) were loaded into a 50 mL 

three-neck flask, pumped to remove the toluene and heated to 100 ºC under vacuum for 

10 min. Subsequently, the solution was heated to 240 ºC under Ar flow. Then the 

calculated amount of the Cd or Zn precursor solution and the S precursor solution were 

injected into the reaction flask, respectively, with a reaction period of 10 min between 

each addition. After the reaction was completed, the solution was cooled to room 

temperature. Acetone was added to precipitate the products. After centrifugation and 

decantation, the particles were dispersed in chloroform or toluene. The emission 

wavelength and size of the core-shell QDs can be adjusted by CdSe core size, the 

composition and the number of shell monolayers. Core-shell QD concentration was 

determined based on the concentration of the CdSe cores. Assuming no loss during shell 

growth and further purification, the particle number concentration will not change. 

3.2.2 Quantum dot hybrid systems 

In this thesis, the prepared quantum dot hybrid systems include quantum dot - silica 

hybrids, quantum dot - silica - dye hybrids and quantum dot - dye hybrids. The structures and 

preparation of these QD hybrids are briefly described in this section. The detailed experimental 

procedures and results will be discussed in the following chapters. 

3.2.2.1 Quantum dot - silica hybrids 

Two kinds of QD-silica hybrids were designed: a QD-silica architecture and a silica-

QD-silica architecture. The typical synthesis procedures will be described in chapter 4. 

Silica-QD-silica architecture     To assemble the silica-QD-silica architecture, “pure” 

silica cores were prepared first. For synthesizing large “pure” silica cores, the Stöber 

method 
[136]

 was used: hydrolysis of TEOS in ethanol containing water and an 

appropriate amount of ammonia. Small “pure” silica cores were prepared using the 
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reverse microemulsion method. Hydrophobic CdSe/CdS/ZnS QDs were coated with the 

amphiphilic polymer polyvinylpyrrolidone (PVP), which makes QDs soluble in ethanol 

and facilitates the growth of further silica layers in the next reaction step. The silica 

cores were functionalized with (3-aminopropyl)triethoxysilane (APS), which permits 

the attachment of the PVP-coated QDs onto silica. By simply mixing, the PVP-coated 

QDs were then adsorbed on the APS-functionalized silica “core” particles. Finally, 

these QD-decorated silica particles are directly coated with a silica layer of variable 

thickness by the addition of TEOS to an ammonia/ethanol solution. An outline of the 

synthesis is shown in Figure 3.2. 

 

Figure 3.2: General procedure for embedding nanoparticles in silica colloids. 

 

Figure 3.3: Incorporation of a single QD in a silica sphere by the reverse microemulsion method. 

QD-silica architecture   Homogeneous silica coated CdSe/CdS/ZnS QDs were 

prepared by the hydrolysis of tetraethyl orthosilicate (TEOS) in water-in-oil (W/O) 

reverse microemulsion. The microemulsion solution was prepared by mixing adequate 

amount of surfactant, cosurfactant, organic solvent, water and aqueous ammonia. 

Aqueous ammonia acts as both a reactant (H2O) and a catalyst (NH3) for the hydrolysis 

of TEOS. Igepal CO-520 or Synperonic NP-10 was used as the surfactant in the ternary 

microemulsion system, and Triton X-100 was the surfactant in the quaternary 

microemulsion. QDs and TEOS were added to the microemulsion solution. Hydrolyzed 

TEOS molecules (and initially also surfactant molecules) replace the hydrophobic 
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ligands of QDs, resulting in the transfer of QDs into water droplets of the micelles 

where silica growth takes place. Figure 3.3 illustrates the synthesis process. 

3.2.2.2 Quantum dot - silica - dye hybrids 

The assembly of QD-silica-dye hybrids was performed using the modified silica-QD-

silica hybrid synthesis procedure. The detailed synthesis procedure will be described in 

chapter 5. Figure 3.4 illustrates the synthesis route from “pure” silica core to QD-silica-

dye hybrids.  

 

Figure 3.4: Synthesis route of QD-silica-dye hybrid. 

“Pure” silica cores were first prepared using the Stöber method. Texas Red-X STP ester 

(structure see Table 3.2) was used as the dye in this system. The Texas Red dye was 

covalently linked to APS and then the APS-dye conjugates were incorporated into a 

silica shell while further shell growth on silica cores, resulting in the formation of a 

homogeneous dye layer on the silica core. These silica-dye particles were functionalized 

with APS and subsequently mixed with PVP-coated CdSe/CdS/ZnS QDs to obtain QD-

silica-dye hybrids.  

3.2.2.3 Quantum dot - dye hybrids 

Extraordinarily stable QD-dye hybrids were prepared by using dicarboxylate anchors to 

bind ryleneimide dyes to QD. The typical synthesis procedures will be described in 

chapter 6. 

QD-dye hybrids in non-aqueous solution     Complexes between QDs and dyes 

(PMIMA, PDIDC or TDIDC) were formed by sonicating a mixture of dye (in methanol) 

and QD (in chloroform) after addition of a weak base K2CO3. Next, the QD-dye 

complexes were precipitated, washed and redispersed in chloroform yielding clear 

solutions. Figure 3.5 shows the dye structures and the binding of the PDIDC-dye onto 

hydrophobic QDs in organic solution as an example. 
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Figure 3.5: Ryleneimide dyes and QD-dye binding model. 

QD-dye hybrids in aqueous solution     The QD-dye complexes were transferred from 

the organic phase into the aqueous phase by exchange of the original ligands (oleic acid, 

oleylamine) by mercapto-propionic acid (MPA) or dihydrolipoic acid (DHLA) under 

basic condition (Figure 3.6). Two methods were used: phase transfer method and 

refluxing method. In the phase transfer method, a mixture of QD-dye complexes 

dispersed in chloroform and distilled water containing MPA or DHLA was vigorously 

stirred under basic condition. After six hour stirring, the QD-dye complexes were 

transferred from the organic phase to the aqueous phase. The aqueous solution was then 

centrifuged and the precipitate was redispersed in water. In the refluxing method, QD-

dye complexes and MPA, 11-mercaptoundecanoic acid (MUA) or DHLA in organic 

solvent were refluxed under stirring in an Ar atmosphere. The products were then 

precipitated and, after centrifugation, redispersed in water.  

 

Figure 3.6: Transfer process of QD-dye hybrid. Exchange ligand is MPA. 
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3.3 Characterization techniques 

3.3.1 Absorption spectroscopy 

UV visible absorption spectra were taken with the spectrometer OMEGA 20 from 

Bruins Instruments. Cuvettes with two or four quartz windows and a thickness of 1 cm 

were used. Spectra of the solutions were taken against the respective pure solvent 

reference. The OMEGA software package allowed the calculation of absorption 

coefficients of the dissolved compounds. The absorption spectra were recorded in a 

wavelength range from 360 nm to 1100 nm with an increment of 0.5 nm and a slit width 

of 0.5 mm. The recorded spectra were usually shown as optical density versus 

wavelength and were transferred into ASCII files and further processed with the 

ORIGIN software package.  

3.3.2 Steady-state fluorescence spectroscopy 

Steady-state photoluminescence spectra were measured with a FluoroMax-2 

spectrofluorometer from ISA JOBIN YVON-SPEX Instruments S. A., Inc. 1 cm thick 

cuvettes with four quartz windows were used as sample cells. To ensure a linear 

relationship between fluorescence intensities and fluorophore concentrations, the 

samples were always kept dilute to record spectra within the linear range of the detector. 

Fluorescence spectra were corrected for the wavelength dependence of the fluorometer 

(Sc/R). The spectra were usually displayed as fluorescence intensity vs. wavelength and 

were transferred into ASCII files and further processed with the ORIGIN software. 

The fluorescence quantum yield was determined as follows: The absorption spectra of 

the sample and the reference dye were recorded. An intersection of the two absorption 

spectra, where the optical density of the sample is equivalent to that of the reference, 

was chosen as the excitation wavelength for fluorescence measurement. The optical 

density at the intersection was kept below 0.05 to avoid inner filter effects. The 

fluorescence spectra of the sample and the reference dye were recorded, and quantum 

yield of the sample was calculated according to 
[5]
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where Φ is the quantum yield, I is the integrated fluorescence intensity, OD is the 

optical density, and n is the refractive index of the solvent. The subscript R refers to the 

reference dye of known quantum yield. The reference dye used to calculate the quantum 

yield of QDs was N-(2,6-diisopropylphenyl)perylene-3,4-dicarboximide (PMI). The 

PMI structure is shown in Table 3.2. Figure 3.7 shows the absorption and fluorescence 

spectra of the reference PMI. The quantum yield of the PMI in toluene is 70%. Since 

the sample and standard dye was excited at the same wavelength, it was not necessary to 

correct for the different excitation intensities of different wavelengths. 
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Figure 3.7: Normalized absorption and fluorescence spectra of PMI in toluene. 

3.3.3 Transmission electron microscopy 

Low-resolution images were taken on a Philips EM-420 transmission electron 

microscope (TEM) with an acceleration voltage of 120 kV. Samples for TEM were 

prepared by depositing a drop of the sample solution onto a copper grid supporting a 5 

nm thin film of amorphous carbon. The excess liquid was removed with filter paper, 

and the grid was dried in air. Randomly oriented QDs on the TEM substrate were 

obtained by using diluted sample solutions with an absorbance at the first absorption 

peak of the QDs below about 0.05. If the absorbance was above 0.2, densely packed 

QDs were observed.  

The size of the QDs was determined by measuring more than 1,000 particles in each 

QD sample from their TEM images using the software ImageJ, from which the area of 
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each particle can be obtained. Assuming that all the particles were spherical, the 

diameter of the QDs was calculated. 

3.3.4 Fluorescence lifetime spectroscopy 

Time-resolved fluorescence measurements were performed on a FluoroLog-3 

spectrofluorometer connected to PicoHarp 300 (PicoQuant, Berlin) Time Correlated 

Single Photon Counting (TCSPC) unit. The photon arrival times with respect to the 

excitation by a pulsed light source to construct the fluorescence decay histograms were 

measured with 4 ps time resolution within a range of 0 ~ 1000 ns. In order to measure 

fast decays due to energy transfer a pulsed laser diode LDH-P-C-470 (PicoQuant, 

Berlin) with pulse duration of τ p ≈ 70  ps was used for excitation ( λex = 470  nm, 

ν rep =10 MHz or 1 MHz), and a fast single photon avalanche diode (SPAD, Micro-

Photon-Devices) was coupled to the exit slit of the emission monochromator. The 

overall time resolution of the setup was quantified by the FWHM (Full Width at Half 

Maximum) of the Instrument Response Function (IRF) to ≈180  ps at λem = 470  nm. 

The experiments were done by Mathias Haase. 

The measured time-resolved fluorescence decay I(t) of the sample is the convolution of 

the decay model function M(t) and the instrument response function IRF(t). The 

instrument response function IRF(t) is a convolution of the impulse function L(t) and 

the instrumental function of the detection system D(t). This is expressed symbolically as 

[133]
 

)()()()()()( tDtLtMtIRFtMtI ⊗⊗=⊗=                            (3.3) 

where the symbol ⊗  represents numerical convolution. Analysis was performed by 

convoluting the IRF with the model function and then comparing the result with the 

measured decay. This was done by a iterative least squares procedure until the best 

agreement with the measured decay curve was achieved. 

3.3.5 Dynamic light scattering 

Hydrodynamic radii (Rh) of the nanoparticles was determined by dynamic light 

scattering (DLS) using an experimental setup consisting of a He-Ne laser (JDS 
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Uniphase 1145p-3083, 632.8 nm, 25 mW output power), a goniometer SP-86(ALV), 

and an ALV-3000 digital correlator/structurator. The particle size polydispersity was 

estimated from exponential decay fits of the time-intensity-correlation functions (in case 

of water-soluble particles), and from the 2
nd

 cumulant in case of the much smaller (on 

average) hydrophobic precursor nanoparticles. All light scattering measurements were 

carried out with filtered samples (Millipore LG filters of pore size 0.2 µm). The 

experiments were done by PD Dr. Wolfgang Schärtl. 

Information about the light scattering spectrum can be obtained from the autocorrelation 

function G(τ) of the light scattering intensity. The exponentially decaying 

autocorrelation function G(τ) is related to the diffusion coefficient Ds  
[134]

: 

G(τ) = A · exp (-2Dsq
2
τ) + B                                       (3.4) 

where 

)
2

sin(
4 θ

λ

πn
q =  

n is the refractive index of the medium,  λ is the laser wavelength, and θ  is the 

scattering angle. By fitting the autocorrelation function G(τ) according to equation 3.4, 

the diffusion coefficient Ds can be determined and related to the hydrodynamic radius 

RH using the Stokes-Einstein equation: 

H

B
s

R

Tk
D

πη6
=                                                      (3.5) 

where kB is the Boltzmann constant, T is the absolute temperature, η is the shear 

viscosity of the solvent, and RH is the hydrodynamic radius. 
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4 Quantum dot - silica hybrid system 

4.1 Introduction 

Silica (SiO2) is an attractive material for embedding nanoparticles. A silica surface 

coating allows surface modification for the interaction potential and makes it possible to 

disperse colloids in a wide range of solvents from very polar to apolar. The chemical 

and physical protection provided by the silica shell improves the stability and prevents 

photooxidation in the case of QDs 
[135]

. Furthermore, the silica chemistry permits an 

accurate control of the thickness of silica shells grown around a semiconductor core. 

The incorporation of QDs in silica spheres has been accomplished using two different 

methods. The first method is the “Stöber” method 
[136]

, a base-catalyzed hydrolysis of 

tetraethyl orthosilicate (TEOS, Si(OC2H5)4) with subsequent condensation of the 

hydrolyzed silica species, i.e., 

hydrolysis    Si(OC2H5)4 + 4H2O ⇌ Si(OH)4 + 4C2H5OH 

condensation            Si(OH)4 ⇌ SiO2 + 2H2O 

overall reaction   Si(OC2H5)4 + 2H2O ⇌ SiO2 + 4C2H5OH 

In the adapted Stöber growth, QDs act as seeds for silica growth in an ethanol/ammonia 

mixture, yielding smooth surfaces since the growth takes place on a molecular scale 
[137, 

138, 139]
. There are many surfaces that can be directly coated with silica because of the 

high chemical affinity of these materials, like hematite 
[140]

, zirconia, and titania 
[141]

. 

However, many other surfaces can only be coated or modified with stabilizers, 

surfactants and silane coupling agents. Liz-Marzán and co-workers have extensively 

studied metal-silica core-shell particles prepared by a liquid-phase procedure in which 

the use of a surface primer (a silane coupling agent) was necessary to provide the 

surface with silanol anchor groups 
[142, 143]

. To incorporate semiconductor QDs into 

silica, 3-mercaptopropyl-trimethoxysilane (MPS) was frequently used as the coupling 

agent 
[ 144 , 145 , 146 ]

. Graf et al. developed a novel method for the embedding of 

semiconductor, noble metal and metal oxide nanoparticles in silica colloids, using the 

amphiphilic polymer poly(vinylpyrrolidone) (PVP) as the coupling agent
 [30, 147]

. The 

major disadvantages of this method are the high requirements on purity of the reactants, 
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the difficulty and multiplicity of the preparation steps, and the fact that nanoparticles 

with nonpolar ligands cannot be coated easily. 

The second method to incorporate QDs into silica is the water-in-oil (W/O) reverse 

microemulsion method, where small water droplets are stabilized by a nonionic 

surfactant in a hydrophobic continuous phase 
[148]

. Hydrolysis and condensation of the 

silica precursor (e.g., TEOS) take place at the W/O interface or in the water phase. The 

confined ‘‘nanoreactor’’ environment within the reverse micelle has been shown to 

yield highly monodisperse particles even at small sizes (> 25 nm), and to increase the 

incorporation of non-polar molecules, which are often difficult to incorporate into the 

hydrophilic silica matrix. Metallic 
[149,150]

, magnetic 
[151, 152]

 and semiconductor 
[153, 154]

 

nanocrystals have been successfully coated with silica using the reverse microemulsion 

method. In comparison with the “Stöber” approach, this method is very robust against 

slight changes in the reaction parameters and the purity of reactants, and it does not 

need any surface modification and pretreatment. Furthermore, the control over particle 

size and size dispersion is better 
[154]

, and no purification steps are required before the 

growth of the silica shell. 

In this work, both “Stöber” and reverse microemulsion methods were used to 

incorporate the CdSe/CdS/ZnS QDs into silica. The purpose of preparing such QD-

silica hybrid system was to assemble QD-silica-dye hybrids by attaching dyes on the 

silica shell, and then study the energy transfer between QDs and dye molecules 

mediated by the silica shell. The Stöber-based method usually yields multiple QDs per 

silica sphere due to the relatively large silica particle size (usually more than 100 nm 

with good monodispersity) compared to the small QD size. In this case, QDs will be 

randomly located in the silica sphere which does not favor the subsequent energy 

transfer study because the QD-dye distance will not be defined. Therefore, the QDs 

were attached around a silica “core” particle and then a silica shell was further grown on 

this QD-decorated silica particle. Alternatively, using the water-in-oil microemulsion, it 

is easy to achieve a relatively small silica particle size (below 100 nm) and obtain silica 

particles with only one QD inside. The focus was how to improve the particle 

monodispersity and control the thickness of the silica shell in the range where FRET 

between QD and dye can take place after attaching dye molecules on the silica shell. 
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4.2 Silica - quantum dot - silica architecture 

4.2.1 Experimental procedure 

A. Silica core: Large “pure” silica core particles with diameter more than 100 nm were 

prepared by hydrolysis of tetraethyl orthosilicate (TEOS) using the well-known Stöber 

method: 4.5 mL TEOS, 28.5 mL H2O and an appropriate amount of 25 wt% aqueous 

ammonia solution were added to 65.5 mL ethanol. The size of the silica core was 

controlled simply by changing the amount of the ammonia solution. Silica cores with a 

diameter of ~ 250 nm were obtained when 2 mL of ammonia solution was added, and 

the addition of 1.5 mL ammonia solution resulted in silica cores of ~ 140 nm diameter. 

The reaction was allowed to continue for 6 h at room temperature at moderate stirring. 

For purification, the particles were centrifuged, washed and redispersed in ethanol. 

Small silica cores with diameters of 25 - 30 nm were prepared by the microemulsion 

method: 0.44 g Igepal CO-520, 10 mL cyclohexane, 90 µL H2O and 60 µL aqueous 

ammonia solution were mixed to form a microemulsion solution. 100 µL TEOS was 

then added. After the mixture was stirred for 24 h, ethanol was added to break the 

emulsion. The particles were centrifuged, washed and redispersed in ethanol. 

B. APS-functionalized silica: The surface of these silica cores was then functionalized 

with (3-aminopropyl)triethoxysilane (APS) following the procedure by Graf et al. 
[147]

: 

Typically, 10 µL APS were added to 1 mL silica core solution (c = 13.4 g/L), dispersed 

in 47 mL ethanol plus 3 mL ammonia solution (25 wt %), and this mixture was stirred 

for 12 h. The resulting APS-functionalized silica nanoparticles after centrifugation were 

washed twice with ethanol to remove the unreacted reactants and then redispersed in 

ethanol. 

C. PVP-coated QDs: CdSe/CdS/ZnS QDs were prepared as described in Chapter 3.2.1. 

The core-shell QDs were coated with polyvinylpyrrolidone (PVP) polymer chains prior 

to mixing with the APS-functionalized silica nanoparticles. For this purpose, a PVP (M 

= 10,000 g/mol) stock solution was prepared by dissolving 27.1 g PVP in 1 L butanol 

and sonicated for 30 min before use. 7 mL of this PVP solution was then mixed with 1 

mL of a QD chloroform dispersion (concentration: ~ 1 × 10
-5

 mol/L), and this mixture 
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was stirred for 24 h at room temperature. The dispersion of the PVP-coated QD was not 

further purified. 

D. Silica-QD-silica spheres: 7.5 mL of this freshly prepared PVP-coated QD 

dispersion were added under stirring to 10 mL of the dispersion of APS-functionalized 

silica particles in ethanol. The mixture was then stirred for 24 h at room temperature. 

The resulting particles were centrifuged, and the supernatant was removed. To grow an 

additional silica shell, the resulting QD-decorated silica particles were redispersed in 47 

mL of ethanol containing 3 mL of ammonia solution (25 wt %). Immediately after this, 

a mixture of TEOS and 3-(trihydroxysilyl)-propylmethylphosphonate (THPMP) was 

added under stirring in two steps over 4 h. The thickness of the shell was controlled by 

the added amount of TEOS. The reaction mixture was then stirred for another 12 h. The 

final products were centrifuged, washed and redispersed in ethanol. 

4.2.2 Results and discussion 

4.2.2.1 TEM characterization 

A. CdSe/CdS/ZnS QDs 

       

Figure 4.1:  TEM images of CdSe/CdS/ZnS QDs (a) before and (b) after PVP coating. 

