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Summary 

In the near future, full-color displays based on polymer light-emitting diodes (pLED) 
will be on the market. To obtain all colors, the three primary colars red, green and 
blue are used. This can be realized using only one polymer that emits blue light. A dye 
can be added ( dye doping) to the polymer which transfers its energy to the dye. The 
dye can then emit a different color such as green or red. Low doping concentrations, 
up to "' 5% are suffîcient for saturated colors. These amounts of dye do not change 
the macroscopie properties of the polymer which are important for the ink-jet printing 
process, the technique that will be used to fabricate the displays. 

For the fabrication process it is important to know how to add the dye to the polymer. 
Essentially three polymer-dye configurations are possible: 1) the dye is dispersed in a 
polymer matrix, 2) the dye is attached as a sidegroup to a polymer chain, and 3) the dye 
is a part of the main polymer chain. In this report each configuration is investigated by 
time-resolved fl.uorescence spectroscopy for different doping concentrations using differ
ent dyes and various polymers. Most of the dyes arebasedon the Bodipy fl.uorophore 
(BD dyes). The polymers used are emitting polymers and non-emitting polymers. 

In the first case where the dye is dispersed in a polymer matrix, the fl.uorescence spectra 
show a red-shift u pon increasing the dye concentrations. However, this red-shift is only 
present for dye concentrations above a critica! dye concentratiön [C]o. The value of 
[C]o mainly depends on the dipale moment of the dye molecule and lies for the BD 
dyes between mass ratios of"' 0.6% and "' 1.1 %. Below [C]o no shift is observed. The 
red-shift is proportional to the logarithm of the dye concentratien and has a slope 'Y 
which mainly depends on the dipale moment of the dye /-Ldye· The BD dyes are relatively 
non-polar, 1.0 D ;S /-Ldye ;S 4.1 D. The value of 'Y lies between -22.9 ± 1.8 me V /decade 
and -51.7 ± 3.2 me V /decade. 

A possible explanation for this red-shift can be the solid-state solvation effect (SSSE). 
According to the SSSE, the fl.uorescence spectra of polar molecules when doped into a 
lesspolar molecular host matrix should exhibit a red-shift with increasing rnalar fraction 
of the more polar species. The SSSE càn be seen in every molecular organic solid, but 
is most clearly observed in strongly polar materials and composites. One model based 
on the SSSE explained that the logarithmic dependenee was a result of the formation 
of ordered polar domains of dye molecules (dye aggregation). Experiments with the 
polymer-dye configurations 2) and 3) showed that this model cannot be applied to the 
systems investigated in this report, no dye aggregation occurs. 

These configurations do not allow the formation of aggregates of dye 'molecules'. How
ever, a red-shift is also observed for these two polymer-dye configurations. For 2), dye 
attached as a sidegroup with a constant distance between the sidegroups, the red-shift 
is present for all dye concentrations, no onset is observed. In configuration 3), dye as a 
part of the main polymer chain, the red-shift shows an onset. 

Absorption spectra have also been measured for concentratien series of dye-doped poly-
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mers. The measured absorption spectra show no dye-concentration-dependent shift. If 
dye aggregates are formed with increasing dye-concentration, this should change the 
ground state energy of the dye molecules and must be visible in absorption spectra. 
This also proves that dye aggregation cannot occur. 



Technology Assessment: full-color displays 

The discovery of the conducting properties of certain polymers in 1977 resulted in the 
development of the first polymer Light-Emitting Diode (pLED) in 1990. Monochrome 
displays based on pLEDs are already used in commercial products. The next step is to 
develop full-color displays using pLEDs. This development looks promising and seems 
to be able to compete with the current technologies used for displays such as CRT 
( catbode ray tube) and LCD (liquid crystal display). Some of the benefits are: 

• easy fabrication (most important!) 

• emissive displays with perfect viewing angles 

• all colars are possible, high brightness with high contrast 

• flexible, low weight and thin 

• low power consumption 

The spin-coat process used to fabricate the monochrome displays can not be used for 
the full-color displays because different pixels for the primary colars red, green and blue 
need to be regularly placed. A possible technique which can do this is ink-jet printing. 
Tiny drops of soluted polymer and dye can be placed with a high resolution in a grid 
with cells that form the individual pixels, with each pixel consisting of three subpixels 
for the three colors. This fabrication depends on a choice of suitable materials (solvents, 
polymer and dyes) which possess certain characteristics to obtain high reproducibilities. 