The core-shell QDs used here possess CdSe cores covered with four monolayers of CdS 

and one monolayer of ZnS. The QDs have a diameter of 6 ~ 7 nm (Figure 4.1 a) and are 

stabilized by organic ligands that render them hydrophobic. Since silica particles are 

usually dispersed in polar solvent, QDs have to be functionalized in order to enable their 

a b 
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attachment to a silica surface in an appropriate solvent. The amphiphilic polymer PVP 

was used for the hydrophilic surface functionalization of QDs. The advantages of using 

PVP are that it can be simply adsorbed on various colloidal particles due to its 

amphiphilic character; moreover, a silica shell can be directly grown on PVP-stabilized 

particles 
[30]

. The solution of the QDs after PVP coating was still clear and no large 

aggregates were formed. Figure 4.1 b shows the PVP-coated QDs. It has been proven 

that PVP does not exchange the original organic ligands on the QD surface but is 

reversibly adsorbed on the QDs 
[147]

. 

B. Silica cores 

       

Figure 4.2: TEM images of (a) silica core particles and (b) APS-functionalized silica particles. 

As shown in the TEM image (Figure 4.2 a), the silica core particles are monodisperse 

and have an average diameter of ~ 250 nm. After functionalized with APS, the silica 

particles are still monodisperse and the APS-functionalized silica particles do not show 

a change in size (Figure 4.2 b). The functionalization with APS allows the attachment of 

PVP-coated QDs onto silica cores.  

C. Silica-QD-silica hybrid nanoparticles 

After mixing APS-functionalized silica particles and PVP-coated QDs, the QDs are 

evenly distributed on the silica surface to form a QD monolayer (Figure 4.3). 

Importantly, PVP does not react with the amino groups on APS molecules, but the PVP-

functionalized particles are simply adsorbed on the amino-functionalized colloids 
[147]

. 

a b 



4  Quantum dot - silica hybrid system 

 53 

       

Figure 4.3: TEM images of QD-decorated silica particles. 

Further silica shell growth was carried out by a Stöber-like reaction by subsequently 

introducing a mixture of TEOS and THPMP. The outer silica shell is directly grown 

onto the adsorbed polymer. As can be seen in Figure 4.4, the QDs are embedded in the 

silica shell. 

       

Figure 4.4: TEM images of silica-QD-silica hybrids.  

The THPMP was employed to prevent aggregation of the particles in the shell growth 

step. For the “bare” silica, the OH groups on the surface of the particles introduce 

negative charges at pH > 7. However, the overall charge on the surface could be still 

very low and the particles tend to aggregate because the Coulomb interparticle repulsion 
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is too small to keep them apart. When the THPMP is introduced onto the surface, as 

shown in Figure 4.5, the overall surface charge becomes more negative, thus increasing 

the electrostatic repulsion of the particles and reducing the aggregation among the silica 

nanoparticles 
[155]

. As a result, the final silica-QD-silica particles were highly dispersed 

and did not form aggregations. 

 

Figure 4.5: Schematic diagram showing the mechanism of the reduced aggregation of silica nanoparticles 

by the addition of methyl phosphonate groups to the silica nanoparticle surface. 

4.2.2.2 Optical properties 

The optical properties of the product after each preparation step for constructing the 

silica-QD-silica hybrid structure were investigated by absorption and fluorescence 

spectroscopy (Figure 4.6). All spectra were measured in ethanol.  
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Figure 4.6: (a) Absorption and (b) fluorescence spectra of PVP-coated QDs (black), silica cores (red), 

QD-decorated silica particles (green) and silica-QD-silica particles (blue). Inset: normalized absorption 

spectra after subtracting the silica scattering background.  

Due to strong scattering by the large silica particles, the absorption peak of QDs at 

about 580 nm was not clear visible after the QDs were adsorbed on the silica surface 

(green curve) and further embedded in silica shell (blue curve). After subtracting the 

 

 

(a) (b) 
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silica scattering background, this peak could be distinguished (see inset of Figure 4.6 a). 

It seems that the QD absorption peak remains nearly unchanged after the adsorption and 

embedding steps. The QD emission peaks in the QD-decorated silica particles and the 

silica-QD-silica particles also did not change compared to that of the PVP-coated QDs. 

4.2.2.3 Influence of silica core size 

Silica cores with different sizes were employed to study the influence of the core size on 

constructing the silica-QD-silica hybrid architecture.  

        

 

Figure 4.7: TEM images of a) silica core with a diameter of ~ 140 nm, b) QD-decorated silica particles 

and c) silica-QD-silica hybrid particles. 

 

a b 

c 
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When the diameter of the used silica core was reduced to ~ 140 nm (Figure 4.7 a), the 

obtained particle structures in each step were very similar to those prepared using ~ 250 

nm silica cores. The QDs were evenly attached to the silica core surface after the QD 

adsorption step, and these QD-decorated silica particles did not form aggregations, as 

shown in Figure 4.7 b. After growing the additional silica shell, the QDs were 

embedded inside a silica matrix (Figure 4.7 c). 

     

     

Figure 4.8: TEM images of a) silica cores with diameters of 25 - 30 nm, b) QD-decorated silica particles 

and c, d) silica-QD-silica hybrid particles. 

Totally different architectures were found when even smaller silica cores with a 

diameter of 25 - 30 nm were used (Figure 4.8 a) to fabricate the silica-QD-silica hybrids. 

After the QD adsorption step, as shown in Figure 4.8 b, the silica particles were 

decorated with either only very few QDs (usually 1 - 2 QDs) or no QD at all. Unlike in 

a b 

c d 
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the case of larger silica cores, the PVP-coated QDs are hard to cover the surface of 

small silica cores, on one hand because of the relatively small silica core size compared 

to 6 - 7 nm of the QD size and on the other hand because the surface coverage density 

of QDs on silica particles is low (see Figure 4.3 and Figure 4.7 b) which has been 

observed by Graf et al. that the upper limit of surface coverage is about 30% 
[147]

. 

Besides, the aggregation of QDs was also observed. This indicates that the free PVP-

coated QDs are not stable enough in polar solvent probably due to the detachment of 

PVP. Therefore, the PVP-coated QDs should not be stored too long and it is suggested 

that a freshly prepared PVP-coated QD solution has to be used. After further silica 

growth, the particles surprisingly self-assembled into hollow spheres, as seen in Figure 

4.8 c. These big hollow spheres were composed of many small silica particles decorated 

with QDs (Figure 4.8 d). 

Okubo and co-workers 
[156]

 have suggested that, while growing a silica shell on pure 

silica seed particles, small preliminary silica particles are formed first due to the 

presence of water included in ammonia solution and ethanol, and then the formation of 

these preliminary particles is followed by their coalescence on the surfaces of the silica 

seed particles to form the final silica shell coating on the silica seeds. Therefore, the 

reason for the formation of large hollow spheres in our case might be that small 

preliminary particles, first formed during shell growth process, act as linkers to connect 

the silica particles which then self-assemble into the hollow sphere structure. 

4.2.2.4 Thickness control 

As described above, using small silica cores (less than 50 nm), the desired silica-QD-

silica structure was not obtained. On the other hand, using too large silica cores (more 

than 200 nm), the final particles may be too big for further FRET studies due to the very 

strong scattering signals, although the silica-QD-silica structure would be well defined. 

For these reasons, silica cores with a median diameter (~ 140 nm) are at present the best 

choice. Accordingly, the outer silica shell thickness control was just carried out for 

silica particles with ~ 140 nm core size. 

The thickness of the outer shell could be controlled by the added amount of TEOS. 

Figure 4.9 shows silica-QD-silica hybrid particles with different outer shell thicknesses, 

all prepared from identical silica cores with diameter of ~ 140 nm. Obviously, the shell 
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thickness can be reduced by decreasing the amount of TEOS used in the shell growth 

step. However, considering the further use, this structure still has some disadvantages. 

Compared to the more homogenous surface of the thicker shell (Figure 4.9 a, b), the 

thinner silica shell is not grown evenly on the surface of the QD-decorated silica 

particles (Figure 4.9 c, d). Therefore, after attaching dye molecules, the distance 

between QDs and dye molecules will not be well defined. 

       

       

Figure 4.9: TEM images of final products using different TEOS amounts in the shell growth step: a, b) 

20 µL and c, d) 10 µL. 

 

 

a b 

c d 
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4.3 Quantum dot - silica architecture: silica coated quantum 

dots 

4.3.1 Experimental procedure  

CdSe/CdS/ZnS QDs were prepared as described in Chapter 3.2.1. A silica shell was 

applied as follows: In a typical microemulsion using a ternary microemulsion system, 

0.1 M surfactant (Igepal CO-520 or Synperonic NP-10) was dissolved in 10 mL of n-

hexane (for Igepal CO-520) or cyclohexane (for Synperonic NP-10) containing 100 µL 

of TEOS and 100 µL QDs (concentration ≈ 20 µM). After stirring for 30 min, 150 µL of 

25 wt % ammonia solution was added. For a quaternary microemulsion using Triton X-

100 as surfactant, the procedure consisted of mixing 1.77 mL of Triton X-100, 1.8 mL 

of n-hexanol, 7.5 mL of n-hexane 100 µL of TEOS and 480 µL of H2O, followed by 

addition of 100 µL QDs (concentration ≈ 20 µM). The mixture was stirred for 30 min, 

and then 60 µL of 25 wt % ammonia solution was added. The ternary or quaternary 

microemulsion solutions were allowed to stir for 24 h followed by addition of ethanol to 

break the microemulsion and recover the particles. The particles were washed a couple 

of times with ethanol. The structures of the used surfactants are shown in Figure 4.10. 

    

  Igepal CO-520               Synperonic NP-10 

 

Triton X-100 

Figure 4.10: Structures of the surfactants used for QD-silica hybrid system. 
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4.3.2 Results and discussion 

4.3.2.1 TEM characterization 

Figure 4.11 shows the TEM images of the QDs and the silica-coated QDs prepared 

using Igepal CO-520 as the surfactant. The diameter of the QDs is ~ 7 nm.  After 

coating with a silica shell, most of the particles were highly dispersed, and had only one 

single QD in the center. Particles with no QD inside were also observed. The diameter 

of the resultant QD-silica particles was 25 - 28 nm and the thickness of the silica shell in 

the range of 8 - 10 nm. 

             

Figure 4.11: TEM images of a) CdSe/CdS/ZnS QDs, and b) QD-silica spheres.  

4.3.2.2 Optical properties 

500 700 900

0.00

0.04

0.08

0.12

 QD

 QD-SiO
2

A
b

s
o

rp
ti
o
n

 (
a
. 

u
.)

Wavelength (nm)   

500 550 600 650 700

6.0e+7

4.0e+7

2.0e+7

0.0

F
lu

o
re

s
c
e
n

c
e
 (

a
. 

u
.)

Wavelength (nm)

 QD

 QD-SiO
2

 

Figure 4.12: Absorption (left) and fluorescence (right) spectra of the QDs and QD-silica spheres. 
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As seen in Figure 4.12, no significant change in the absorption and fluorescence spectra 

is observed after encapsulation of the QDs with silica. The baseline of the QD-silica 

absorption increases compared to the QD absorption due to the scattering of the silica 

particles. The QY of the QDs before silica coating was 44 %, but was reduced to 20% 

after coating with the silica shell. 

4.3.2.3 Growth process of QD-silica spheres 

To study the growth process of QD-silica spheres, samples were taken at different 

reaction times and characterized by TEM. 

Figure 4.13 a shows the TEM image of a sample taken at 30 min. There is so little silica 

grown around the QDs at 30 min that only QDs can be seen in the image. As the 

reaction proceeds, more and more silica grows on the QDs (Figure 4.13 b-g). It should 

be noted that all the samples for the TEM measurement were obtained after breaking the 

microemulsion. The small particles (Figure 4.13 b-e) were aggregated because the 

overall negative charge from OH groups on the silica surface was too weak for small 

particles to keep them apart. When the particles grow bigger (Figure 4.13 f-g), they 

tended to separate due to the increasing electrostatic repulsion of the particles induced 

by more negative overall surface charge. However, one could expect that the particles 

before breaking the microemulsion were separated due to being encapsulated in the 

micelles. The QY of the QD-silica particles decreased with time, i.e., with increasing 

silica shell thickness, as shown in Figure 4.14.  

In the following an incorporation mechanism (see Figure 4.15) for hydrophobic QDs in 

silica spheres will be discussed 
[157]

: when TEOS, QDs, surfactant molecules, water and 

oil (organic solvent) are mixed, the surfactant molecules will rest at the water-oil 

interface resulting in micelles. Water droplets inside the micelles serve as the 

nanoreactors for the silica formation. The original organic ligands coated on the QDs 

are first exchanged with the hydrolyzed TEOS and surfactant molecules in the reverse 

microemulsion system. This ligand exchange facilitates the transfer of the QDs into the 

hydrophilic interior of the micelles, where silica growth takes place. Upon the addition 

of ammonia, TEOS is further hydrolyzed and replaces all the surfactant molecules on 

the QD surface. The condensation of the hydrolyzed TEOS forms the silica shell around 

the QDs.  
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Figure 4.13: TEM images of QD-silica samples taken at different reaction times: a) 30 min, b) 1h, c) 2h, 

d) 6h, e) 10h, f) 16h and g) 24h. 

a b 

c d 
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Figure 4.14: Evolution of the quantum yield of QD-silica particles versus reaction time. 

 

Figure 4.15: Schematic representation of the incorporation mechanism of hydrophobic QDs in silica 

spheres by the reverse microemulsion method. 

The present study on the growth process of the QD-silica particles is not in 

contradiction with this mechanism. Besides, it also implies that the condensation step 

that forms the silica shell may occur simultaneously with the replacement process of the 

surfactant molecules coated on QDs by the further hydrolyzed TEOS in the micelles. 

The further hydrolyzed TEOS replace the surfactant molecules on the QDs and at the 

same time condense with the hydrolyzed TEOS on the QDs to form the silica shell. At 

the beginning of the reaction, only a small fraction of the TEOS molecules is initially 
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hydrolyzed and these small amounts of the hydrolyzed TEOS are probably not enough 

to replace all the surfactant molecules, while polymerizing on the QD surfaces. 

Therefore, part of the QD surface is still coated by the surfactant molecules and the 

silica shells are not homogeneously grown around the QDs (Figure 4.13 b-d). With 

increasing reaction time, all the surfactant molecules on the QD surface are gradually 

replaced by the hydrolyzed TEOS, and the homogeneous silica shell is grown around 

the entire QD surface (Figure 4.13 e-g). Moreover, the decrease in the QY of the QD-

silica particles could be explained using this mechanism. As shown in Figure 4.14, the 

QY decreases drastically (0.5 - 10 h) and then tends to decrease slowly (10 - 24 h). The 

drastic QY decrease at the beginning of the reaction could be mainly due to the 

exchange of the original ligands on the QDs by the hydrolyzed TEOS and surfactant 

molecules. After that, the further silica shell growth only leads to the minor decrease of 

the QY. 

4.3.2.4 Control of silica shell thickness 

According to the original ides, dye molecules should be attached to the QD-silica 

spheres to study FRET between QD and dye. FRET occurs when the center-to-center 

distance between QD and dye is comparable to the Föster distance (R0), at which the 

FRET efficiency is 50%.  R0 is typically in the range of 2 to 6 nm and it is advantageous 

if the distance lies in the range of 0.5R0 to 2R0 
[158]

. In the case of 7 nm QDs, regardless 

of the size of the dye, the silica shell thickness should be below 8 nm. To achieve this 

goal, different reaction conditions were altered based on the typical experimental 

procedure to reduce the silica shell thickness.  

A. Effect of surfactant 

To study the effect of the nature of surfactant molecules on the size of the silica particle, 

QD-silica spheres were prepared in different microemulsions formed using Igepal CO-

520, Synperonic NP-10 or TritonX-100 as the surfactant.  

Using Igepal CO-520 and Synperonic NP-10, QD-silica spheres with one single QD in 

one silica particle could be obtained, as shown in Figure 4.16 a and b. The diameter of 

the QD-silica spheres increased from 25 - 28 nm for Igepal CO-520 to 30 - 35 nm for 

Synperonic NP-10. Considering the QD size of 7 nm, the thicknesses of the silica shell 
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are 8 - 10 nm and 11 - 14 nm, respectively. This trend can be explained by the fact that 

the hydrophilic group of Synperonic NP-10, which consists of 10 oxyethylene groups, is 

larger than that of Igepal CO-520 with only 5 oxyethylene groups. This leads to an 

increase in the surfactant’s head-to-tail area ratio (head: oxyethylene groups; tail: 

aliphatic groups) and consequently the formation of larger droplets 
[159]

.  

        

 

Figure 4.16: TEM images of the QD-silica spheres prepared using different surfactants: a) Igepal CO-520, 

b) Synperonic NP-10 and c) Triton X-100. 

When Triton X-100 was used as the surfactant, the particle diameter was further 

increased to 60 - 75 nm (Figure 4.16 c), which is consistent with the fact that the size of 

the silica particles prepared in the quaternary microemulsion is larger than in the ternary 

microemulsion 
[160]

. QD-silica spheres with not only one single QD but also multiple 

a b 

c 
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QDs inside could be observed. One explanation is that the Triton X-100 droplets are 

much larger than the others, which makes multiple QDs in one droplet more possible. 

Another explanation is that Brownian collision 
[161] 

of two droplets happens due to the 

weak attachment of Triton X-100 surfactant films to the droplets. As a consequence, 

interdroplet open water channels are formed and small silica particles exchange between 

droplets 
[162]

. The large, lamella-like particles prove the presence of this Brownian 

collision. 

In conclusion, the smallest QD-silica particles could be obtained using Igepal CO-520 

as the surfactant. However, even the smallest silica shell thickness is still too large for 

further FRET investigations.  

B. Effect of the amount of ammonium hydroxide 

In case of pure silica particles prepared in microemulsion, it is known that 
[160, 163] 

the 

increase in ammonium hydroxide amount, on the one hand, causes more monodisperse 

and spherical particles, and on the other hand, increases the water concentration, leading 

to decreasing silica size. Therefore, the amount of ammonia solution was increased from 

150 µL to 200 µL to see if the increase in ammonium hydroxide amount can reduce the 

thickness of the silica shell. 

       

Figure 4.17: TEM images of the QD-silica spheres prepared using different ammonia amounts: (a) 150 

µL and (b) 200 µL. Surfactant: Igepal CO-520. 

As shown in Figure 4.17, the size of the silica particles appeared to be insensitive to the 

ammonium hydroxide amount. The particle sizes were 25 - 28 nm using 150 µL of 

a b 
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ammonia and 27 - 30 nm using 200 µL of ammonia. The thickness remained in the 

range of 8 - 10 nm. For pure silica particles prepared in a microemulsion, with 

increasing water concentration, more of the TEOS molecules are hydrolyzed in the 

beginning and thus more silica particles are nucleated, finally leading to smaller silica 

particles. However, for QD-silica particles, QDs serve as the nuclei for silica shell 

growth. Therefore, the number of the nuclei for QD-silica particles will not be affected 

by the water concentration (i.e., ammonia hydroxide amount) in the microemulsion 

system. This could explain the independence of the QD-silica particle size on the 

amount of ammonium hydroxide. 

C. Effect of TEOS concentration 

The amount of added TEOS is expected to directly influence the size of the resulting 

nanoparticles. Decreasing the amount of the TEOS is the common way to reduce the 

thickness of the silica shell on seed particles 
[30, 146]

. In contrast, as can be seen in Figure 

4.18, when the TEOS amount decreases from 100 µL to 50 µL, the particles aggregate 

severely and some of the QDs are not completely covered with a silica shell.  

       

Figure 4.18: TEM images of the QD-silica spheres prepared using different TEOS amounts: (a) 100 µL 

and (b) 50 µL. Surfactant: Igepal CO-520. 

As suggested above, the hydrolyzed TEOS molecules together with the surfactant 

molecules first exchange the organic ligands on the QDs to transfer the QDs into the 

micelles. Then the rest of the TEOS is further hydrolyzed to replace the surfactant 

molecules on the QD surface, and at the same time, the condensation of the hydrolyzed 

a b 
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TEOS occurs to grow a silica shell on the QDs. Those QDs partially coated with a silica 

shell are probably produced when either the further hydrolyzed TEOS is not enough to 

replace all the surfactant molecules, or they are enough to replace all the surfactant but 

not enough to be condensed to form a silica shell. 

D. Effect of the size of QD  

Figure 4.19 illustrates the effect of QD size on the diameter of the QD-silica spheres 

prepared in Igepal CO-520 ternary microemulsion. When larger QDs (10 nm) were used, 

the diameter of the QD-silica spheres increased correspondingly, while the silica shell 

thickness almost does not change compared with the thickness of 8 - 10 nm when using 

small QDs of 7 nm in diameter as mentioned before. This can be easily explained by the 

incorporation mechanism suggesting that TEOS is polymerized on the QD surface. The 

increase in QD size increases the surface area of the QD. When the same amount of 

TEOS and the same number of the QDs are used, more TEOS is needed to grow a silica 

shell around larger QDs. As a result, the number of the “empty” silica particles without 

QDs inside is reduced, which can also be seen from Figure 4.19. 

       

Figure 4.19: TEM images of the QD-silica spheres prepared using QDs with different diameters: (a) 7 

nm and (b) 10 nm. Surfactant: Igepal CO-520. 

QD size affected the QD-silica spheres prepared in Triton X-100 quaternary 

microemulsion in a different way. As shown in Figure 4.20, QD-silica particles with 

multiple QDs inside were observed when small QDs (7 nm) were used. The particles 

prepared using larger QDs (10 nm) showed mostly one or two QDs in a silica particle. 

a b 
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Moreover, the size of the QD-silica particles decreased using larger QDs. Since QDs act 

as nuclei for silica growth, when large QDs were used, it was more difficult for the large 

QDs to undergo interdroplet exchange because it seems to be hard to form sufficiently 

large interdroplet channels. These nuclei are then covered with silica in their individual 

droplets to form the silica particles with one single QD inside, and only few of these 

nuclei exchange between droplets to form silica-covered QD dimers. Furthermore, the 

decreasing particle exchange between droplets may reduce the coalescence of the 

particles leading to a smaller size. 

       

Figure 4.20: TEM images of the QD-silica spheres prepared using QDs with different diameters: (a) 7 

nm and (b) 10 nm. Surfactant: Triton X-100. 

E. Effect of the concentration of QD 

When the other reaction parameters were not unchanged, the amount of added QD only 

influenced the multiplicity of QDs per silica particle. For the Igepal CO-520 

microemulsion system, the amount of the QDs was changed form 100 to 400 µL using a 

stock solution with a concentration of ~ 20 µM. With a QD amount of 100 µL, most of 

the particles had one single QD inside and still some silica particles without QDs 

appeared (Figure 4.21 a). When the QD amount increased to 200 µL, nearly all silica 

particles had one QD inside and some of them two (Figure 4.21 b).  Further increasing 

the QD amount increased the number of QDs in the silica particles (Figure 4.21 c-d). It 

was found that with a QD amount of 300 µL, the percentage of silica particles with two 

QDs inside reached the maximum (30 ~ 40 %).  

a b 
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Figure 4.21:   TEM images of the QD-silica spheres prepared using different amounts of QDs: (a) 100 µL, 

(b) 200 µL, (c) 300 µL and (d) 400 µL of QDs. Surfactant: Igepal CO-520. 

QD-silica particles prepared in Triton X-100 microemulsion system showed the same 

trend that the multiplicity of QDs per silica increased with increasing QD amount 

(Figure 4.22). The percentage of silica particles with two QDs inside reached the 

maximum (30 ~ 40 %) when 200 µL of QDs with a diameter of 10 nm were used. At 

higher QD amount the micellar system became unstable, resulting in an aggregation of 

QD-silica nuclei. Aggregation at an early stage of the silica growth resulted in little or 

no spacing between the QDs, whereas aggregation at a later stage caused a certain 

distance between the QDs. Both small and larger interdot distances can be observed in 

Figure 4.21 and Figure 4.22. 

a b 

c d 
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Figure 4.22: TEM images of the QD-silica spheres prepared using different amounts of QDs: QD 

diameter = 7 nm, (a) 100 µL and (b) 200 µL of QDs; QD diameter = 10 nm, (c) 100 µL, (d) 200 µL and (e) 

300 µL of QDs. Surfactant: Triton X-100. 

a b 

c d 

e 
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4.4 Conclusion 

In order to assemble QD-silica-dye systems for energy transfer studies, QD-silica 

hybrid particles have been prepared using both “Stöber” and reverse microemulsion 

methods. Based on the “Stöber” method, QDs could be controllably embedded in silica 

colloids to form the silica-QD-silica structure. After adsorption of the amphiphilic 

polymer PVP, the QDs were adsorbed on silica spheres with a diameter larger than 100 

nm to form a QD monolayer, and then covered by silica shells with controllable 

thickness. For the silica-QD-silica structure, although the silica shell thickness could be 

easily controlled by the TEOS amount, there were disadvantages for further energy 

transfer studies. The outer thin shell was not grown evenly on the QD covered particle 

surface so that after attaching dyes the QD-to-dye distance would not be well defined. 

Using the reverse microemulsion method, one single QD could be encapsulated in one 

small silica particle to achieve a QD-silica structure. The investigation of the growth 

process of QD-silica spheres confirmed the suggested incorporation mechanism of QDs 

in silica spheres in the literature. The influence of the nature of surfactant molecules, the 

size of QDs, the concentration of ammonium hydroxide, TEOS and QDs on the silica 

particle size and polydispersity was also studied. For the QD-silica structure, the 

obtained minimum silica shell thickness was 8 nm after optimizing the reaction 

parameters. It was not possible to further decrease the thickness to a range where energy 

transfer between QD and dye would take place. Due to the disadvantages existing for 

the silica-QD-silica and QD-silica structures, the desired QD-silica-dye system for 

studying energy transfer between QD and dye separated by a silica shell could not be 

prepared. Nevertheless, inspired by the investigation of the silica-QD-silica structure, a 

different QD-silica-dye system was designed, which will be discussed in the next 

chapter.  



5  Quantum dot - silica - dye hybrid system 

 73 

5 Quantum dot - silica - dye hybrid system 

5.1 Introduction 

Inspired by the preparation of the silica-QD-silica structure described in Chapter 4, a 

new QD-silica-dye hybrid system has been constructed for energy transfer 

investigations. Instead of attaching dyes on a silica shell that was grown around a silica 

particle covered with QDs, a “pure” silica core particle was first covered with a silica 

shell containing organic dye molecules, followed by an adsorption of multishell 

CdSe/CdS/ZnS QDs onto this silica-dye hybrid particle.  

Embedding organic dye molecules into a silica or polysiloxane matrix usually enhances 

the quantum yield of the organic dye molecules due to immobilization since radiation-

less decay mechanisms are suppressed. In addition, the quantum yield of the organic 

dye molecules stays constant with time due to partially shielding sensitive organic 

molecules from photobleaching by oxygen. Graf et al. have shown, for example, that the 

fluorescence of pyrene increases by more than a factor of 6 if the molecules are 

chemically bound within spherical polyorganosiloxane nanoparticles 
[ 164 ]

. Similar 

results have been found by Imhof et al. 
[165]

, who used Stöber particles with embedded 

fluorescent dye molecules for their optical tracer diffusion studies in colloidal 

dispersions, an approach which previously was employed by van Blaaderen and co-

workers 
[33, 166]

. Besides the enhanced fluorescence intensity, embedding dye molecules 

into a nanoscopic silica matrix also has other advantageous features such as excellent 

photostability, easy surface modification and size tunability. In addition, nanoparticles 

containing several hundred dye molecules serving as carriers allow for unusually high 

local concentrations of the dye molecules not achievable for dye molecules in solution 

due to the solubility limit.  

Directly adsorbing QDs onto the dye-containing silica shell, which makes it possible to 

minimize the average distance between QDs and dye molecules, allows for energy 

transfer between QDs as fluorescence donors and the organic dye molecules as 

acceptors/emitters. The energy transfer process has been investigated and described in 

the framework of Förster theory.  

 



5  Quantum dot - silica - dye hybrid system 

 74 

5.2 Experimental procedure 

A. Silica core particles  

Spherical “pure” silica core nanoparticles with diameter of ~ 140 nm and size 

polydispersity < 5% (according to transmission electron microscopy (TEM)) were 

prepared by hydrolysis of tetraethyl orthosilicate (TEOS) using the Stöber method: 4.5 

mL TEOS, 28.5 mL H2O and 1.5 mL aqueous ammonia solution (25 wt%) were added 

to 65.5 mL ethanol. The reaction was allowed to continue for 6 h at room temperature at 

moderate stirring. For purification, the particles were centrifuged, washed and 

redispersed in ethanol. 

B. APS-dye conjugates 

   

   

Figure 5.1: (a) Structure of the organic dye Texas Red-X STP ester and (b) the reaction of a primary 

amine with an STP ester. 

The organic dye Texas Red-X STP ester with absorption maximum at wavelength 588 

nm was used for the preparation of QD-silica-dye hybrid particles because of its 

effective spectral overlap with the multishell QDs. This amine reactive dye molecule 

can be covalently linked to the silane coupling agent (3-aminopropyl)triethoxysilane 

(APS) and therefore easily chemically incorporated into silica particles, an approach 

which for the organic dyes fluorescein and rhodamine B has first been published by van 

Blaaderen et al. 
[166, 167]

: 0.18 mg Texas Red-X STP ester was dissolved in 1.5 mL 

(a) 

(b) 
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DMSO, combined with 2 µL APS, and the mixture was stirred under Ar atmosphere for 

24 h in the dark. The structure of Texas Red-X STP ester and the reaction of a primary 

amine with the STP ester are shown in Figure 5.1. 

C. Multishell QDs 

CdSe/CdS/ZnS QDs were synthesized using the SILAR method as described in Chapter 

3.2.1.  

D. QD-silica-dye hybrid nanoparticles 

Based on the above-described materials, the QD-silica-dye hybrid nanoparticles were 

synthesized in four steps as follows: 

(i) To prepare silica-dye hybrid nanoparticles, the APS-dye conjugate (see B, total 

amount 1 × 10
17

 APS-dye molecules, corresponding to an average of 1 × 10
4
 dye 

molecules per silica particle if all APS-dye molecules are incorporated in the grown 

silica-dye shells) was added to a mixture of 1 mL of an ethanol dispersion of silica core 

particles (c = 13.2 g/L), 45 mL ethanol, different amounts of TEOS (5 - 67 µL) and 3 

mL aqueous ammonia solution (25 wt %). These mixtures were then stirred for 48 h to 

grow a dye-embedded silica shell onto the silica cores. For purification, the samples 

after centrifugation were washed twice with ethanol to remove the unreacted APS-dye 

conjugates. The silica-dye nanoparticles were then redispersed in ethanol for further 

functionalization. 5 ~ 67 µL of TEOS correspond to a theoretical shell thickness of 2.3 - 

23.2 nm as calculated from the silica core size and the total amount of added TEOS, 

assuming a SiO2 density of 2.6 g/mL. In the calculations of the expected shell thickness, 

the APS-dye was neglected since it constitutes only a minor fraction of the silica-dye 

shell. 

(ii) The surface of these purified silica-dye hybrid nanoparticles was then functionalized 

with APS: 10 µL APS were added to the silica-dye nanoparticles, which were 

redispersed in 47 mL ethanol plus 3 mL ammonia solution (25 wt %). This mixture was 

stirred for 12 h. The resulting APS-functionalized silica-dye nanoparticles after 

centrifugation were washed twice with ethanol to remove the unreacted APS and then 

redispersed in ethanol. 
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(iii) The CdSe/CdS/ZnS QDs were coated with Poly(vinylpyrrolidone) (PVP) polymer 

chains prior to mixing with the APS-functionalized silica-dye nanoparticles. For this 

purpose, a PVP (M = 10,000 g/mol) stock solution was prepared by dissolving 27.1 g 

PVP/L in butanol and ultrasonification of this solution for 30 min. 7 mL of this PVP 

solution was then mixed with 500 µL of a QD chloroform dispersion (QD concentration 

~ 2 × 10
-5

 mol/L), and this mixture was stirred for 24 h at room temperature. The 

amount of PVP had been calculated to yield colloids with about 60 PVP molecules per 

nm
2
 of the QD surface 

[168]
. The dispersion of the PVP-coated QD was not further 

purified. 

(iv) QD-silica-dye hybrid nanoparticles were obtained by mixing 7.5 mL freshly 

prepared dispersion of PVP-coated QD (see (iii)) and 10 mL of the dispersion of APS-

functionalized silica-dye hybrid nanoparticles (see (ii)). This mixture was stirred for 24 

h at room temperature. For purification, the reaction mixture was centrifuged, and the 

precipitate was redispersed in ethanol. 

The route from pure silica cores to QD-silica-dye hybrid particles and the corresponding 

particle topologies are sketched in Figure 5.2. 

 

Figure 5.2: Synthesis of QD-silica-dye hybrid nanoparticles, QD not to scale. 

(i) (ii) 

(iii) 

(iv) 
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5.3 Results and discussion 

5.3.1 TEM characterization 

     

   

 

Figure 5.3: TEM images of CdSe/CdS/ZnS QDs (a) before and (b) after PVP-coating, and of (c) silica 

core particles, (d) silica-core - dye-shell particles with shell thickness 23 nm (the inserted “white sphere” 

corresponds in size to the silica cores displayed in c (with scale adjusted accordingly)), and (e) Silica-dye-

QD hybrid nanoparticles with shell thickness of 23 nm. 

a b 

c d 

e 
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5.3.1.1 CdSe/CdS/ZnS QDs 

The QDs consist of CdSe cores surrounded by one monolayer of CdS and one 

monolayer of ZnS. The average particle diameter is 4.5 nm (Figure 5.3 a), with size 

polydispersity below 15% as determined from particle size statistics, and also indicated 

by the ordered pattern the sample forms on the TEM grid upon drying. The emission 

peak of QDs is at 571 nm, and the photoluminescence quantum yield (QY) is 35%. The 

emission peak and QY remain nearly unchanged before and after absorption of PVP.  

5.3.1.2 Silica cores 

As also shown by transmission electron microscopy (Figure 5.3 c), the silica core 

particles are well-defined spheres with low polydispersity < 5%. The average diameter 

is 140 nm. 

5.3.1.3 Silica-dye (silica-core - dye-shell) nanospheres 

The growth of the dye-containing silica shell onto the silica cores occurs 

homogeneously, as shown in Figure 5.3 d. From the chemical composition, the 

calculated shell thickness of this particular sample should be 23 nm. The average 

diameter of the core-shell silica spheres according to the TEM measurements is 190 nm, 

which is in good agreement with the theoretically expected value (140 + 2 × 23 = 186 

nm). Here, it should be noted that such silica-dye hybrid nanospheres with various shell 

thicknesses were prepared, as determined by the amount of added TEOS for the 2
nd

 

reaction step, and described in detail above. In all cases, TEM micrographs have proven 

the homogeneous shell growth as in the case of the example selected here. Further, since 

a large excess of dye-APS are always used, a constant dye concentration within the 

growing shell is assumed, an assumption which is consistent with the intensities of the 

dye emission of the silica-dye hybrid nanospheres (see 5.3.2). 

5.3.1.4 QD-silica-dye hybrid nanoparticles 

A TEM micrograph of the silica-dye hybrid nanospheres after addition of PVP-coated 

semiconductor QDs is shown in Figure 5.3 e. The tiny black dots at the particle surface 

are the QDs. As can be seen, a very large number of QDs (more than several hundred) 

covers the surface of a single silica particle. Theoretically, according to the total amount 
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of added QDs, a maximum amount of 1730 QDs per single silica particle independent 

of shell thickness is expected. 

5.3.2 Fluorescence of silica-dye particles 
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Figure 5.4: (a) Fluorescence spectra of silica-dye particles without adsorbed QDs, for particles with 

varying silica-dye shell thicknesses (d = 2.3, 4.5, 8.4, 12.3, 15.4 and 23.2 nm from bottom to top), excited 

at 390 nm far from the dye absorption maximum. Integrated fluorescence intensity (Asilica-dye) versus (b) 

dye-silica shell volume (Vshell) and (c) dye-silica shell thickness (d), experimental results (solid symbols) 

and theoretical fit assuming constant dye concentration within the silica shell. 

Figure 5.4 a shows the fluorescence spectra of silica-dye particles without adsorbed 

QDs, and a numerical calculation of integrated fluorescence intensity versus shell 

thickness in comparison to the experimental results. These spectra have been measured 

as a “background” to distinguish dye fluorescence due to FRET from direct dye 

excitation (see further below). Although excitation takes place at wavelength 390 nm 

where the dye absorption seems to be negligible, obviously some optical excitation of 

the dye molecules is found, and the detected fluorescence intensity increases with 

(a) 

(b) (c) 
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increasing amount of dye molecules per silica particle, or increasing dye shell thickness. 

Note that in the wavelength regime of the emission peak around 600 nm especially for 

silica particles with shell thicknesses larger than 4.5 nm (and correspondingly higher 

dye content) the contribution from particle scattering seems to be very small. As 

mentioned above, a constant dye concentration within the shell is expected, and 

therefore the total dye amount per silica particle should simply be proportional to the 

volume of the respective dye-silica shell (Figure 5.4 b and c):  

 A ∝ Asilica-dye ∝ Vshell = ))((
3

4 33
RdR −+π  

where A is the number of dye molecules,  Asilica-dye is the integrated fluorescence 

intensity of the silica-dye particles, Vshell is the volume of the dye-containing silica shell, 

R is the radius of the silica core and d is the thickness of the dye-containing silica shell. 

The absorption spectra of the silica-dye particles were also recorded (Figure 5.5). With 

increasing shell thickness, the particle scattering becomes stronger due to the increasing 

particle size and affects the absorption spectra substantially. After subtracting the 

scattering background, the dye absorption for different shell thickness could be 

determined. The result is also consistent with the assumption that the dye concentration 

in the silica shell is constant.  
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Figure 5.5: (a) Absorption spectra of silica-dye particles without adsorbed QDs, for particles with 

varying silica-dye shell thicknesses (d = 2.3, 4.5, 8.4, 12.3, 15.4 and 23.2 nm from bottom to top). (b) Dye 

absorption versus dye-silica shell volume (Vshell), experimental results (solid symbols) and theoretical fit 

assuming constant dye concentration within the silica shell. 

 

(a) (b) 
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5.3.3 Fluorescence of QD-silica-dye particles  

5.3.3.1 Optical properties of QD-silica-dye particles 
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Figure 5.6: Absorption and fluorescence spectra of QDs in chloroform (solid line) and Texas Red in 

chloroform (dashed line). 

Figure 5.6 shows absorption and emission spectra of the QDs (measured in chloroform 

solution) and Texas Red (measured in ethanol solution), respectively. The absorption 

and emission spectra of the QD-silica-dye hybrid particles show no shifts in these peaks 

for the QDs and only slight red shifts for the dye (Table 5.1). 

Table 5.1: Absorption and emission peaks of QDs and Texas Red in chloroform and in QD-silica-dye 

hybrid particles. 

 in chloroform in the hybrid particles 

QD absorption (nm) 564 564 

QD emission (nm) 573 573 

Texas Red absorption (nm) 588 592 

Texas Red emission (nm) 606 610 

QD emission and Texas Red absorption spectra yield an overlap integral of J = 6.8 

×10
15

 nm
4
 / M cm according to equation 5.1 

[169]
: 

∫
∫

=
λλ

λλλελ
λ

dF

dF
J

D

AD

)(

)()(
)(

4

                            (5.1) 

where FD is the integrated fluorescence intensity of the donor (QD), εA is the molar 

extinction coefficient of the acceptor (dye), and λ is the wavelength. Using equation 
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(5.2)
 [169]

 with a fluorescence quantum yield of the donor (QD) of Φ0 = 0.35, an 

orientation factor of κ2
 = 2/3, and the refractive index of silica of n = 1.45 

[168]
 one 

obtains a Förster radius of R0 = 5.6 nm. 

4

0

2
2116

0

)(
)(1079.8

n

J
cmMnmR

λκ Φ
×⋅⋅×= −

                            (5.2) 

The ensemble average of the orientation factor in the QD-silica-dye hybrid particles was 

evaluated by Monte-Carlo simulation, giving the same value corresponding to a random 

dipole orientation. 
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Figure 5.7: Typical fluorescence spectra of silica-dye particles (red), and silica-dye-particles coated with 

QDs (black), excited at 390 nm. Dye-silica shell thickness as calculated from added TEOS amount: (a) 

4.5 nm, (b) 15.4 nm, and (c) 23.2 nm.  

Figure 5.7 shows the typical fluorescence spectra of silica-dye particles and QD-silica-

dye hybrid nanoparticles, respectively. An excitation wavelength of 390 nm was chosen, 

where the absorption of the dye should be negligible. Nevertheless, as shown in Figure 

5.4 and Figure 5.5 (red curves), the silica-dye particles show some fluorescence if 

excited at 390 nm. Importantly, this fluorescence peak centred at λ = 615 nm is 

(a) 

(b) (c) 
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increasing in intensity if the QDs are adsorbed at the silica particle surface, as can be 

seen in Figure 5.7 (black curves). The fluorescence spectra shown in Figure 5.7 

therefore indicate energy transfer (FRET) from the QDs (= donors) to the organic dye 

molecules (= acceptors) within the silica shell. Furthermore, not only the absolute 

emission intensities of the QDs and the dye molecules increase with increasing silica-

dye-shell thickness, but also the ratio of the two emission peaks changes with different 

silica-dye-shell thicknesses. However, the change in the ratio of the two emission peaks 

shows no trend since both the QD number and the dye amount increase with increasing 

shell thickness (detailed discussions about the increase of QD number with increasing 

shell thickness see sections 5.3.3.2 and 5.3.3.3). This demonstrates the concept for 

preparing a new dual-colour encoding sensor system with simple, tuneable optical 

properties: the ratio of the donor and acceptor fluorescence intensity can be tuned by 

adjusting the shell thickness. 

 

 

 

 

 

 

 

Figure 5.8: Sensitized acceptor fluorescence (sA) of QD-silica-dye hybrid particles versus dye-shell 

thickness. For the calculation, the emission spectra of the hybrid particles were deconvoluted and the 

contributions of the dyes were integrated and corrected for direct excitation of the dye molecules. 

To quantify the enhancement in acceptor emission, the integrated fluorescence of the 

dye measured with (AQD-silica-dye) and without (Asilica-dye) an adsorbed outer layer of QDs 

were compared for silica particles with dye-silica shell thickness varying from 2 to 24 

nm (see Figure 5.7). The fluorescence of silica-dye particles without adsorbed QD layer, 

that is, without FRET, is considered as the background. The sensitized acceptor 

emission (sA) then is given by the difference of these two integrated intensities, that is: 

sA = AQD-silica-dye – Asilica-dye                                                          (5.3) 
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Figure 5.8 shows the corresponding experimental results. As can be seen in Figure 5.8, 

the sensitized acceptor emission increases with increasing silica-dye-shell thickness. It 

remains an open question at this stage how the actual amount of donor particles 

influences these experimental results. 