The solvent and polymer are important because they determine the viscosity of the 
drops and the interaction with the surface of the substrate. Dyes are added to the 
polymer because the required doping concentrations (up to"" 5 wt%) do notchange the 
macroscopie properties of the polymer solution. The choice of the dyes is important to 
obtain saturated red and green colors. · The polymer itself is blue-emitting (large band 
gap), red and green photons have smaller band gaps and by energy transfer the excitons 
formed on the blue polymer are transferred to the dye molecules where they recombine 
under emission of red or green light. 

Using one polymer doped with dyes, the complete ink-jet printing process needs to be 
optimized for only one specific polymer and solvent. Using three polymers, one for each 
co lor, the ink-jet printing process has to be optimized for the three polymers, or three 
polymers are required with the same macroscopie properties. 

An important question is, how the dyes should be added to the polymer. There are dif
ferent possibilities; the dye and polymer can be soluted separately using the samesolvent 
and can then be mixed in a specific ratio, the dye molecules are (homogeneously) dis
persed in the polymer matrix. Other polymer-dye configurations require pre-processing 
of the dye and polymer; the dye can be attached to the polymer chain as a side-group 
or the dye can be a part of the main polymer chain. 
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Chapter 1 

Introduetion 

1.1 Polymer Light-Emitting Diode 

The conducting properties of polymers were published in 1977 [Art1]. It was in 1990 
that Burroughes and co-workers from the University of Cambridge published that semi
conducting polymers can also exhibit electroluminescence [Art2]. The polymer light
emitting diode (pLED) is based on this discovery. 
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Figure 1.1: Schematic representation of a polymer light-emitting device (pLED) 

A pLED consists of several layers of polymer materials sandwiched between a metallic 
cathode and an inorganic or organic anode, in most cases indium tin oxide (ITO) or a 
conducting polymer. A schematic representation in figure 1.1 shows the cross-section 
of a pLED. When a positive voltage is applied to the anode relative to the cathode 
and current flows through the polymer film, electrans are injected in the conduction 
band of the polymer and holes in the valenee band of the polymer. This can result 
in the formation of excitons; electron-hole pairs bound by mostly Coulomb interaction. 
Recombination of excitons leads to the emission of light from the polymer film. 
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2 Cbapter 1. Introduetion 

1.1.1 Full-color displays 

Nowadays monochrome and multi-color displaysbasedon the pLED principle are used 
in several products. In the near future full-color displays based on the pLED will be on 
the market. A full-color display is based on the three primary colors; red, green and 
blue. Different polymers can he used for each color or a dye can be added to a polymer 
( dye doping) which transfers its energy to the dye. The dye can then emit in a different 
color such as green or red. 

The monochrome displays are fabricated by a spin-coating process. Because for full
color displays different (dye-doped) polymers have to he used which must be placed 
with a specific regularity to form the pixels, spin-coating is not an option. A possible 
production process for full-color displays is basedon ink-jet printing techniques. This 
technique requires optimization of the solvents and the electroluminescent polymers to 
be able to form a suitable ink. Important properties are the viscosity of the ink and 
the surface of the substrate. Here lies the advantage of using only one polymer, the 
ink-jet printing process needs to be optimized for only the macroscopie properties of 
this polymer, such as viscosity. To change the color of the emitted light, relatively 
low amounts of dye (up to "'5 wt%) are added. This dye-doping has no effect on the 
macroscopie properties of the bulk polymer. The three primary colors can he obtained 
using the same blue-emitting polymer for the colors, only adding a green dye and a red 
dye to obtain green light and red light, respectively. 

The mechanism for dye emission is energy transfer or sequentia! trapping. In case 
of energy transfer, the exciton will form on the polymer upon excitation and will be 
transferredtoa dye molecule. At this dye molecule theexciton recombines and emits 
a photon at a wavelength corresponding to the bandgap of the dye molecule. In case 
of sequentia! trapping, first a hole is trapped on the dye molecule and then a electron 
can he trapped on the dye molecule. The electron and hole can recombine and emit a 
photon. 

For the preparation of dye-doped polymers it is important to know how to add the dye 
to the polymer. Three different polymer-dye configurations are discussed in this report. 