5.3.3.2 Monte-Carlo Simulations 

 

Figure 5.9: Model of the QD-silica-dye hybrid particles used for Monte-Carlo FRET simulations: silica 

core (dark grey), silica shell (light grey), QD (donor, blue), dye molecules (acceptor, orange). 

To get a better understanding of the spectroscopic properties of the QD-silica-dye 

hybrid particles, Monte-Carlo simulations of the FRET processes were carried out with 

different models. This analysis was done by Dr. Wolfgang Erker. For simulations of 

energy transfer in QD-silica-dye hybrid particles, in agreement with the experimental 

results, the following model was assumed, as illustrated in Figure 5.9: A spherical core 

with a radius of 70 nm, which does not contain any fluorophores, is surrounded by a 

shell containing acceptor dye molecules (orange). Location (in the shell) and orientation 

of the dye molecules are randomly distributed and fixed. On the particle surface, QDs 

(blue) with a radius of 2.25 nm are attached. Again, location (on top of the shell) and 

orientation of the QDs are randomly distributed and fixed. 

The overall transfer efficiency (E) of such multi-donor multi-acceptor systems can be 

calculated with equation 5.4 
[170]

: 
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where D is the total number of donors and A is the number of acceptors. Each donor 

acceptor pair was treated individually, with a specific distance rij between donor (i) and 

acceptor (j) and a specific Förster radius R0, ij. The Förster radius was calculated with 

equation 5.2, using an individual orientation factor 
[169]

: 

22 )coscos3(cos ijijijij δαϑκ ⋅⋅−=                                       (5.5) 

where δ is the angle between the transition dipole moment of the donor and the vector 

joining the donor and the acceptor, α is the corresponding angle for the acceptor, and ϑ 

is the angle between the transition dipole moments of donor and acceptor. Also, it is 

taken into account that the QDs possess a two-dimensional degenerated emission 

transition dipole of the lowest excitonic transition which results in a dark axis and a 

bright plane 
[181]

. For each donor acceptor pair, five donor emission dipole moments 

within the bright plane were created randomly and the corresponding orientation factors 

were calculated and averaged. 

The sensitized acceptor emission (sA, see equation 5.3) is proportional to the reduction 

in the donor emission (∆F) which is linked to the transfer efficiency (E) by 
[169]

 (see 

Figure 5.7): 

00

1
F

F

F

F
E

∆
=−=                                                    (5.6)   

where F and F0 are the fluorescence integrated intensities of the donor in the presence 

and absence of the acceptor, respectively. F0 is proportional to the number of the donor 

molecules (D). Hence, the sensitized acceptor emission is proportional to both the 

transfer efficiency and the number of donor molecules. 

DEFEFsA ⋅∝⋅=∆∝ 0                                           (5.7) 

The models differ with respect to the amount of the surface-adsorbed QDs. In all cases, 

the dye molecules are homogeneously distributed in the silica-dye shell and therefore 

their number is proportional to the shell volume. Also, the QDs are only attached to the 

outer surface of the shell. Model 1 assumes a constant surface density, that is, the 

number of bound QD is proportional to the surface of the silica particles. Model 5 

assumes an increasing surface density, that is, the number of bound QD is proportional 

to the volume of the shell. Models 2 - 4 are intermediates of the above two models: they 
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contain two contributions for the amount of adsorbed QDs, scaling with particle surface 

and silica-dye shell volume, respectively. The fractions of the volume contribution in 

models 2 - 4 are 25%, 50% and 75%, respectively. The sensitized acceptor emission 

was simulated for each model and compared to the experimental data. 

          

          

        

Figure 5.10: Monte-Carlo simulation of the sensitized acceptor emission of QD-silica-dye hybrid 

particles using models 1 - 5, respectively. In all models, the number of dye molecules per particle is 

calculated by multiplying the shell volume with 0.0003 / nm
3
. The number of QD is the weighted sum of 

the surface contribution (the shell surface multiplied with 0.003 / nm
2
) and volume contribution (the shell 

volume multiplied with 0.0003 / nm
3
). The fractions of the volume contribution in models 1 - 5 are 0%, 

25%, 50%, 75% and 100%, respectively. For each thickness, 10 particles were simulated and analyzed 

(average ± standard deviation of the average). Experimental data (black markers) are the same as shown 

in Figure 5.8.  

Model 1 Model 2 

Model 3 Model 4 

Model 5 
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As shown in Figure 5.10, models 1 and 2 reveal large deviations with respect to the 

experimental data. As the volume contribution increases, the models fit better and better. 

Models 4 and 5 give the best fittings to the experimental data. This suggests that in QD-

silica-dye hybrid particles the number of bound QD does not (or only to a minor extent) 

depend, as expected, on the particle surface but significantly depends on the total 

amount of organic dye molecules contained within the silica-dye-shell. Based on the 

Monte-Carlo simulations of sensitized acceptor emission, attractive interactions 

between QDs and dye molecules are therefore predicted, causing a strong increase in the 

amount of adsorbed QD donors with increasing thickness of the acceptor dye containing 

silica shell. 

5.3.3.3 Experimental determination of the amount of QDs adsorbed onto pure 

silica and onto silica-dye particles. 

As a reference system, a series of pure silica particles corresponding in total diameter to 

the various silica-dye hybrid particles were prepared. These pure silica particles have 

been coated with an outer layer of adsorbed QDs to study both absorption and emission 

of QD-coated silica spheres in the absence of an acceptor dye. 

As experimental crosscheck for the above predictions, the amounts of QDs bound to the 

pure silica particles and the dye-containing silica particles were determined, based on 

the absorption spectra. After subtraction of the strong scattering background from the 

absorption spectra of the QD-silica particles, QD absorption at 564 nm, i.e., the QD 

amount on pure silica particles could be determined, as shown in Figure 5.11 (hollow 

circles). Note that for the QD-silica particles “shell thickness” in Figure 5.11 

corresponds to a nominal silica shell, the overall silica particle radius given as thickness 

plus “core” radius 70 nm. The data suggest a slight increase of the total QD amount 

with increasing particle size. Assuming that the QD amount (D) is proportional to the 

overall silica particle surface (SQD-silica), the QD amount as a function of shell thickness 

is given by D ∝ SQD-silica = 2)(4 dR +π . This fitting (solid line) matches the data within 

experimental error, indicating a constant QD surface density in the case of the QD-silica 

particles. 
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The QD amount adsorbed to the surface of the silica-dye particles in dependence of dye-

containing silica shell thickness was estimated as follows: the absorptions of the dye 

and dye + QD were obtained by subtracting the scattering background from the 

absorption spectra of the silica-dye particles and the QD-silica-dye particles, 

respectively. And next, after subtraction of the dye absorption from the dye + QD 

absorption, QD absorption could be determined (solid circles in Figure 5.11). With 

increasing shell thickness (or increasing particle size), the QD amount in the QD-silica-

dye hybrid particles strongly increases compared to that in the QD-silica particles, 

suggesting that the presence of the dye in the particle shell has a positive influence on 

the QD binding affinity. In addition, the QD amount bound to the silica-dye particles is 

~ 3 times of that on the QD-silica particles, where the QD amount is proportional to the 

surface. This is in agreement with the assumption in model 4 that the fraction of the 

surface contribution is 25%, considering the experimental error caused by the 

subtraction of the scattering background. 
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Figure 5.11: Amount of QD bound to dye-containing silica particles (solid circles) and pure silica 

particles (hollow circles) along with a fit assuming that the QD amount is proportional to the silica 

surface area.  

The preferred attraction of PVP-coated QDs by the dye-containing silica shell is clearly 

visible also in comparison of TEM micrographs of silica particles and silica-dye 

particles, both with QDs adsorbed at the particle surface, as shown in Figure 5.12. 
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Figure 5.12: TEM micrographs of (a) silica-dye particles with shell thickness of 15.4 nm and (b) silica 

particles having the same size as the silica-dye particles, both with QDs adsorbed at the particle surface. 

The amount of the added QDs was ~ 1 × 10
-8

 mol (1730 QDs per single silica particle).  

5.3.3.4 Attraction between QD and Texas Red molecules 

To directly confirm the attraction between PVP-coated QDs and Texas Red (TR) dye 

molecules, further experiments were performed with both components freely dissolved 

in solution without any silica nanoparticles. 

PVP-QD and TR dye at a molar ratio of 1:6 and PVP-QD and APS-TR conjugate at a 

molar ratio of 1:2 (PVP-QD concentration: 1.19 × 10
-7

 M), respectively, were mixed in 

ethanol, and fluorescence spectra were recorded (Figure 5.13). Subsequently, the 

samples were diluted (1:2) several times by adding ethanol and at each dilution step 

emission spectra were recorded again. All spectra were normalized and compared to a 

theoretical spectrum which is expected in the absence of FRET (yellow). The theoretical 

“no FRET” spectrum is a superposition of the PVP-QD (blue) and the dye spectrum 

(red), weighted with the corresponding ratio mentioned above (1:6 for the mixture of 

PVP-QD and TR dye, and 1:2 for the mixture of PVP-QD and APS-TR conjugate). If 

there is no interaction (no FRET) between PVP-QD and dye, the shape of the emission 

spectra of the mixtures therefore should match the shape of the yellow curve.  

Obviously, all spectra of the QD-dye mixtures (black) clearly reveal a peak or shoulder 

around 600 nm indicating FRET from PVP-QD to the TR dye or the APS-TR conjugate. 

a b 
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The dilution series spans a QD concentration range from 120 nM down to 15 nM. 

Because these concentrations are very low and thereby the average inter particle 

distances are too large for dynamic quenching, FRET is a strong indication for QD-dye 

complex formation due to mutual attraction. For comparison, a PDI dye (structure see 

Table 3.2) was also mixed with PVP-QD. The spectra of the QD-PDI mixtures match 

the theoretical “no FRET” spectrum, implying that there is no attractive interaction 

between PVP-QD and PDI dye. 
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Figure 5.13: (a) Fluorescence spectra of PVP-coated QDs and Texas Red (1:6) in ethanol. Four mixtures 

were investigated (mixture 1-4) starting with a molar ration PVP-QD: TR of 1:6. Mixtures 2-4 were 

obtained by subsequent dilution steps (1:2 each). (b) Fluorescence spectra of PVP-coated QDs and APS-

Texas Red conjugate (1:2) in ethanol. Four mixtures were investigated (mixture 1-4) starting with a molar 

ration PVP-QD: APS-TR of 1:2. Mixtures 2-4 were obtained by subsequent dilution steps (1:2 each). (c) 

Fluorescence spectra of PVP-coated QDs and PDI (1:12) in ethanol. Four mixtures were investigated 

(mixture 1-4) starting with a molar ration PVP-QD: PDI of 1:12. Mixtures 2-4 were obtained by 

subsequent dilution steps (1:2 each). All spectra were normalized. The excitation wavelength was 390 nm. 

Additionally, in each plot there is a theoretical spectrum (yellow) which is a superposition of the blue and 

red curve, weighted with the corresponding ratio, also normalized. The shape of the yellow curve is 

expected in the no FRET case. 
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5.4 Conclusion 

The synthesis and characterization of supramolecular nanoparticles potentially useful 

for multicolour encoding, namely monodisperse Stöber silica particles of radius 70 nm 

with an outer silica layer of thicknesses 2 - 24 nm containing organic dye molecules 

Texas Red, and surface-adsorbed multishell CdSe/CdS/ZnS QDs, have been described 

in this chapter. The QDs serve as donors and transfer excitation energy to the organic 

dye acceptors, leading to two fluorescence emission peaks of donor and acceptor, 

respectively, which both are excited at the same wavelength. Modifying the architecture 

of these particles, by controlling the thickness of the dye-containing silica shell, one can 

tune the intensity ratio of these two emission peaks and thereby prepare a whole set of 

different optical codes. The experimentally determined enhanced acceptor emission for 

particles of varying silica-dye-shell thickness was compared with numerical FRET 

calculations to extract the surface concentration of QDs, while assuming a constant dye 

concentration within the shell as deduced from the absorption and emission spectra of 

silica-dye particles without adsorbed QDs. This comparison resulted in the observation 

that a strong increase in the number of QDs adsorbed to the particle surface occurs with 

increasing dye-silica shell thickness. The latter finding was confirmed by control 

experiments, suggesting the existence of attractive interactions between PVP-coated 

QDs and Texas Red. 

The QD-silica-dye hybrid system could be used as a new type of multiplexing label 
[171, 

172, 173, 174]
, that is, a sensor particle useful for multicolour detection with one excitation 

wavelength. Using different organic dyes only, the multiplexing approach is limited to 

three colors because of spectral overlapping 
[175]

. Due to their broad absorption but 

narrow emission, and hence reduced spectral overlap, QDs of 5 - 6 different colors all 

excitable with the same wavelength can be incorporated into one given silica particle to 

yield a suitable multiplexing label 
[176]

. In the QD-silica-dye hybrid system, combining 

QDs with suitable dye molecules within one silica nanoparticle, which allows for FRET, 

and arranging these two species within well-defined distances by varying the thickness 

of the dye-containing silica shell could further enhance the number of detectable colors 

and respective intensities. This may lead to a new multiplexing scheme which could 

“barcode” biomolecules with a very high number of possible spectral signals. 
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6 Quantum dot - dye hybrid system 

6.1 Introduction 

In recent years, a number of approaches to prepare QD-dye conjugates in solution have 

been developed. In early experiments, diazaperylene dye molecules with a bipyridyl 

group exchanged the organic ligands (TOPO) on the surface of CdSe/ZnS QDs to form 

the QD-dye complexes 
[109]

. However, the strong QD emission quenching was 

suggested to be caused by electron transfer. Similarly, nanoassemblies of CdSe/ZnS QD 

and pyridyl-substituted free-base porphyrin molecules were formed using pyridyl 

moieties as anchors 
[177]

. Due to the small spectral overlap and the limited number of 

“vacancies” accessible for dye attachment existing on the QD surface, the energy 

transfer efficiency was very low. Moreover, the binding of the pyridyl group to the QD 

surface was not strong and the formed complexes were not very stable. More reliable 

protocols have been developed in which attachment of dye to QD was mediated by an 

additional component such as proteins 
[25, 26]

, peptides 
[27, 28]

, or polymers 
[18, 24]

. Other 

approaches used interdigitization of alkylamino chains of phthalocyamines (Pc’s) into 

the alkyl-capping layer of QDs to form QD-dye conjugate. A non-Förster-type energy 

transfer behavior was observed by studying the effect of the donor-acceptor linker chain 

length on the energy transfer efficiency 
[41]

.  

 

Figure 6.1: Schematic illustration of the formation of the QD-dye complexes.  

In this work, a versatile approach to extraordinarily stable QD-dye hybrids has been 

developed, which uses dicarboxylate anchors to bind ryleneimide dyes to QD. Bidentate 
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ligands, such as thiol-based 
[116, 178]

, phosphine oxide-based 
[179]

 and carboxylate-based 

[180]
 bidentate ligands, have been reported to be significantly more stable than a single-

bonding site. Dicarboxylate groups in ryleneimide dyes were used as the anchoring 

groups to replace the organic oleyamine and oleic acid ligands on QDs and then form 

QD-dye complexes, as illustrated in Figure 6.1. This system provides a good basis to 

study the energy transfer between QD and dye because of its simple and compact design: 

there is no third kind of molecule linking QD and dye (no spacer), and the affinity of the 

functional group to the QD surface is strong. Moreover, this system allows control of 

the donor-acceptor separation distance by varying the QD-dye distance with the number 

of ZnS monolayers. Due to the high stability, the QD-dye complexes can also be 

transferred into water. In addition, preliminary experiments were done to link QDs with 

dye molecules having two dicarboxylate groups at two ends of the dye molecule. The 

approach that uses the dicarboxylate group as the binding anchor to QDs can not only 

apply to dye molecules but also other organic molecules. As an example, the QDs have 

been complexed with calixarene molecules and the QD-calixarene complexes also have 

potential for QD-based energy transfer study. It should be noted that the molar ratios of 

dye to QD mentioned in this chapter are all nominal ratios, because the concentration of 

CdSe cores, accordingly the concentration of core-shell QDs, can not be precisely 

calculated, as discussed in Chapter 3.2.1. 
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6.2 Quantum dot - dye hybrids in non-aqueous solution 

6.2.1 Experimental procedure 

Different kinds of QDs including CdSe QDs, CdSe/CdS QDs, CdSe/ZnS QDs and 

CdSe/CdS/ZnS QDs were prepared as described in Chapter 3.2.1. Dye molecules used 

were supplied by the workgroup of Prof. Dr. Klaus Müllen (Max Planck Institute for 

Polymer Research, Mainz, Germany). The structures of the dyes are shown in Figure 

6.2.  

                 

      PDI                       PMIMA          PDIDC 

 

TDIDC 

Figure 6.2: Structures of dyes used for preparing QD-dye complexes in organic solution. 

Complexes of QDs and dyes were prepared by mixing 2.5 ml of a chloroform solution 

of QD (concentration ≈ 2 µM) with 2.5 ml of a methanol solution of dye (concentration 

≈ 0.5 - 10 µM). Much excess of K2CO3 methanol solution (100 µL, 32 mM) was added; 

the base/dye molar ratio, for instance in the case of using 10 µM dye, was 128. The 

mixture was then sonicated for 4 h. The resulting solutions were slightly turbid. In order 

to precipitate the QD-dye complexes, 5 mL of methanol was added and the resulting 

solution was centrifuged. After decanting the supernatant, the complexes were 

redispersed in chloroform. Then a purification procedure was carried out: methanol was 

added to the complex solution until the solution became turbid. The complex particles 

were precipitated by methanol, while the unattached dye molecules were still dissolved 

in methanol. After centrifugation, the supernatant containing the unattached dye 
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molecules was removed. The precipitate was then redispersed in chloroform, leading to 

a clear solution.  

6.2.2 Results and discussion 

6.2.2.1 Characterization of QD-dye complexes 

A. Absorption and fluorescence measurements 

CdSe/CdS/ZnS QDs can be complexed with different kinds of dyes including 

peryleneimide and terryleneimide derivatives. Table 6.1 lists the properties of the used 

dyes. CdSe/1ML CdS/3ML ZnS QDs were used to complex with peryleneimide dyes 

(PMIMA and PDIDC), and CdSe/4ML CdS/1ML ZnS QDs with red-shifted emission 

were used for QD-terryleneimide dye (TDIDC) complex to get effective spectral 

overlap. Figure 6.3 shows the normalized absorption and fluorescence spectra of the 

QDs, different dyes and their complexes. The excitation wavelength of the complex 

fluorescence spectra was selected at 390 nm, where the absorption is strong for the QDs 

and weak for all the dyes, in order to reduce the contribution from direct excitation of 

the dye acceptor. 

Table 6.1: Properties of the used peryleneimide and terryleneimide dyes. 

 PMIMA PDIDC TDIDC 

λabs (nm) 545 577 654 

λem (nm) 593 610 668 

Φf  0.81
a
 0.96

a
 0.33

b
 

ε (cm
-1

 M
-1

) 23500 37000 52500 

* λabs and λem are the main absorption and emission peak, respectively. All the spectra were measured in 

chloroform. Φf is the quantum yield of the dyes. The reference used to calculate Φf was 
a
 cresyl violet for 

PMIMA and PDIDC, and 
b 
ATTO 647N for TDIDC. ε is the extinction coefficient at λabs.  

As shown in Figure 6.3, both absorption and emission spectra of all QD-dye complexes 

after purification show the peaks corresponding to the absorption and emission from the 

QD and the dye, respectively. Since the free dyes have been removed by purification, 

the dye emission must result from the dye molecules attached to the QDs. This clearly 
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confirms the presence of QD and dye in the final solution and proves the chemical 

attachment of the dye molecules to the QDs.  

      

 

Figure 6.3: Absorption (dash line) and fluorescence (solid line) spectra of QDs, dyes and their 

corresponding complexes in chloroform. QD1 is CdSe/1ML CdS/3ML ZnS and QD2 is CdSe/4ML 

CdS/1ML ZnS. For all QD-dye complexes, the nominal molar ratio of dye/QD = 2. In all cases, the 

excitation wavelength was 390 nm. 

0

1

2
QD1

 

 

 

 

0,0

0,1

0,2

ε 
(1

0
5
 c

m
-1
 M

-1
)

  

 

 

PMIMA

400 500 600 700

0

1

2

 

 Wavelength (nm)

QD-PMIMA

 

 

0

1

2
QD1

 

 

 

 

0,0

0,2

0,4
PDIDC

 

ε 
(1

0
5
 c

m
-1
 M

-1
)

 

 

400 500 600 700

0

1

2
QD-PDIDC

 

 

 

Wavelength (nm)

0

2

4

 

 

 

 

QD2

500 600 700

0,0

0,4

0,8

  

 

 

0,0

0,2

0,4

ε 
(1

0
5
 c

m
-1
 M

-1
)

 

 

TDIDC

 

 

400 500 600 700 800
0

2

4

6 QD-TDIDC

  

 

Wavelength (nm)

500 600 700

0,0

0,4

0,8

 

 

 



6  Quantum dot - dye hybrid system  

 97 

Figure 6.3 also illustrates that there is a strong spectral overlap between QD emission 

and the absorption of each of the dyes. The spectral overlap integral J (nm
4
 M

-1
 cm

-1
) is 

1.67 × 10
15

 for the QD1-PMIMA pair, 2.38 × 10
15

 for the QD1-PDIDC pair, and 3.37 × 

10
15

 for the QD2-TDIDC pair. Therefore, QDs can act as donor and dyes as acceptor in 

a fluorescence resonance energy transfer (FRET) process. In the fluorescence spectra of 

all QD-dye complexes, the contribution due to direct excitation of the dye has been 

subtracted. Therefore, the emission from the dye in Figure 6.3 is only caused by the 

energy transfer within the QD-dye complexes. Figure 6.4 shows the fluorescence 

spectra of the QD-PDIDC complexes (free dye molecules have been removed) before 

and after subtraction of the contribution due to direct excitation of the PDIDC dye. The 

control spectrum of the pure PDIDC dye was recorded at the excitation wavelength of 

390 nm (red curve). The concentration of the pure PDIDC is the same as the PDIDC 

concentration in the QD-PDIDC complexes. As can be seen, the pure PDIDC dye only 

shows very weak emission (red curve) compared to the dye emission in the complexes 

(blue curve). 
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Figure 6.4: Fluorescence spectra of QD (CdSe/1ML CdS/3ML ZnS), PDIDC dye and their complexes 

before and after subtraction of the contribution due to direct excitation of the PDIDC dye. The nominal 

molar ratio of PDIDC/QD = 2. The excitation wavelength was 390 nm. 

Energy transfer between QDs and different dyes will be discussed in the following 

section. 
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B. TEM measurement 

Figure 6.5 shows the TEM images of QD-PDIDC and QD-TDIDC complexes. The 

diameter of the QD particles before complex formation with dyes is 4 - 5 nm for the 

peryleneimide dyes and 6 - 7 nm for the terryleneimide dye. As can be seen in Figure 

6.5, the size of the QD particles does not change before and after complex formation, 

and more importantly, no aggregates are formed during the preparation of the QD-dye 

complexes.  

       

Figure 6.5: TEM images of (a) QD-PDIDC complexes and (b) QD-TDIDC complexes. 

6.2.2.2 Study of binding mechanism and reaction conditions 

A. Binding anchor 

In order to clarify the binding mechanism for the QD-dye complexes, PDI dye was used 

in comparison. PDI is the starting material for preparing PMIMA and PDIDC, and it has 

nearly the same absorption and emission spectra as PDIDC (Figure 6.6). The main 

difference between PDI and PDIDC is that there is no functional group (= dicarboxylate 

group) in the PDI structure. As can be seen in Figure 6.6, using PDI and going through 

exactly the same synthesis and purification procedure, the final spectra show neither dye 

absorption nor emission, which indicates that all added PDI has been removed after the 

purification steps and no complex is formed with PDI. This result strongly suggests that 

PMIMA, PDIDC and TDIDC bind specifically via their dicarboxylate groups to QDs, 

while non-specific binding of PDI does not occur.  

a b 
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Figure 6.6: Normalized absorption (dash line) and fluorescence (solid line) spectra of QD, PDIDC (left) 

and PDI (right), and their corresponding complexes. QD is CdSe/1ML CdS/3ML ZnS. The nominal 

molar ratio of dye/QD = 1. In all cases, the solvent was chloroform. The excitation wavelength was 390 

nm. 

B. Variation of QD surface 

To check if the dicarboxylate group can also bind to other QD surfaces, CdSe and 

CdSe/2ML CdS QDs were used to prepare complexes with PDIDC dye. In both cases, 

the nominal dye/QD molar ratio was 1. As shown in Figure 6.7, both absorption and 

emission spectra confirm the presence of QDs and dye in the final solution after 

purification. It should be noted that the organic ligands on CdSe QDs are TOPO, for 

CdSe/CdS and CdSe/CdS/ZnS QDs are oleic acid and oleylamine. The formation of the 

QD-dye complexes using CdSe, CdSe/CdS and CdSe/CdS/ZnS QDs implies that the 

dicarboxylate group on the dye molecules is capable of replacing different kinds of 

organic ligands on QDs. Furthermore, using CdSe/CdS/ZnS QDs capped with only oleic 

acid ligands rather than QDs capped with both oleylamine and oleic acid ligands, QD-

PDIDC complexes were also formed. This indicates that the dicarboxylate groups 

replace the monocarboxylate groups on the QD surface, and also proves that bidentate 

ligands have stronger binding strength than a single binding site. Therefore, it is 
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concluded that the dicarboxylate group is an anchor which binds dyes to QDs with a 

ZnS (e.g. CdSe/CdS/ZnS and CdSe/ZnS), CdSe or CdS surface (e.g. CdSe/CdS).  

               

Figure 6.7: Normalized absorption (dash line) and fluorescence (solid line) spectra of CdSe (left) and 

CdSe/2ML CdS (right), PDIDC and their corresponding complexes. The nominal molar ratio of dye/QD 

= 1. In all cases, the solvent was chloroform. The excitation wavelength was 390 nm. 

To estimate the binding model, the distance between two Zn atoms on the QD surface 

and the distances between different atoms of the dicarboxylate group on the PDIDC dye 

were roughly determined. The distance between two Zn atoms was calculated according 

to the single unit cell of ZnS zinc blende structure (Figure 6.8 a) with the lattice 

constant of 5.406 Å. The distances between different atoms of the dicarboxylate group 

(Figure 6.8 b) were obtained based on 3D optimization algorithm using software 

ACD/ChemSketch 5.11. Two possible binding models are shown in Figure 6.8 c and d. 

Since the distance between two carboxylate groups (2.4 Å) is smaller than the distance 

between two Zn atoms (3.8 Å), the model shown in Figure 6.8 c is probably 

energetically unfavorable. Therefore, a chelate type binding of the bidentate anchors in 

peryleneimide and terryleneimide dyes to Zn
2+

 or Cd
2+

 ions on the QD surface is 

proposed (Figure 6.8 d).  
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Figure 6.8: (a) A single unit cell of ZnS zinc blende structure (Zn atom: blue, S atom: yellow), and 

schematic diagrams of (b) distances between different atoms of the dicarboxylate group on PDIDC and (c, 

d) two possible binding models. 

The quenching efficiencies of different QD-PDIDC complexes were preliminarily 

compared. Figure 6.9 shows the fluorescence spectra of the CdSe, CdSe/2ML CdS and 

CdSe/1ML CdS/3ML ZnS QDs and their corresponding complexes. The quenching 

efficiency (Φf) is estimated by 1 – F/F0, where F is the integrated fluorescence intensity 

of the QDs in the presence of PDIDC, and F0 is that of the QDs in the absence of 

PDIDC. The results are listed in Table 6.2.  

The quenching of QD emission in the CdSe/CdS/ZnS-PDIDC complexes had been 

proven to be caused dominantly by Förster energy transfer (see discussions in section 

6.2.2.4 and 6.2.2.5). According to Förster theory, the energy transfer efficiency (E) is 

strongly dependent on donor-acceptor distance (r) and Förster distance (R0) 
[5]

 

( )6
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1
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E

+
=                                                    (6.1) 
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Figure 6.9: Fluorescence spectra of CdSe, CdSe/2ML CdS and CdSe/1ML CdS/3ML ZnS QDs, and their 

corresponding complexes. The nominal molar ratio of dye/QD = 1. In all cases, the solvent was 

chloroform. The excitation wavelength was 390 nm. 

The center-to-center distance between QD and dye (r) was calculated considering that 

the size of the PDIDC dye is ~ 2 nm. The Förster radius (R0) is calculated by  

6/142
0 ))((211.0 λκ JnR DΦ= −

                                      (6.2) 

where the refractive index of the solvent (chloroform) n is 1.445, ΦD is the quantum 

yield of the QDs and J(λ) is the spectral overlap integral between the donor emission 

and the acceptor absorption. The orientation factor κ
2
 was determined by assuming the 

binding model given in Figure 6.1. The transition dipole of the S0-S1 transition of the 

dye is parallel to the QD-dye connecting vector and fixed. QD possess a two-

dimensional degenerated emission transition dipole of the lowest excitonic transition 

[181]
. Provided the dyes are randomly distributed on the QD surface, the donor (QD) 

emission transition dipole is randomly orientated with respect to the donor-acceptor 

connecting vector. The orientation factor was evaluated by a Monte-Carlo simulation 

and a value of κ
2
 = 4/3 was obtained. The calculation of the orientation factor κ

2
 was 
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done by Dr. Wolfgang Erker. Table 6.2 also lists the properties of the different QDs and 

the calculated r and R0 values of their corresponding QD-PDIDC pairs. 

Table 6.2: Properties of different QDs and their corresponding complexes. 

 CdSe CdSe/2ML CdS CdSe/1ML CdS/3 ML ZnS 

λabs (nm) 548 545 539 

λem (nm) 556 560 552 

ΦD  0.06 0.36 0.38 

d (nm) 3.0 4.4 4.5 

 CdSe-PDIDC CdSe/CdS-PDIDC CdSe/CdS/ZnS-PDIDC 

r (nm) 2.50 3.20 3.25 

J (nm
4 

M
-1 

cm
-1

) 1.89 × 10
15

 2.57 × 10
15

 2.38 × 10
15

 

R0 (nm) 3.80 5.40 5.39 

 r / R0 0.66 0.59 0.60 

Φf
 

0.88 0.85 0.77 

* λabs and λem are the absorption and emission peak, respectively. All the spectra were measured in 

chloroform. ΦD is the quantum yield of the QDs. d is the diameter of the QDs. r is the distance between 

QD and dye. J is the spectral overlap integral. R0 is the Förster radius. Φf is the quenching efficiency. The 

calculation of the R0 and Φf is described in the text. 

As shown in Table 6.2, the CdSe-PDIDC pair has a higher r/R0 value than the 

CdSe/CdS/ZnS-PDIDC pair, and the CdSe/CdS-PDIDC pair has a similar r/R0 value to 

the CdSe/CdS/ZnS-PDIDC pair. According to equation 6.1, the energy transfer 

efficiency of the CdSe-PDIDC complexes should be lower than that of the 

CdSe/CdS/ZnS-PDIDC complexes; the CdSe/CdS-PDIDC and CdSe/CdS/ZnS-PDIDC 

complexes should have similar energy transfer efficiencies. However, the quenching 

efficiencies of both the CdSe-PDIDC and CdSe/CdS-PDIDC complexes are higher than 

the energy transfer efficiency of the CdSe/CdS/ZnS-PDIDC complexes. Therefore, the 

QD quenching in the CdSe-PDIDC and CdSe/CdS-PDIDC complexes results from not 

only energy transfer but also other quenching pathways.  Boulesbaa et al. demonstrated 
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ultrafast electron transfer from CdSe and CdS QDs to adsorbed rhodamine B molecules 

[182, 183]
. It is possible that electron transfer is also a quenching pathway in the CdSe-

PDIDC and CdSe/CdS-PDIDC complexes. Besides, for CdSe QDs, the increase in 

quenching efficiency was also observed by Dayal et al. 
[38]

, which is explained by the 

involvement of low-energy surface states involved in the energy transfer from CdSe 

QDs to the energy acceptor, while these surface states are passivated by the coated 

inorganic layers in CdS- or ZnS-capped QDs. 

C. Optimization of reaction conditions 

To optimize the synthetic route, the influence of different reaction conditions on QD-

dye complex formation was investigated. CdSe/1ML CdS/3ML ZnS QDs and 

peryleneimide dyes (both PMIMA and PDIDC) were used under different reaction 

conditions. In both cases, the nominal ratio of dye/QD was 1. Table 6.3 lists the four 

different reaction conditions and the results are shown in Figure 6.10. Under all reaction 

conditions, the precipitation and purification procedures (see section 6.2.1) were carried 

out to remove dye molecules that were not bound to QDs. 

Under condition 1, QDs and dye molecules were simply mixed in chloroform. The 

particles in the mixture were then precipitated, purified and redispersed in chloroform. 

As shown in Figure 6.10 - 1, the emission spectra of the samples (red curves) show no 

change in comparison to the emission spectra of the pure QDs (black curves). This 

indicates that the dyes are not bound to the QDs, and QD-dye complexes are not formed 

in the mixtures. 

Under condition 2, QDs and dye molecules were mixed in basic condition (pH = 11). 

After the precipitation and purification steps, the emission spectra of the samples show 

the dye emission and the quenched QD emission (Figure 6.10 - 2).  Since the unattached 

dye molecules have been removed by the precipitation and purification steps, the dye 

emission must result form the dye bound to the QDs. Comparing condition 1 with 2, it’s 

concluded that the QD-dye complexes can be formed only under basic condition. The 

carboxylic acid group in the dyes has to be deprotonated and changed to carboxylate 

groups for replacing the organic ligand on the QD surface. Otherwise, the dyes can not 

be attached to the QDs. 
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Table 6.3: Different reaction conditions for QD-dye complex preparation. 

 1 2 3 4 

solvent CHCl3 CHCl3 CHCl3 CHCl3/MeOH 

base – + + + 

sonication – – + + 

precipitation and purification + + + + 

 

 

Figure 6.10: Fluorescence spectra of CdSe/CdS/ZnS QDs (black), QD-PMIMA (red, left) and QD-

PDIDC (red, right) complexes prepared under different conditions as listed in Table 6.3. The upper left 

numbers refer to the reaction conditions as specified in Table 6.3. The nominal ratio of dye/QD = 1. 

Sonicating the mixture of QDs and dyes under basic conditions (condition 3) followed 

by the precipitation and purification steps increases the dye emission (Figure 6.10 - 3), 

suggesting an increased number of dye molecules attached to the QDs. The ultrasonic 

irradiation can lead to collision between the suspended particles in a liquid 
[184, 185]

. The 
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increase in the number of attached dye molecules may be attributed to the increase in 

the probability of collision between two reactants by means of sonication. 

In comparison to condition 3, the difference of condition 4 is the addition of methanol 

during sonication (volume ratio of methanol : chloroform = 1 : 1). The dye emission in 

the complexes further increases (Figure 6.10 - 4). MeOH is usually used to precipitate 

QDs. The addition of MeOH could help remove the ligands on QDs, and thus help the 

attachment of the dye, thereby increasing the number of the attached dye. 

Hence, the use of basic condition, sonication and the addition of MeOH favor the 

formation of the QD-dye complexes. 

6.2.2.3 Stability of QD-dye complexes 

The QD-dye complexes are very stable. After repeated precipitation-dissolution cycles 

only minor amounts of dye detached from QD (for example, after two times of  

precipitation-dissolution operation, only ~ 2% of the dye molecules detached form the 

QDs), indicating the high stability of the complexes. 

Figure 6.11 shows the time dependent absorption and fluorescence spectra of the 

prepared QD-dye complexes in typical cases. Storage for months even in sunlight 

produced almost no alteration of the absorption spectra. The decrease in QD emission 

might be attributed to quenching of the QD itself with time, which affects the energy 

transfer in the complexes and thereby might change the intensity of dye emission. 

Although there is no reasonable explanation for the increase of dye emission in the QD-

PDIDC complexes after 2 days, it can be concluded that nearly no dye detaches from 

the QDs with time. Still, there have been also a few exceptional cases where the 

complex particles precipitate over time, which is probably attributed to poor quality of 

the QDs used in these studies. Summarizing, the dyes with dicarboxylate functionality 

revealed a strong and robust attachment to QDs. 
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Figure 6.11: Time dependent absorption and fluorescence spectra of (a, b) QD-PMIMA complex, (c, d) 

QD-PDIDC complex and (e, f) QD-TDIDC complex. The nominal molar ratio of dye/QD = 1. In all cases, 

the solvent was chloroform. The excitation wavelength was 390 nm. 
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6.2.2.4 Energy transfer in QD-dye complexes 

As described above, there is a strong spectral overlap between QD emission and dye 

absorption, and energy transfer can occur from QDs to dyes.  
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Figure 6.12: Fluorescence spectra of (a) QD-PMIMA complexes, (b) QD-PDIDC complexes and (c) QD-

TDIDC complexes in chloroform as a function of the nominal dye/QD ratio. QDs used for QD-PMIMA 

and QD-PDIDC complexes were CdSe/1ML CdS/3ML ZnS and for QD-TDIDC complexes were 

CdSe/4ML CdS/1ML ZnS. In all cases, the excitation wavelength was 390 nm. (d) Fluorescence of QD-

PDIDC complexes irradiated with UV light. The dye/QD ratios are 0.5, 1, 2, 3 and 4 from left to right. 

The quenching of QD emission by peryleneimide and terryleneimide dyes was studied 

in more detail by increasing the dye/QD molar ratio. Figure 6.12 shows a series of 

emission spectra obtained from different dye/QD ratios. The given ratios are the 

nominal values of the starting mixtures, and for each ratio the precipitation and 

purification steps have been carried out. All complex fluorescence spectra have been 

corrected for the small contribution from direct excitation of the dye. In all three QD-

dye complex cases, with increasing dye amounts the QD emission is successively 

(d) 
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quenched and sensitized dye emission increases, indicating efficient energy transfer in 

the complexes. The decrease in dye emission at high dye/QD ratios might be attributed 

to the self-quenching of dyes. In the case of the QD-TDIDC complexes, it is noted that 

there is only slightly increase in TDIDC emission, while the QD quenching is strong. 

             

Figure 6.13: (a) Fluorescence decay curves of QDs and QD-PDIDC complexes (nominal dye/QD ratio = 

2) in CHCl3. (b) Stern-Volmer plot of QD fluorescence quenching in complex with PDIDC dye. Data 

were fitted with a model assuming a binomial distribution of the number of dye molecules bound to QD 

and an FRET process (see text).  

Figure 6.13 a shows the fluorescence decay curves of QDs and QD-PDIDC complexes 

(The time-resolved measurements were done by PD Dr. Gerald Hinze). Both decay 

curves show strong deviations from a single exponential. An additional fast component 

is clearly visible in the decay curve of the complex. This also indicates efficient energy 

transfer in the complex. The energy transfer, however, appears to be faster than the time 

resolution of the set-up (~ 1 ns). 

Figure 6.13 b shows a Stern-Volmer analysis of series of the QD-PDIDC complexes 

plotted in Figure 6.12 b. This analysis was performed by Dr. Wolfgang Erker. The QD 

quenching F0/F - 1 is plotted versus the dye/QD ratio, where F0 and F are the integrated 

fluorescence intensity of QDs in the absence and presence of the dye, respectively. As 

seen in Figure 6.13 b, the quenching is very strong and clearly shows a non-linear 

behavior. 

The quenching of QD emission is described by the following FRET model with transfer 

efficiency E. Self-assembly of the QD-dye complexes is a process that inherently leads 

to a heterogeneous distribution in the number of dye molecules per QD. It is assumed 

(a) (b) 
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that each QD can bind at most dmax dyes but each dye molecule is able to bind only to 

one QD at the same time. In consequence, the ensemble will consist of different sub-

populations where the QD have bound d = 0, 1, 2, …, dmax dye molecules. The 

ensemble transfer efficiency E will be a superposition of the transfer efficiencies of the 

different sub-populations and the contribution of each sub-population E(d) has to be 

weighted by its fraction. 

∑
=

⋅=
max

0

)()(

d

d

dEdaE                                               (6.3) 

It is assumed that the distribution of the number of dye molecules attached to one QD 

nanoparticle follows a binomial distribution, because the number of dye molecules 

bound to QD is limited.  

ddd
xx

d

d
da

−−⋅⋅







= max)1()(

max
                                    (6.4) 

The quantity x is the ratio [dye] / [binding site], i.e. the dye/QD ratio divided by dmax. 

Since the accurate QD concentration is hard to determine, a correction factor fc for the 

dye/QD ratio is introduced to take into account potential deviations of the QD 

concentrations. Therefore, the quantity x is 

[ ]
[ ] maxdQD

fdye
x c

⋅

⋅
=                                                   (6.5) 

When the bound dye molecules quench QD emission via a FRET process, the transfer 

efficiency E(d) of each sub-population is given by 

6
0)/(

)(
Rrd

d
dE

+
=                                              (6.6) 

Inserting the relationship between the energy transfer efficiency E and the quenched 

donor emission  

0

1
F

F
E −=                                                        (6.7) 

 into the Stern-Volmer term, one obtains 

E

E

EF

F

−
=−

−
=−

1
1

1

1
10                                          (6.8) 
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with              
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The fitting parameters are dmax, r/R0, and fc. 

As shown in Figure 6.13 b, the model describes the experimental data of QD-PDIDC 

complexes quite well, resulting in dmax = 12, r/R0 = 0.63 and fc = 0.97.  

For the QD-PDIDC complexes, when a κ
2
 value of 4/3 evaluated from the Monte-Carlo 

simulation is used, R0 is calculated to be 5.39 nm according to equation 6.2, as can also 

be seen in Table 6.2. Thus, one obtains r = 0.63 × 5.39 nm = 3.4 nm. When κ
2
 is chosen 

as 0.476 
[5]

, which is the value for static random donor-acceptor orientations, R0 is 

calculated to be 4.54 nm and r = 0.63 × 4.54 nm = 2.9 nm. From the binding model (see 

Figure 3.5), a center-to-center distance of 3.3 ± 0.4 nm is estimated considering that the 

diameter of the QDs is 4.5 ± 0.7 nm and the “length” of the PDIDC dye is 2 nm. The 

discrepancy between spectroscopic and geometrical data is within the range of error 

using both κ
2
 values, and this indicates that a Förster approach seems to give a 

reasonable description of energy transfer in the complexes. 

        

Figure 6.14: Schematic diagram of a QD-dye complex for the calculation of possible maximum number 

of dye occupation sites.  

The possible maximum number of dye occupation sites (N) was also evaluated in terms 

of binding sites or geometry. 

i) Binding sites  

The diameter of the QD is 4.5 nm, and the thickness of one ZnS monolayer is 0.31 nm 

(Figure 6.14). Therefore, the volume of ZnS monolayer (Vmonolayer) is calculated by 

0.31 nm 

d 

QD w dye 
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Vmonolayer = ))31.0)
2

((
3

4
)

2
(

3

4 33 −−
dd

ππ  

       = )99.125.2(
3

4 33 −π  

= 14.7 nm
3
 

The volume of one ZnS unit cell (Vunitcell, zinc blende structure) is calculated by 

Vunitcell = 0.54
3
 = 0.157 nm

3
 

Taking into account that there are usually 2 Zn atom on one plane of a single unit cell of 

ZnS zinc blende structure (although there are 4 ZnS molecules per unit cell, see Figure 

6.8 a), and supposing 1-PDIDC occupies 2-Zn, the possible maximum number of dye 

occupation sites (N) is  

 N = 
unitcell

monolayer

V

V
××

2

1
2  

= 94 

This value is much larger than dmax = 12 obtained from fitting. This is because the size 

of the dye structure is not considered in this calculation. 

ii) Geometry  

The width of the PDIDC molecule is 1.5 nm (Figure 6.14). Considering the dye 

molecule as a cylinder, the possible maximum number of dye occupation sites (N) is the 

surface area of the QD divided by the area of the circular base of the dye cylinder: 

N = 22 )
2

(/)
2

(4
wd

ππ = 22 )
2

/()
2

(4
wd

×   

= 22 )
2

5.1
/()

2

5.4
(4×   

= 36 

This value is more realistic and closer to dmax = 12.  
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6.2.2.5 Distance dependence of energy transfer in QD-dye complexes 

For further experimental clarification of the energy transfer mechanism in the QD-dye 

hybrid system, the dependence of the energy transfer efficiency on the distance between 

QD and dye was studied. As discussed above, in the QD-dye complex system, the dye is 

directly attached to the QD via its dicarboxylate functional group. As illustrated in 

Figure 6.15, the center-to-center donor-acceptor distance r (the radius of the QD plus 

half of the “length” of the dye molecule) can be tuned by varying the diameter of the 

QDs. Increasing the number of ZnS monolayers can raise the QD diameter and thereby 

increase the QD-dye distance, and importantly, will not significantly shift the emission 

of the QDs. 

 

Figure 6.15: Schematic diagram of a dye molecule binding to a CdSe/CdS/ZnS QD. The center-to-center 

distance between the QD and the dye molecule is controlled by varying the number of the ZnS 

monolayers. 

For the study of distance-dependent energy transfer, several series of QD-dye 

complexes were prepared, where CdSe/CdS/ZnS or CdSe/ZnS QDs with increasing 

number of ZnS monolayers were used as the donor and the PDIDC dye was used as the 

acceptor. The QDs in each series were prepared from the same CdSe core. The nominal 

molar ratio of dye to QD in all studied complexes was 3:1. The concentration of all the 

samples for the optical measurements was in nM range, and thus the average distance 

between two particles was <d> = (NA · c) 
-1/3

 = (6.02 × 10
23

 × 40 × 10
-9

)
 -1/3

 = 3.5× 10
-9

 

dm = 350 nm. Therefore, dynamic quenching can be neglected. In the following, the 

results of two typical series of QD-dye complexes using CdSe/1ML CdS/ZnS and 

CdSe/ZnS QDs as the donor, respectively, are discussed. 
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Figure 6.16: TEM images and size distributions of CdSe/CdS/ZnS QDs. QD1 is CdSe/1ML CdS/3ML 

ZnS, QD2 is CdSe/1ML CdS/5ML ZnS, QD3 is CdSe/1ML CdS/7ML ZnS and QD4 is CdSe/1ML 

CdS/9ML ZnS.  
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Figure 6.17: Steady-state fluorescence spectra of the CdSe/CdS/ZnS QDs and their corresponding QD-

PDIDC complexes. QD1 - QD4 correspond to those shown in Figure 6.16. The nominal molar ratio of 

PDIDC/QD = 3. In all cases, the solvent was chloroform. The excitation wavelength was 390 nm. 

    

Figure 6.18: Time-resolved fluorescence spectra of (a) the pure CdSe/CdS/ZnS QDs and (b) their 

corresponding QD-PDIDC complexes. QD1 - QD4 correspond to those shown in Figure 6.16. The 

nominal molar ratio of PDIDC/QD = 3. 

Figure 6.16 shows the TEM images and size distributions of the different sized 

CdSe/CdS/ZnS QDs. Figure 6.17 and Figure 6.18 show the steady-state and time-

resolved fluorescence spectra of these CdSe/CdS/ZnS QDs and their QD-PDIDC 

(b) (a) 
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complexes, respectively. The time-resolved fluorescence was measured using the time-

correlated single photon counting (TCSPC) technique, and this work was done by 

Mathias Haase. Table 6.4 summarizes the properties of these different sized 

CdSe/CdS/ZnS QDs and the results for their corresponding QD-PDIDC complexes. 

Table 6.4: Properties of the different sized CdSe/CdS/ZnS QDs and results for their corresponding QD-

PDIDC complexes. 

 QD1 QD2 QD3 QD4 

d (nm) 5.0 ± 0.7 6.4 ± 1.1 7.4 ± 1.0 8.5 ± 1.1 

λem (nm) 558 569 566 568 

ΦD 0.36 0.34 0.37 0.34 

QD
flτ  (ns) 2.61 2.51 1.88 1.50 

 QD1-PDIDC QD2-PDIDC QD3-PDIDC QD4-PDIDC 

r (nm) 3.5 4.2 4.7 5.3 

J (nm
4 

M
-1 

cm
-1

) 2.51 × 10
15

 2.64 × 10
15

 2.39 × 10
15

 2.38 × 10
15

 

R0
’
 (nm) 5.132 5.126 5.113 5.039 

EETτ  (ns) 0.219 0.528 0.924 1.291 

E
SS

 0.945 0.84 0.67 0.54 

E
TCSPC 0.92 0.82 0.67 0.53 

* QD1 - QD4 correspond to those shown in Figure 6.16. d is the diameter of the QDs, λem is the QD 

emission, ΦD is the quantum yield of the QDs, QD
flτ is the fluorescence lifetime of the pure QDs, r is the 

donor-acceptor distance, J is the spectral overlap,  
EETτ is the energy transfer time, ESS

 and E
TCSPC

 is the 

energy transfer efficiency determined from the steady-state and TCSPC measurements, respectively. The 

calculation of R0
’
, E

SS
 and E

TCSPC
 is described in the text.  

As shown in Table 6.4, as the diameter of the prepared CdSe/CdS/ZnS QDs increases, 

the QD-dye center-to-center distance (r) increases. The QDs with different sizes have 

slightly different emission positions (λem) and quantum yields (ΦD) (see Table 6.4). 

Therefore, according to the expression 

6/142
0 ))((211.0 λκ JnR DΦ= −  

the Förster radius (R0) differs for different sized QDs.  
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Assuming ĸ
2 

is unknown and setting ĸ
2
 as a fitting parameter, we calculated  

6/146/12
0

'
0 ))((211.0)/( λκ JnRR DΦ== −                            (6.9) 

where n is the refractive index of the solvent chloroform (n = 1.445). The calculated R0
’
 

values are shown in Table 6.4. 

From the steady-state measurements (Figure 6.17), the energy transfer efficiency (E
SS

) 

was calculated using the relative integrated fluorescence intensity of the QDs, in the 

absence (F0) and presence (F) of acceptor: 

0

1
F

F
E −=  

As can be seen in Table 6.4, when the diameter of the used QDs increases, that is, when 

the donor-acceptor distance increases, the energy transfer efficiency decreases. 

From the TCSPC measurements (Figure 6.18), the energy transfer efficiency (E
TCSPC

) 

was calculated according to 

)/(1

1
QD
flEET

QD
flEET

EETTCSPC

kk

k
E

ττ+
=

+
=                              (6.10) 

where QD
flτ  is the fluorescence lifetime of the pure QDs and EETτ  is the energy transfer 

time. The QD decay curves (Figure 6.18 a) were fitted by a four-exponential decay 

function. The average (amplitude-weighted) QD lifetime QD
flτ , as shown in Table 6.4, 

was given by the sum of the two short components.  EETτ  was determined as the rise 

time form the rise/decay-time profile of the acceptor in the QD-dye complexes (Figure 

6.18 b). It can be seen that, as the QD-to-dye distance increases, the rise time/energy 

transfer time increases. As listed in Table 6.4, the energy transfer efficiencies 

determined from the TCSPC measurements (E
TCSPC

) are in good agreement with the 

efficiencies determined from the steady-state measurements (E
SS

). 

In addition to CdSe/CdS/ZnS QDs, CdSe/ZnS QDs with shorter emission wavelengths 

were also used for preparing QD-PDIDC complexes to study the distance dependent 

energy transfer efficiency. Figure 6.19 shows the TEM images and size distributions of 

the different sized CdSe/ZnS QDs. Figure 6.20 shows the steady-state fluorescence 

spectra of these CdSe/ZnS QDs and their QD-PDIDC complexes. 
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Figure 6.19: TEM images and size distributions of CdSe/ZnS QDs. QD5 is CdSe/2ML ZnS, QD6 is 

CdSe/6ML ZnS, QD7 is CdSe/8ML ZnS and QD8 is CdSe/10ML ZnS. 
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Figure 6.20: Fluorescence spectra of the CdSe/ZnS QDs and their corresponding QD-PDIDC complexes. 

QD5 - QD8 correspond to those shown in Figure 6.19. The nominal molar ratio of PDIDC/QD = 3. In all 

cases, the solvent was chloroform. The excitation wavelength was 390 nm. 

Table 6.5: Properties of the different sized CdSe/ZnS QDs and the parameters and results of their 

corresponding QD-PDIDC complexes. 

 QD5 QD6 QD7 QD8 

d (nm) 4.2 ± 0.9 6.0 ± 1.2 7.0 ± 1.2 7.3 ± 1.1 

λem (nm) 526 547 531 531 

ΦD 0.16 0.22 0.33 0.36 

 QD1-PDIDC QD2-PDIDC QD3-PDIDC QD4-PDIDC 

r (nm) 3.1 3.93 4.49 4.58 

J (nm
4 

M
-1 

cm
-1

) 1.45 × 10
15

 1.93 × 10
15

 1.59 × 10
15

 1.48 × 10
15

 

R0
’
 (nm) 4.093 4.527 4.687 4.701 

E
SS 

0.89 0.74 0.65 0.60 

* QD5 - QD8 correspond to those shown in Figure 6.19.  
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Table 6.5 gives a summary of the properties of these different sized CdSe/ZnS QDs and 

results for their corresponding QD-PDIDC complexes. The energy transfer efficiency 

also decreases with increasing center-to-center distance between CdSe/ZnS QD and 

PDIDC dye.  

Besides the two series discussed before, two other series of QD-PDIDC complexes 

using CdSe/CdS/ZnS or CdSe/ZnS QDs as the donor were prepared. The QD-dye distances 

and the energy transfer efficiencies of all the prepared complexes are listed in Table 6.6. 

As shown in Table 6.6, the energy transfer efficiencies calculated from the steady-state 

measurements (E
SS

) and the TCSPC measurements (E
TCSPC

) are in good agreement.  

Table 6.6: Energy transfer parameters for all series of QD-dye complexes. 

 r R0’ E
SS 

E
TCSPC 

CdSe/CdS/ZnS-PDIDC     

Series 1 3.35 5.010 0.915 0.93 

 4.97 5.397 0.68 0.68 

Series 2 3.5 5.132 0.945 0.92 

 4.2 5.126 0.84 0.82 

 4.7 5.113 0.67 0.67 

 5.3 5.039 0.54 0.53 

CdSe/ZnS-PDIDC     

Series 3  2.97 4.397 0.92  

 4.17 5.071 0.72  

 4.39 4.943 0.67  

Series 4 3.1 4.093 0.89  

 3.93 4.527 0.74  

 4.49 4.687 0.65  

 4.58 4.701 0.6  
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The efficiency of energy transfer as a function of distance is given by 
[186] 

( ) j
Rr

E
0/1

1

+
=                                                    (6.11) 

where j is the exponent of the distance dependence. For Förster energy transfer, j = 6. 

Taking equation 6.9 and 6.11 together, the transfer efficiency can be described as 

2'
0

1
1

1

κ

j

R

r

E











+

=                                                  (6.12) 

It has been discussed above that taking into account a distribution for the number of dye 

molecules bound to one QD, the efficiency of energy transfer can be expressed as  

∑
=

⋅=
max

0

)()(

d

d

dEdaE  

Since the maximum numbers of dye molecules bound to QD (dmax) are different for 

QDs with different diameters, the Poisson distribution is used to describe the number of 

dye molecules bound to QD, instead of the binomial distribution  

!
)(

d

eN
da

Nd −⋅
=                                               (6.13) 

where N is the average number of dye molecules bound to QD. Since the nominal 

dye/QD ratio is 3, introducing the correction factor fc for the dye/QD ratio due to the 

uncertainty of the QD concentration, 

 cc f
QD

dye
fN 3

][

][
=⋅=                                                 (6.14) 

Therefore, the energy transfer efficiency as a function of distance is given by 

2'
0

0

3

1!

3
)()(

κ

j
d

fd

c

d

R

r
d

d

d

ef
dEdaE
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+

⋅
=⋅= ∑∑

∞

=

−

                        (6.15) 

The fitting parameters are j,  fc and ĸ
2
. 
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The energy transfer efficiency E, including E
SS

 and E
TCSPC

 listed in Table 6.6, as a 

function of distance plotted versus r/R0
’
 is given in Figure 6.21. The solid line 

corresponds to an r
-6

 distance dependence, i.e., j is fixed to be 6 in equation 6.15. The 

Förster model fits well with the experimental data, resulting in fc = 1.55 ± 0.60 and ĸ
2
 = 

0.34 ± 0.16. This ĸ
2 

value is close to the value of 0.476 for static random donor-acceptor 

orientations.   
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Figure 6.21: Energy transfer efficiency as a function of distance in the QD-PDIDC complexes. The solid 

line corresponds to an r
-6

 distance dependence. 

In conclusion, the Förster dipole-dipole formalism provides a reasonable fit to the 

energy transfer efficiencies measured in the QD-PDIDC hybrid system. The data 

confirms that Förster energy transfer dominates electronic coupling between 

luminescent QDs and proximal dye molecules, with a resulting r
-6

 dependence of the 

FRET efficiency. 
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6.3 Quantum dot - dye hybrids in aqueous solution 

6.3.1 Experimental procedure 

QD-dye complexes were transferred from organic solvent to water via two methods: 

phase transfer and “refluxing”. QD-PDIDC complexes were used and the QDs used 

were CdSe/1ML CdS/3ML ZnS. The original organic ligands on the QD-PDIDC 

complexes were oleic acid and oleylamine. 

Phase transfer method A mixture of 2 mL of QD-PDIDC complex chloroform 

solution (concentration ≈ 3 µM) with different PDIDC/QD ratios, 3 mL of water 

containing 100 µL mercaptopropionic acid (MPA, the molar ratio of MPA molecules to 

the ligands on the complexes was ~ 200) and 100 µL tetramethylammonium hydroxide 

((CH3)4NOH) was vigorously stirred for 6 h. The aqueous solution was then centrifuged 

and the precipitate was redispersed in water. The pH of the final solution was adjusted 

to ~ 10 with (CH3)4NOH. In phase transfer method, only MPA was used as the 

exchange ligands. 

“Refluxing” method  Different exchange ligands, including MPA, 11-

mercaptoundecanoic acid (MUA) and dihydrolipoic acid (DHLA), were used to transfer 

complexes into water via the “refluxing” method. The solvents used in the synthesis 

were different for different exchange ligands (Table 6.7). Typically, 2 µL MPA or 7.5 

µL DHLA was added to 5 mL isopropanol and the pH of this solution was adjusted to ~ 

13 with (CH3)4NOH. In the case of MUA, 5 mL of a mixture of methanol and dioxane 

(1:1 vol. ratio) was used to dissolve 5 mg MUA, and the pH of this solution was 

adjusted to ~ 13 with (CH3)4NOH. 1 mL of QD-PDIDC complex solution in chloroform 

(concentration ≈ 4 µM) was then added, and the mixture was heated upon stirring under 

Ar. The particles were precipitated with ethyl acetate and, after centrifugation, 

redispersed in water.  

Table 6.7: Solvents used for different exchange ligands. 

 MPA MUA DHLA 

solvent isopropanol methanol + diaxane (1:1 vol.) isopropanol 
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6.3.2 Results and discussion 

Since the prepared QD-dye complexes are stable and the dicarboxylate functional group 

has a strong affinity to QDs, this feature offers a good possibility to transfer the 

complexes into water via ligand exchange. Thiols are common ligands used to exchange 

the organic ligands on a QD surface and render QDs water soluble due to their high 

binding strength, although ligand exchange by thiols generally quenches QD 

fluorescence (it is found that the quantum yield of the CdSe/1ML CdS/3ML ZnS QDs 

was reduced on average by ~ 40% after ligand exchange by thiols). If the affinity of 

dicarboxylate groups is stronger than that of thiol groups, dye molecules will not be 

exchanged by thiol ligands and will not detach from QDs. In this case, thiol groups only 

exchange the organic ligands on QDs rather than dye molecules. Consequently, the QDs 

are transferred into water with dye molecules attached to the QD surface, and the QD-

dye complexes survive in water after ligand exchange. There are usually two methods to 

carry out ligand exchange: phase transfer method and “refluxing” method.    

6.3.2.1 Phase transfer method 

Before phase transfer, the aqueous phase was colorless and the organic phase 

(chloroform), where the QD-dye complexes were dispersed, was dark orange. After 

phase transfer, the color of the aqueous phase turned to orange, indicating the successful 

transfer of the QDs from the organic phase to the aqueous phase. However, the organic 

phase after phase transfer was purple, which corresponds to the color of the dye in 

chloroform solution. This finding implies that many dye molecules detach from QDs 

during transfer process and remain in the organic phase. The detachment of the dye 

molecules from QDs can be further proved by the absorption spectra. As shown in 

Figure 6.22 a, the absorption of the organic phase after phase transfer (red curve) is 

mainly due to the dye absorption (pure dye absorption see Figure 6.3).  

Although many dye molecules (~ 80%) detached from QDs during phase transfer, there 

were still some dye molecules attached to QDs and the complexes still existed in 

aqueous solution. This can be proved by both QD and dye peaks in the emission spectra 

of the final product in aqueous solution after phase transfer (green curve in Figure 6.22 

b). The loss of part of dye molecules after phase transfer implies that dicarboxylate 

groups may have a similar affinity to thiol groups. 



6  Quantum dot - dye hybrid system  

 125 

400 500 600 700

(a)  before transfer (CHCl
3
)

 after transfer (CHCl
3
)

 after transfer (H
2
O)

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

Wavelength (nm)
 

450 550 650 750

(b)  before transfer (CHCl
3
)

 after transfer (CHCl
3
)

 after transfer (H
2
O)

F
lu

o
re

s
c
e
n
c
e

 (
a
.u

.)

Wavelength (nm)
 

Figure 6.22: (a) Absorption and (b) fluorescence spectra of the organic phase before (black curves) and 

after phase transfer (red curves), and the QD-PDIDC complexes in aqueous phase after phase transfer 

(green curves). The nominal PDIDC/QD ratio of the complexes before phase transfer is 2. 

Furthermore, it was checked how the transfer into water did depend on the dye/QD ratio 

of complexes in the organic phase. Figure 6.23 shows the emission spectra of QD-

PDIDC complexes after phase transfer. The dye/QD ratio of the complexes before phase 

transfer was 2 and 3, respectively. As can be seen, using complexes with higher dye/QD 

ratio does not increase the number of the attached dye after phase transfer. There is no 

explanation for this observation so far, and experiments using complexes with more 

different ratios have to be done. 
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Figure 6.23: Fluorescence spectra of QD-PDIDC complexes in aqueous solution. The nominal dye/QD 

ratios of the complexes before phase transfer are 3 (solid line) and 2 (dash line). 

Although the complexes can be transferred into water via phase transfer, the transfer 

process was very hard to control. Large numbers of dye molecules were lost during 

phase transfer. Moreover, not all of the particles were transferred into water; there are 

still some of QDs in the organic phase, as shown in the fluorescence spectrum of the 
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organic phase after phase transfer (red curve in Figure 6.22 b). Besides, a lot of particles 

existed at the interface between organic and aqueous phase and these particles could not 

be redispersed in water. Therefore, the yield of final products was very low. 

6.3.2.2 “Refluxing” method 

The “Refluxing” method is a more successful method than phase transfer method for 

transferring QDs into water. Besides different exchange ligands, different reaction 

conditions, such as exchange ligand amount, reaction time and reaction temperature, 

were studied to minimize dye detachment during complex transfer. For the water-

soluble complexes prepared at different reaction conditions, it can be assumed that the 

QD-dye distance, the spectral overlap and the orientation factor ĸ
2
 are not altered. In 

addition, the change in quantum yield of QDs after transfer into water due to different 

reaction conditions is not significant. Hence, the number of attached dye molecules per 

QD after the transfer dominates the energy transfer efficiency of the water-soluble 

complexes. Therefore, the extent of dye detachment after transferring complexes into 

water can be judged by the relative change in QD and dye emission. The stability of the 

water-soluble complexes was also studied.  Moreover, the pH value of the obtained 

complex aqueous solution was found to have an interesting influence on energy transfer. 

A. Comparison of different exchange ligands 

The emission spectra of complexes after ligand exchange, using MPA, MUA and 

DHLA respectively, is shown in Figure 6.24. The black curve is the emission of the 

QD-PDIDC complexes before the transfer with the nominal dye/QD ratio of 3. After 

transfer into water, the dye emission decreases and the QD emission increases 

drastically.  

The complexes after being transferred by using MPA and MUA, respectively, show 

nearly the same emission profile. This indicates that the MPA and MUA seem to have 

the same influence on the dye detachment during refluxing. However, since the pKa 

value of MUA (pKa = 4.8 
[187, 188]

) is larger than that of MPA (pKa = 4.3 
[188, 189]

) due to 

its longer chain length, MUA is harder to be deprotonated than MPA. Therefore, in 

order to prevent aggregation and get clear complex aqueous solution, higher pH value of 

the final solution was needed when MUA was used. The pH value of the final solution 
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was ~ 10 when using MPA, and ~ 12 or even higher when using MUA. Moreover, the 

yield of products using MUA as the exchange ligand was also low. Therefore, in the 

following reaction condition optimization section, MUA-complexes were not studied.  

In the case of using DHLA as the exchange ligand, the water-soluble DHLA-complexes 

(blue curve) show a higher QD emission and a lower dye emission than the MPA- and 

MUA-complexes. This indicates that DLHA molecules replace more dye molecules 

than MPA and MUA molecules during ligand exchange due to the stronger affinity of 

the dithiol group in DLHA to QDs than that of the mono-thiol in MPA and MUA.  

From above comparison and discussion, it appears that MPA should be the best 

exchange ligand for direct transfer of complexes into water with respect to reducing the 

dye detachment. 
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Figure 6.24: Fluorescence spectra of QD-PDIDC complexes (nominal PDIDC/QD = 3) in chloroform 

(black) and after the transfer into water using MPA (red), MUA (green) and DHLA (blue) as exchange 

ligands, respectively. Reaction time: 10 min. Reaction temperature: 65 °C. 

However, the dye emission in the DHLA-complexes (blue curve in Figure 6.24) can 

hardly be seen. Does it mean the affinity of the dithiol group in DLHA is strong enough 

to be able to replace all dye molecules attached to QDs? Figure 6.25 shows the emission 

spectra of the complexes transferred into water using MPA and DLHA as exchange 

ligands, respectively, at shorter reaction time. The presence of the dye emission of the 

DHLA-complexes (green curve) proves that there are still dye molecules attached to the 

QDs after the transfer using DHLA. The trend of the change in emission intensity after 

the transfer is the same: the water-soluble DHLA-complexes have a higher QD 

emission and a lower dye emission than the MPA-complexes. Moreover, the dye 

emission of the MPA- and DHLA-complexes increases when decreasing the reaction 
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time, which indicates that the dye detachment from QDs during refluxing can be 

controlled by adjusting reaction conditions. The influence of reaction conditions will be 

discussed below. 
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Figure 6.25: Fluorescence spectra of QD-PDIDC complexes (nominal PDIDC/QD = 3) in chloroform 

(black) and after transfer into water using MPA (red) and DHLA (green) as exchange ligands, 

respectively. Reaction time: 5 min. Reaction temperature: 65 °C.  

B. Influence of reaction conditions 
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Figure 6.26: (a) Absorption and (b) fluorescence spectra of the QD-PDIDC complexes (nominal 

PDIDC/QD = 5) in chloroform and after transfer into water using different amount of MPA. Reaction 

time: 5 min. Reaction temperature: 65 °C. 

Figure 6.26 and Figure 6.27 show the absorption and emission spectra of QD-PDIDC 

complexes after the transfer using different amounts of MPA and DHLA.  In the case of 

DHLA, shorter reaction time was used, because the dye emission after the transfer was 

very low at longer reaction time and thereby the trend of the change in dye emission 
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intensity was not easy to be observed. The black curves in Figure 6.26 and Figure 6.27 

are the absorption and emission of the complexes (PDIDC/QD = 5) in organic solvent 

before the transfer. As shown in Figure 6.26 b and Figure 6.27 b, decreasing the amount 

of the exchange ligands increases the dye emission and decreases the QD emission. 

Hence, decreasing the amount of the exchange ligands can reduce the detachment of dye 

molecules from QDs. However, a decrease in the amount of the exchange ligand also 

induces aggregation of the particles, which is indicated by the scattering contribution in 

the absorption spectra (Figure 6.26 a and Figure 6.27 a). When the amount of the 

exchange ligands is not enough to replace a sufficient amount of the original organic 

ligands (oleic acid and oleylamine) on QDs, the complex particles tend to aggregate 

after being transferred into water due to the unexchanged organic ligands. 
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Figure 6.27: (a) Absorption and (b) fluorescence spectra of the QD-PDIDC complexes (nominal 

PDIDC/QD = 5) after the transfer into water using different amount of DHLA. Reaction time: 2 min. 

Reaction temperature: 65 °C.  

Reaction time 

For both MPA and DHLA, as the reaction time decreases, the QD emission decreases 

and the dye emission increases gradually (Figure 6.28 b and Figure 6.29 b), which 

indicates that the decrease in reaction time can reduce the detachment of dye molecules 

from QDs. However, the decrease in reaction time also induces aggregation of the 

particles due to the insufficient ligand exchange, as indicated by the scattering in the 

absorption spectra in Figure 6.28 a and Figure 6.29 a. 
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Figure 6.28: (a) Absorption and (b) fluorescence spectra of the QD-PDIDC complexes (nominal 

PDIDC/QD = 3) in chloroform and after the transfer into water using MPA at different reaction times. 

Reaction temperature: 65 °C.  
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Figure 6.29: (a) Absorption and (b) fluorescence spectra of the QD-PDIDC complexes (nominal 

PDIDC/QD = 5) in chloroform and after the transfer into water using DHLA at different reaction times. 

Reaction temperature: 45 °C.  

Reaction temperature  

Using MPA as the exchange ligand, the decrease in reaction temperature reduces the 

detachment of dye molecules from QDs (Figure 6.30 b). As can also be seen from the 

absorption spectra (Figure 6.30 a), a lower reaction temperature increases the number of 

attached dye molecules attached to QD after transfer, and does not lead to particle 

aggregation. Comparing MPA-complex and DHLA-complex, the reaction temperature 

does not seem to have a significant influence on the DHLA-complexes. The emission 

from dye does not increase too much with decreasing reaction temperature (Figure 6.31). 
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Figure 6.30: (a) Absorption and (b) fluorescence spectra of the QD-PDIDC complexes (nominal 

PDIDC/QD = 5) in chloroform and after the transfer into water using MPA at different reaction 

temperatures. Reaction time: 5 min. 
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Figure 6.31: (a) Absorption and (b) fluorescence spectra of the QD-PDIDC complexes (nominal 

PDIDC/QD = 5) in chloroform and after the transfer into water using DHLA at different reaction 

temperatures. Reaction time: 2 min. 

Table 6.8: Optimal conditions for the transfer using different exchange ligands. 

 MPA DHLA 

Ligand amount  2 µL 7.5 µL 

Reaction time  5 min 2 min 

Reaction temperature  45 °C 45 °C 

As a conclusion, Table 6.8 lists the optimal conditions for the transfer using the 

refluxing method. 
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C. Stability  

Figure 6.32 shows time dependent absorption and emission spectra of QD-PDIDC 

complexes after transfer in water using MPA under the optimal reaction conditions (see 

Table 6.8). The pH of the sample solution is ~ 10. The emission from QDs decreased 

with time, and the emission from dyes increased in the first day and then decreased with 

time. The tendency is similar to that of complexes in organic solvent. After 25 days, the 

particles started to precipitate, and all the particles precipitated after one month. The 

precipitation of the complexes is due to the limited temporal colloidal stability of the 

MPA-capped QDs (between 3 days and 1 month) 
[190]

.  
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Figure 6.32: Time dependent absorption and fluorescence spectra of QD-PDIDC complexes (nominal 

PDIDC/QD = 8) after transfer into water using MPA. 

D. Influence of pH value 
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Figure 6.33: Absorption (dash line) and fluorescence (solid line) spectra of the QD-PDIDC complexes 

after transfer in water using MPA (left) and DHLC (right) at different pH values adjusted by (CH3)4NOH. 
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Both for MPA-complexes and DHLA-complexes, when the pH of their aqueous 

solutions was increased by adding (CH3)4NOH, the emission from QDs increased while 

the emission from dyes decreased, as shown in Figure 6.33.  

One explanation for such a phenomenon is that the complex particles tend to aggregate 

at low pH value and this affects the energy transfer between QDs and dye molecules. 

The aggregation at low pH is more apparent in the case of DHLA-complexes. The pKa 

value of DHLA (pKa = 4.73 
[188]

) is larger than that of MPA (pKa = 4.3) and thus a 

higher pH is needed for deprotonation of DHLA. Therefore, the solution was a little 

turbid when the pH was 7, corresponding to the strong scattering in the absorption 

spectra. The solution turned clear when the pH reached ~ 12. Although the MPA-

complex aqueous solution was clear at neutral pH and there was no strong scattering in 

the absorption spectra, it is believed that small clusters or aggregates were still present. 

The aggregation is thought to be driven by the reduction of the net surface charges 

induced by lowering the pH value 
[191]

. When the complex particles are aggregated, 

energy from one QD can not only be transferred to the dye molecules attached to this 

QD but also to adjacent QDs. As a result, the QD emission is quenched and the 

sensitized dye emission is enhanced. 
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Figure 6.34: Absorption (left) and fluorescence (right) spectra of the QD-PDIDC complexes after 

transfer in water using MPA at different pH values adjusted by NaOH. 

The amine group has been proven to enhance the fluorescence intensity of QDs 
[192]

, and 

from my previous experience on water-soluble QDs, the addition of (CH3)4NOH can 

also increase the QD fluorescence intensity. The increasing (CH3)4NOH amount might 

be another explanation for the increasing QD emission intensity with increasing pH 
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value. To investigate the influence of organic base (CH3)4NOH on the QD emission in 

water-soluble complexes, the inorganic base NaOH was also used to adjust the pH of 

the aqueous solution. Figure 6.34 shows the absorption and emission spectra of MPA-

complexes at different pH values adjusted by using NaOH. As can be seen, the QD 

emission in the complexes still increased with increasing pH adjusted with NaOH. 

Therefore, it can be concluded that no matter which base is used, the QD emission 

increases and the dye emission decreases with increasing pH. The degree of aggregation 

is probably the main reason for the above observations.  

Due to the dependence of the relative emission intensities of QD and dye on pH, the 

water-soluble QD-dye complexes might have potential to be a pH sensor, and more 

importantly, this pH sensor is ratiometric. Compared to typical chemo- and biosensors 

that display a single intensity-based response to analytes, the ratiometric sensor is more 

powerful because it is not sensitive to fluctuations of light excitation or collection 

efficiency as sensing is self-referencing 
[193]

. However, so far, the problem is that this 

pH dependence is not reversible, and more experiments need to be done to further 

understand the influence of pH value on the water-soluble QD-dye complexes.  
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6.4 Quantum dot assemblies 

The ideal aim of the work presented in this section was to prepare QD dimers using 

dyes with bifunctional groups (two dicarboxylate groups at two ends of the molecule) as 

binding anchors. Metal nanoparticle dimers, such as gold and silver nanoparticle dimers, 

have been successfully prepared using different approaches 
[194, 195, 196, 197]

. However, 

there are, so far, very few reports on the assembly of semiconductor nanoparticle dimers 

[198 , 199 ]
. In these works, CdSe 

[198]
 or CdTe 

[199]
 QDs were linked by bifunctional 

molecules. Due to the non-specific binding of bifunctional molecules to QDs, the final 

products were composed of monomers, dimers and oligomers. Similar to the work 

reported in the literature, since here bifunctional dye molecules are used to link QDs, 

the formation of a mixture of QD monomers, dimers, oligomers and small aggregates 

(in this section called QD assemblies) can not be avoided.  

6.4.1 Experimental procedure 

QD assemblies were prepared in organic solution using a similar procedure as described 

in section 6.2.1. The structures of the dyes are shown in Figure 6.35. The dye molecules 

were supplied by the workgroup of Prof. Dr. Klaus Müllen (Max Planck Institute for 

Polymer Research, Mainz, Germany).  

TA-PDI stock solution (0.1 mM) was prepared by dissolving 1.02 mg of TA-PDI in 10 

ml of THF. TDA stock solution (0.1 mM) was prepared by dissolving 1.44 mg of TDA 

in 10 ml of chloroform. 

                     

                                       TA-PDI                                                                   TDA      

Figure 6.35:  Structures of dyes used to link QDs in organic solution. 
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QD assemblies using CdSe/4ML CdS/1ML ZnS QDs      Typically, the TA-PDI THF 

solution or TDA chloroform solution, the volume of which was calculated according to 

the QD/dye ratio, was first mixed with 2.5 ml of methanol. Then, 100 µL of K2CO3 

methanol solution (32 mM) and 2.5 ml of a toluene solution of QD (concentration ≈ 3 

µM) were added. The mixture was sonicated for 4 h. Then 5 mL of methanol was added 

and the resulting turbid solution was centrifuged. After decanting the supernatant, the 

precipitate was redispersed in chloroform or toluene to obtain a clear solution.  

QD assemblies using CdSe/1ML CdS/3ML ZnS or CdSe/4ML ZnS QDs    Typically, 

the TA-PDI THF solution or TDA chloroform solution, the volume of which was 

calculated according to the QD/dye ratio, was first mixed with 2.5 ml of methanol. Then, 

100 µL of K2CO3 methanol solution (32 mM) and 2.5 ml of a toluene solution of QD 

(concentration ≈ 3 µM) were added. The mixture was shaken for 1 min. Then 5 mL of 

methanol was added and the resulting turbid solution was centrifuged. After decanting 

the supernatant, the precipitate was redispersed in chloroform or toluene. This turbid 

solution was then directly centrifuged at 4,000 rpm for 10 min, and the supernatant was 

taken as the final product.  

6.4.2 Results and discussion 

6.4.2.1 Optical properties of dye molecules 
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Figure 6.36: (a) Normalized absorption spectra and (b) fluorescence spectra of TDA dye in chloroform 

(concentration: 2.20 × 10
-6

 M) before and after adding K2CO3 base. 

When the K2CO3/methanol solution was added into the TDA chloroform solution, the 

color of the TDA solution immediately turned from blue-green to purple. A blue shift of 
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~ 100 nm was observed in the absorption and fluorescence spectra of the TDA dye in 

chloroform, as shown in Figure 6.36. This shift is caused by the dianhydride ring 

opening of the TDA molecule. The absorbance of the TDA dye decreases after the 

addition of the K2CO3 base. In the case of TA-PDI, the addition of the K2CO3 base did 

not change the absorbance and the positions of the absorption and fluorescence peaks, 

as can be seen in Figure 6.37. 
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Figure 6.37: (a) Normalized absorption spectra and (b) fluorescence spectra of TA-PDI dye in 

chloroform (concentration: 2.46 × 10
-6

 M) before and after adding K2CO3 base.  

6.4.2.2 QD assemblies using CdSe/4ML CdS/1ML ZnS QDs 

CdSe/4ML CdS/1ML ZnS QDs had an emission peak at 602 nm and an average 

diameter of 7.1 nm (the CdSe core had an absorption peak of at 545 nm).  

When CdSe/4ML CdS/1ML ZnS QDs were mixed with TA-PDI molecules at a 

QD/TA-PDI ratio of 1, the particles after centrifugation stuck to the wall of the 

centrifuge tube and could not be dispersed in chloroform or toluene. This is attributed to 

the formation of large QD aggregates or even a network of particles. As the amount of 

the TA-PDI molecules decreased, i.e. the QD/TA-PDI ratio increased to 3, a mixture of 

monomers, dimers and oligomers were formed (Figure 6.38 a). The percentage of 

dimers determined from the TEM measurements is ~ 17 % (27 out of 156 “particles”). It 

should be noted that monomers, dimers, oligomers and small aggregates are all counted 

as one “particle” when determining the percentage of dimers. When the QD/TA-PDI 

ratio was further increased to 5, most of the QDs remained monomers, as seen in Figure 
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6.38 b. The inset shows one of the few cases of QD dimers in this mixture. This 

indicates that the amount of the TA-PDI molecules was not sufficient to link QDs.  

When CdSe/4ML CdS/1ML ZnS QDs were mixed with TDA molecules at the QD/TDA 

ratios of 1 and 2, a mixture of monomers, dimers and oligomers were formed, as shown 

in Figure 6.39. According to the TEM measurements, the percentage of the dimers at 

ratio 1 (~ 33 %, 71 out of 213 “particles”) is larger than that of the dimers at ratio 2 (~ 

21 %, 28 out of 132 “particles”). 

      

Figure 6.38: TEM images of CdSe/4ML CdS/1ML ZnS QD assemblies linked by TA-PDI at different 

QD/ TA-PDI ratios: (a) QD/ TA-PDI = 3 and (b) QD/ TA-PDI = 5. 

  

Figure 6.39: TEM images of CdSe/4ML CdS/1ML ZnS QD assemblies linked by TDA at different QD/ 

TDA ratios: (a) QD/ TDA = 1 and (b) QD/ TDA = 2. 

 

a b 

a b 
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Figure 6.40: (a) Normalized absorption spectra and (b) fluorescence spectra of CdSe/4ML CdS/1ML ZnS 

QDs and their corresponding assemblies linked by TA-PDI in toluene at different QD/ TA-PDI ratios (λex 

= 390 nm).  
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Figure 6.41: (a) Normalized absorption spectra and (b) fluorescence spectra of CdSe/4ML CdS/1ML ZnS 

QDs and their corresponding assemblies linked by TDA in toluene at different QD/TDA ratios (λex = 390 

nm). 

The linkage of QDs by dye molecules can be provn by the presence of dye emission in 

the emission spectra of the QD assemblies (Figure 6.40 b and Figure 6.41 b). Since the 

contribution due to direct excitation of the dye has been subtracted and dynamic 

quenching can be neglected (the concentration of the solution for the optical 

measurements is in nM range), the emission from the dye in Figure 6.40 b and Figure 

6.41 b is only caused by the energy transfer from the QDs to the dye molecules that link 

the QDs. The dye emission at smaller ratio (ratio 3 for TA-PDI, and ratio 1 for TDA) is 

stronger than at higher ratio (ratio 5 for TA-PDI, and ratio 2 for TDA), which is 

consistent with the fact that the dye amount in the solution at smaller ratio is larger than 

that at higher ratio. The absorption spectra of the QD assemblies do not show significant 
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dye absorption (Figure 6.40 a and Figure 6.41 a). This can be attributed to the low 

concentration of the dye molecules relative to the QD concentration in the solution. 

6.4.2.3  QD assemblies using CdSe/1ML CdS/3ML ZnS or CdSe/4ML ZnS QDs  

CdSe/1ML CdS/3ML ZnS QDs had an emission peak at 574 nm and an average 

diameter of 6.0 nm (the CdSe core had an absorption peak of at 547 nm). CdSe/4ML 

ZnS QDs had an emission peak at 541 nm and an average diameter of 4.9 nm (the CdSe 

core had an absorption peak of at 525 nm).  

In the presence of K2CO3 base, when the mixture of CdSe/1ML CdS/3ML ZnS QDs and 

dye linker (TA-PDI or TDA) at the QD/dye ratio of 1 was sonicated for 4 h, the final 

products after centrifugation could not be dispersed in chloroform or toluene. After 

decreasing the dye amount, i.e., increasing the QD/TA-PDI ratio from 1 to 3, 5 and 8 or 

increasing the QD/TDA ratio from 1 to 2 and 4, the obtained products still could not be 

dispersed in chloroform or toluene. The same phenomenon was observed when 

reducing the sonication time from 4h to 2h, 1h and 30 min, using high QD/dye ratio 

(QD/TA-PDI = 8, QD/TDA = 4). These indicate that, under all the conditions 

mentioned above, the QDs formed big aggregates or networks.  

In order to decrease the number of collisions between QDs and dye molecules and 

accordingly decrease the possibility of the formation of aggregates, mixtures of 

CdSe/1ML CdS/3ML ZnS QDs in chloroform and dye in methanol (QD/dye ratio: 

QD/TA-PDI = 8, QD/TDA = 4), in the presence of K2CO3, were only shaken for 1 min 

and then centrifuged. After decanting the supernatant, the precipitate was redispersed in 

chloroform or toluene. These solutions were a little turbid. This indicates that QDs are 

still linked by the dye molecules and some big QD aggregates are formed, although the 

mixture of QD and dye is shaken for a very short time.  As discussed in section 6.2.2.2 

C, the addition of methanol to the mixtures could help to remove the ligands from QDs, 

and thus help the attachment of the dye molecules even without sonication. To separate 

out the big aggregates, the turbid solution was then directly centrifuged at 4,000 rpm for 

10 min. The precipitate was composed of large aggregates and the clear supernatant was 

taken as the final product. The mixtures with CdSe/4ML ZnS QDs were treated in the 

same fashion.  
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Figure 6.42: TEM images of CdSe/1ML CdS/3ML ZnS QD assemblies linked by (a) TA-PDI: QD/TA-

PDI = 8, and (b) TDA: QD/TDA = 4. 

  

Figure 6.43: TEM images of CdSe/4ML ZnS QD assemblies linked by (a) TA-PDI: QD/TA-PDI = 8, and 

(b) TDA: QD/TDA = 4. 

Figure 6.42 and Figure 6.43 show the TEM images of the CdSe/1ML CdS/3ML ZnS 

QD assemblies and the CdSe/4ML ZnS QD assemblies linked by TA-PDI or TDA dye 

molecules. The percentages of CdSe/1ML CdS/3ML ZnS QD dimers using TA-PDI and 

TDA linkers were ~ 24 % (32 out of 136 “particles”) and ~ 39 % (73 out of 187 

“particles”), respectively. The percentages of CdSe/4ML ZnS QD dimers using TA-PDI 

and TDA linkers were ~ 15 % (18 out of 113 “particles”) and ~ 19 % (30 out of 155 

“particles”), respectively. Using CdSe/1ML CdS/3ML ZnS QDs can produce more 

dimers than using CdSe/4ML ZnS QDs, and the latter tend to form more oligomers or 

small aggregates than dimers. The reason might be that CdSe/4ML ZnS QDs with 

a b 

a b 
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smaller sizes than CdSe/1ML CdS/3ML ZnS QDs have a higher surface energy and are 

more reactive, which facilitates the binding of the dye linkers to the QDs. 
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Figure 6.44: (a) Normalized absorption spectra and (b) fluorescence spectra of CdSe/1ML CdS/3ML ZnS 

QDs and their corresponding assemblies linked by TA-PDI and TDA in toluene, respectively (λex = 390 

nm). QD/TA-PDI = 8, and QD/TDA = 4. 

400 500 600 700

0

1

2

3
(a)

N
o
rm

a
liz

e
d

 A
b

s
o

rb
a

n
c
e

Wavelength (nm)

 CdSe/4ZnS QD

 QD assembly (TA-PDI)

 QD assembly (TDA)

500 600 700

0.0

0.5

1.0

(b)

N
o
rm

a
liz

e
d

 f
lu

o
re

s
c
e
n

c
e

Wavelength (nm)

 CdSe/4ZnS QD

 QD assembly (TA-PDI)

 QD assembly (TDA)

 

Figure 6.45: (a) Normalized absorption spectra and (b) fluorescence spectra of CdSe/4ML ZnS QDs and 

their corresponding assemblies linked by TA-PDI and TDA in toluene, respectively (λex = 390 nm). 

QD/TA-PDI = 8, and QD/TDA = 4. 

Figure 6.44 and Figure 6.45 show the optical properties of the CdSe/1ML CdS/3ML 

ZnS QD and CdSe/4ML ZnS QD assemblies, respectively. The absorption of both QD 

assemblies shows no significant change compared with that of the corresponding QDs. 

The dye emission in the emission spectra of the QD assemblies indicates the presence of 

the dye in the final solution. Figure 6.46 shows the emission spectra of the CdSe/4ML 

ZnS QD assemblies excited at different wavelengths. The dye absorption at 390 nm is 

much lower than that at 550 nm (see Figure 6.36 a and Figure 6.37 a). If the dye 
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emission comes from the free dye, the intensity of the dye emission in the emission 

spectra of the assemblies excited at 390 nm will be lower than that excited at 550 nm. 

However, as shown in Figure 6.46, in both cases of TA-PDI and TDA, the dye emission 

excited at 390 nm is stronger than that excited at 550 nm, which indicates that the dye 

emission in the QD assemblies is mainly caused by the energy transfer from the QDs to 

the dye molecules that link the QDs, because the QD emission excited at 390 nm is 

stronger than that excited at 550 nm due to the higher absorption of QDs at 390 nm than 

at 550 nm (see Figure 6.44 a and Figure 6.45 a). This also proves at least partial linkage 

of the QDs by the dye molecules. 
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Figure 6.46: Fluorescence spectra of CdSe/4ML ZnS QD assemblies linked by (a) TA-PDI and (b) TDA 

in toluene at different excitation wavelengths. 

Table 6.9: Summary of preliminary results of QD assemblies using different QDs and dyes. 

QDs Dyes QD/dye ratio Preparation Dimer percentage  

TA-PDI 3:1 0.17 CdSe/4ML CdS/1ML ZnS 

(diameter: 7.1 nm) TDA 1:1 
sonicating 

0.33 

     

TA-PDI 8:1 0.24 CdSe/1ML CdS/3ML ZnS 

(diameter: 6.0 nm) TDA 4:1 
shaking 

0.39 

     

TA-PDI 8:1 0.15 
CdSe/4ML ZnS 

(diameter: 4.9 nm) TDA 4:1 
shaking 

0.19 
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Table 6.9 summarizes the preliminary results for QD assemblies using different QDs 

and dyes. It can be seen that, using bigger QDs seems to be more favorable with respect 

to forming QD dimers and preventing the aggregation of QDs than using smaller ones, 

and the percentage of QD dimers using TDA linker appears to be larger than that using 

TA-PDI linker.  

The experiments described above are preliminary and further experiments and 

measurements need to be done to improve the preparation and separation of QD dimers 

and oligomers. For instance, the density gradient rate separation method 
[200, 201]

 could 

be tried to separate dimers from monomers, oligomers and small aggregates. Combined 

AFM and confocal fluorescence microscopy could be used to further characterize 

dimers or higher oligomers. 
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6.5 Quantum dot - calixarene complexes 

6.5.1 Experimental procedure 

The preparation of QD-calixarene complexes is similar to that of QD-dye complexes in 

organic solvent described in the previous section. CdSe/4ML CdS/1ML ZnS QDs were 

used. Calix[4]arenes with dicarboxylic acid groups were supplied by the workgroup of 

Prof. Dr. Böhmer (Abteilung für Lehramtskandidaten der Chemie der Johannes-

Gutenberg-Universität Mainz). The structure of the used calix[4]arene is shown in 

Figure 6.47.  

 

Figure 6.47: Structure of the used calixa[4]rene. 

      

Figure 6.48: Schematic diagram of two different treatment methods for absorption measurements. 

Typically, 2.5 ml of a chloroform solution of QD (concentration ≈ 2 µM) were mixed 

with 2.5 ml of a methanol solution of calix[4]arene (concentration ≈ 4 - 20 µM). After 

(a) 

(b) 
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adding 100 µL of K2CO3 methanol solution (32 mM), the mixture was sonicated for 4 h 

to obtain the raw QD-calixarene complex solution. The as-prepared solution was then 

treated in two different ways for absorption measurements.  

One was to add 5 mL of methanol to the raw QD-calixarene complex solution, 

centrifuge the solution and then redisperse the precipitate in chloroform. The 

purification procedure was then performed by adding methanol, centrifuging, and re-

dissolving the precipitate in chloroform to obtain the final QD-calixarene complex 

solution. The precipitation and purification procedure helps remove the calixarene 

molecules that are not attached to the QDs. The absorption of the final QD-calixarene 

complex solution was then measured. The whole process is illustrated in Figure 6.48 a. 

The results and discussion are shown in section 6.5.2.1. 

The other was to leave the raw QD-calixarene complex solution stand for two days to 

let the particles precipitate out and directly measure the absorption of the supernatant, as 

illustrated in Figure 6.48 b. In the supernatant were the organic ligands (oleic acid and 

oleylamine) detached from the QDs during sonication and the unattached calixarene 

molecules. For comparison, the QDs were also sonicated under the same conditions but 

without adding calixarene molecules, and the absorption of the supernatant of the pure 

QDs was measured. In this supernatant were only the organic ligands detached from the 

QDs. The results and discussion are shown in section 6.5.2.2. 

6.5.2 Results and discussion 

6.5.2.1 Spectral characterization 

Since calixarene has a pronounced absorption peak at ~ 280 nm (see green curve in 

Figure 6.49 a), absorption spectra were used to characterize the formation of QD-

calixarene complexes. If QD-calixarene complexes show the absorption peak of 

calixarene, it proves the attachment of calixarene molecules to QD. However, as shown 

in Figure 6.49 a, the absorption of the final QD-calixarene complexes (nominal 

calixarene/QD ratio = 10) after removing the unattached calixarene by precipitation and 

purification procedure (red curve) shows no difference compared to pure QD absorption 

(black curve). Does this mean that the calixarenes can not be attached to QDs?  
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To find out the answer, QDs were simply mixes with calixarene molecules in 

chloroform at different calixarene/QD ratios, and absorption spectra of the mixtures 

were recorded. As can be seen in Figure 6.49 b, the calixarene absorption in the mixture 

can be distinguished only when the calixarene/QD ratio is at least 100:1. If the 

calixarene/QD ratio in the case of QD-calixarene complexes is smaller than 100, the 

difference between QD and complex absorptions will not be observed. Therefore, it is 

hard to prove the formation of QD-calixarene complex by analyzing the complex 

absorption spectra. 
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Figure 6.49: (a) Absorption spectra of pure QD (black), QD-calixarene complex (red) and pure 

calixarene (green) in chloroform. The concentration of the pure QDs is 1.7 × 10
-7

 M. The concentration of 

the pure calixarene is 5.9 × 10
-5

 M. (b) Absorption spectra of mixtures of QD and calixarene at different 

calixarene/QD ratios in chloroform.  

6.5.2.2 Determination of the number of the attached calixarene  

The strategy for investigating the attachment of calixarene to QD was therefore changed. 

As illustrated in Figure 6.48 b, the raw complex solution or pure QD solution after 

sonication was left for 2 days to let the particles precipitate, and then the absorption of 

the supernatant of the raw QD-calixarene complex solution and the pure QD solution 

were directly measured.  

As shown in Figure 6.50, the absorption of the supernatant of the pure QD solution 

(black curves) has a broad peak at around 270 nm. This peak could be from the 

absorption of the organic ligands (oleic acid and oleylamine) detached from QD surface 

upon sonication. The red curves are the absorption spectra of the pure calixarene used 

for complex preparation at different initial calixarene/QD ratios. The absorption of the 
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supernatant of the raw complex solution (green curves) consist of the absorption of both 

the organic ligands detached from QD surface and the unattached calixarene. Therefore, 

subtracting the contribution of the organic ligand absorption (the absorption of the QD 

supernatant, red curves) from the absorption of the complex supernatant (green curves), 

the absorption of the unattached calixarene can be obtained (blue curves). 
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Figure 6.50: Absorption spectra of the supernatant of the pure QD solution (black), the supernatant of the 

row complex solution (green), the calixarene (red) and the unattached calixarene (blue) at different initial 

calixarene/QD ratios: (a) 10:1, (b) 5:1 and (c) 2:1. 

Obviously, in all cases, the unattached calixarene absorption decreases (blue curves) 

relative to the absorption of the initially added calixarene (red curves). This proves the 

attachment of the calixarene to the QDs and indicates that only few calixarene 

molecules can be attached. By comparing the absorbance of the calixarene and 

unattached calixarene, the number of the attached calixarene for each calixarene/QD 

ratio can be determined.  It is calculated that there are 1.6 calixarenes per QD in the 

cases of ratio 10 and 5, and 0.8 calixarenes per QD in the case of ratio 2. Therefore, it 
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can be concluded that only 1 ~ 2 calixarenes can be attached to QDs no matter how 

many calixarenes were added in the beginning. 

6.5.2.3 Potential application 

The above conclusion is interesting. Although there will always have a mixture of QDs 

with 0, 1, 2 … calixarene molecules in the solution, the percentage of QDs with 1 or 2 

calixarene molecules should be still high due to the large size of the calixarene molecule. 

Therefore, there could be two potential applications of such QD-calixarene hybrid 

system due to the fact that only 1 ~ 2 calixarene per QD can be achieved. Since dyes 

can be connected to the calixarene molecule and the number of the dye can be well 

controlled as well. If only one calixarene can be attached, then the number of the dye 

molecules per QD can be exactly controlled (Figure 6.51 a). Moreover, two calixarenes 

can also be connected to form a dimer. The attachment of only one QD to calixarene 

allows forming a QD-QD dimer controllably (Figure 6.51 b). 

                       

                              

Figure 6.51: Two potential applications of the QD-calixarene hybrid system. 

(a) 

(b) 
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6.6 Conclusion 

A versatile route for the preparation of extraordinarily stable QD-dye complexes by 

furnishing ryleneimide dyes with dicarboxylate anchors has been established. By proper 

choice of dye and QD components, a broad spectral range from the visible up to the 

NIR can be covered and additionally the efficiency of energy transfer can be easily 

tuned. A progressive and substantial enhancement in the energy transfer efficiency with 

increasing number of dye molecules attached to a single QD was observed. Through 

Stern-Volmer analysis, FRET was suggested as the mechanism of the energy transfer. 

The systematic study of the dependence of PL dynamics on the QD-dye distance, which 

was varied by controlling number of ZnS layers while preserving the binding geometry, 

provided additional proof confirming that FRET was the dominant mechanism. The 

stable QD-dye complexes can be easily transferred into the aqueous phase, although 

part of the dye molecules detached during transfer. The water-soluble QD-dye 

complexes showed a pH-dependent emission between QD and dye, and this allows for 

speculation about potential applications as ratiometric pH sensors. Using the same 

approach, QD dimers linked by dye molecules with two dicarboxylate groups at two 

ends of the molecule can also be prepared. A mixture of QD monomers, dimers, 

oligomers and small aggregates was obtained. The optical properties of the mixtures 

have proven the linkage of the QDs by the dye molecules. Further separation procedures 

need to be done to separate out the dimers in the mixture. Using the same route, QD- 

calixarene complexes have been prepared using calix[4]arene with dicarboxylic acid 

groups as the anchor. It was found that only 1 ~ 2 calixarenes can be attached to the 

QDs no matter how many calixarenes were offered in the beginning. This feature 

promises to assemble QD-calixarene-dye hybrids with controllable dye number per QD 

or QD-QD dimers for deeper insight into the energy transfer in these two systems.   
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7 Summary 

Energy transfer based QD hybrid systems have been successfully self-assembled: QD-

silica-dye hybrid system and QD-dye hybrid system. The energy transfer from QDs to 

dyes in both hybrid systems has been investigated. 

First, two kinds of QD-silica hybrid systems, i.e. silica-QD-silica and QD-silica 

structures, were constructed in order to assemble QD-silica-dye hybrids where QDs 

were covered by a silica shell which then was labeled by dyes. In these structures 

energy transfer from QDs to dyes by an approach could be studied. Based on the 

“Stöber” method, QDs could be controllably embedded in silica colloids to form the 

silica-QD-silica structure. After adsorption of the amphiphilic polymer PVP, the QDs 

were adsorbed on APS-functionalized silica spheres with a diameter larger than 100 nm 

to form a QD monolayer, and then covered by silica shells. The thickness of the outer 

silica shell could be simply controlled by varying the TEOS amount. It was found that 

the silica-QD-silica structure was not formed when smaller silica core particles were 

used. Using the reverse microemulsion method, one single QD could be encapsulated in 

one small silica particle with a diameter smaller than 50 nm to achieve the QD-silica 

structure. The growth process was investigated and the incorporation mechanism of 

QDs into silica spheres was clarified. Different reaction parameters, such as the nature 

of surfactant molecules, the size of QDs, and the concentration of ammonium hydroxide, 

TEOS and QDs, were varied to achieve thin silica shell thickness. Unfortunately, both 

of these two structures were found to be not suitable for further FRET studies. For the 

QD-silica structure, the obtained minimum silica shell thickness of 8 nm is still large 

with respect to donor-to-acceptor distances at which FRET occurs. QD-dimers 

encapsulated in one silica particle, however, could be prepared which promises to study 

energy transfer between two single QDs. For the silica-QD-silica structure, the uneven 

surface after growing a thin silica shell does not favor a precise definition of the donor-

to-acceptor distance. 

Inspired by the silica-QD-silica structure, a QD-silica-dye hybrid system was prepared 

successfully: the “pure” silica cores with a diameter of 140 nm were prepared using the 

“Stöber” method. The organic dye molecules Texas Red were conjugated with APS 

molecules and incorporated into the silica shell during the next shell growth step to 
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form the dye-containing silica shell. The dye concentration within the shell was shown 

to be constant by absorption and fluorescence spectra of the silica-dye (silica-core – 

dye-shell) particles. The silica-dye particles were then functionalized with APS 

molecules and mixed with the QDs coated with PVP molecules, forming the final QD-

silica-dye hybrid system. Directly adsorption of QDs onto the dye-containing silica 

shell and the strong spectral overlap between QD emission and dye absorption allowed 

for energy transfer from QD donors to dye acceptors, leading to enhanced acceptor 

emission. The sensitized acceptor emission strongly increased as the thickness of the 

dye-containing silica shell increased. To get a better understanding of the spectroscopic 

properties of the QD-silica-dye hybrid particles, Monte-Carlo FRET simulations were 

carried out with different models differing with respect to the amount of the surface-

adsorbed QDs, suggesting that in QD-silica-dye hybrid particles the number of the 

bound QDs does not (or only to a minor extent) depend, as expected, on the particle 

surface, but significantly depends on the total amount of organic dye molecules within 

the dye-containing silica shell. The Monte-Carlo simulations gave an indication of an 

increase in the QD concentration adsorbed onto the particle surface with increasing dye-

containing silica shell thickness, which was further confirmed by comparison of the 

amounts of QDs bound to silica-dye particles with different dye-containing silica shell 

thicknesses and pure silica particles corresponding in total diameter to the various 

silica-dye particles based on the absorption spectra, showing that with increasing shell 

thickness, the QD amount on the silica-dye particles strongly increased compared to that 

on the pure silica particles. This was also clearly visible in comparison of TEM images 

of silica-dye particles and pure silica particles, both with QDs adsorbed at the particle 

surface. The finding of the increase in QD amount with increasing dye-containing silica 

shell thickness suggested the existence of attractive interactions between PVP-coated 

QDs and Texas Red, which was supported by the observation of FRET from PVP-

coated QDs to Texas Red in their mixtures. Moreover, the intensity ratio of QD and dye 

emission peaks, both of which are excited at the same wavelength, can be tuned by 

varying the thickness of the dye-containing silica shell and thereby give a set of 

different optical codes. Therefore, the QD-silica-dye hybrid system may lead to a new 

multiplexing scheme which could “barcode” biomolecules with a very high number of 

possible spectral signals. 
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A versatile approach to prepare QD-dye hybrids without a third material mediating the 

coupling has also been developed. Ryleneimide dyes were directly bound to the QD 

surface using dicarboxylate functional groups as anchors, which bind dyes to QDs with 

a CdSe, CdS (e.g. CdSe/CdS) or ZnS (e.g. CdSe/CdS/ZnS and CdSe/ZnS) surface. Dye 

molecules with dicarboxylate functionality revealed a strong and robust attachment to 

QDs and the prepared QD-dye hybrids were stable against repeated precipitation-

dissolution cycles and long-term storage. After optimizing reaction conditions, it was 

found that the use of basic condition, sonication and the addition of methanol favored 

the formation of the QD-dye hybrids. By proper choice of dye and QD components, a 

broad spectral range from the visible up to the NIR can be covered and additionally the 

efficiency of energy transfer can be easily tuned. With increasing dye amounts, the QD 

emission was successively quenched and sensitized dye emission increased, indicating 

efficient energy transfer in the QD-dye hybrid system. Through Stern-Volmer analysis, 

FRET was suggested as the mechanism of the energy transfer. The systematic study of 

the dependence of PL dynamics on the QD-dye distance, which was varied by 

controlling number of ZnS layers while preserving the binding geometry, provided 

additional proof confirming that FRET was the dominant mechanism. Due to the high 

stability of the QD-dye hybrids, they could be easily transferred into the aqueous phase 

via the “refluxing” method. MPA and DHLA ligands were used to exchange the 

original organic ligands on the surface of the QD-dye hybrids and render the QD-dye 

hybrids water-soluble. The QD-dye hybrids were found to survive in water after the 

transfer, although a part of dye molecules detached from the QD-dye hybrids during the 

transfer. Reaction conditions, such as the amount of exchange ligands, reaction time and 

reaction temperature, were optimized in order to reduce the dye detachment. The water-

soluble QD-dye hybrids showed a pH-dependent emission between QD and dye that as 

the pH value of their aqueous solutions increased, the emission from QDs increased 

while the emission form dye molecules decreased. In addition, preliminary experiments 

were done to link QDs with dye molecules carrying two dicarboxylate groups at the two 

ends of the dye molecule. QD dimers were formed, although further separation 

procedures need to be developed to separate dimers from monomers, oligomers and 

small aggregates. After removal of free dye molecules by purification procedures, the 

linkage of QDs by dye molecules was proven by the presence of dye emission. The 

approach of preparing QD-dye hybrids was also applied to prepare QD-calixarene 
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complexes using calix[4]arene with dicarboxylic acid groups as anchors. It was found 

that only 1 ~ 2 calixarenes could be attached to the QDs regardless of the amount of 

calixarene molecules added in the beginning. This feature promises to assemble QD-

calixarene-dye hybrids with controllable dye number per QD or QD-QD dimers for 

deeper insight into the energy transfer in these two systems.   
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