1.2. Dyes 3 
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Figure 1.2: The structure and numbering of the BD fluorophore 

1.2 Dyes 

1.2.1 BD dyes 

BD dyes are characterized by the Bodipy [wwwl] (BD) fluorophore 4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene, shown in figure 1.2. The used dyes for the experiments dis
cussed in this report arebasedon the BD fluorophores and made by TNO [www2] in 
collaboration with the Dutch Polymer Institute (DPI) [www3]. Besides the BD dyes, 
other dyes have also been used in combination with polymers. The BD dyes are: 

• BD04 is a dye consisting of the BD fluorophore with a tiophene group at positions 
3 and 5. The geometry of a BD04 molecule can be represented by a disc with a 
height of "'2.3 A and a radius of "'6.4 A 

• JJB592 is a dye consisting of the BD fluorophore with a naphtalene and alkoxy 
group at positions 3 and 5, and on position 8 a benzene group to which two fluorene 
groups are attached. The geometry of a J JB592 molecule can be respresented with 
a sphere with a radius of "'12 A. 

• JJB616 is the same dye as JJB592, only from another batch. 

• JJB671 is a dye consisting of the BD fluorophore with a naphtalene and alkoxy 
group at positions 3 and 5, and on position 8 it is attached as a sidegroup to 
a poly-fluorene chain. The distance along the chain between to neighboring dye 
sidegroups is "'30 A. 

The geometries of the different dye molecules are determined from three-dimensional 
representations calculated by minimizing the energy. Table A.3 shows the chemica! 
structures of the used dyes. 



4 Chapter 1. Introduetion 

1.2.2 Other dyes 

Two other dyes which are not based on the BD fluorophore have been used. These are: 

• RD3 is a dye which is co-polymerized with the polymer Spiro+TAD and made by 
COVION Organic Semiconductors GmbH [www4] . 

• RedF300 is a dye based on perylene and made by BASF [www5]. 

1.2.3 Polymer-dye configurations 

For the production of full-color displays it is important to knowhow to add the dye to 
the polymer. Essentially three cases are possible: 

• dye dispersed in polymer matrix 

• dye attached as sidegroup to polymer chain 

• dye in the polymer main chain 

These three different polymer-dye configurations are shown in figure 1.3. 

This report discusses mainly the simple case of separately dissolving dye and polymer 
using the same solvent and then mix both solutions with a ratio depending on the 
required dye-doping concentration. Briefly two other cases are also discussed where a 
pre-processing of the dye takes place befare adding the dye to the polymer; the dye is 
attached as a sidegroup to a polymer chain, and the dye is part of the main polymer 
chain. 

• -dye -polymer ) -dye -polymer \ -dye (.-polymer 

• • • 

~~~ 
• 

• • • • 
• • • • • §~ • • • • 

• • • • 

Figure 1.3: Three possibilities of adding dyes to polymers: dispersed (a), attached as 
sidegroup (b) and in the main chain ( c). 
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The following dyes were dispersed in a polymer matrix: BD04, JJB592, JJB616 and 
Red.F300. When no aggregation or phase separation of the dye molecules occurs, the 
dye molecules are homogeneously distributed in the polymer matrix. Then the average 
nearest distance d between the dye molecules can be calculated with: 

(1.1) 

with MWdye the molecular weight of the dye, p the density of the polymer, r the weight 
ratio of the dye and polymer and NA is Avogadro's number. The density n of the dye 
molecules can be calculated with: 

(1.2) 

The polymer that has the BD dye attached as a sidegroup, JJB671, is also dispersed 
in an inert polymer matrix. The dyes are attached as sidegroups mainly to prevent 
aggregation. The distance between the dye sidegroups along the chain is ,....., 34 A. Dilut
ing the polymer matrix containing JJB671 with an inert polymer has no effect on this 
distance, it only changes the average distance between the polymer chains containing 
the dye sidegroups. Characteristic distauces of the dye JJB671 are shown in figure A.l. 

The polymer (Spiro + TAD) in which the dye RD3 is co-polymerized, can not be diluted. 
The average distance along the polymer chain between two neighbouring chromophores 
cannot be altered by diluting. To change this average distance, a new co-polymer needs 
to be prepared with a different polymer-to-dye ratio. Four different polymers have been 
prepared by COVION with different number percentages of the RD3 dye, namely 0.5%, 
5%, 25% and 50%. It is a random co-polymer, but two dyes cannot be next to each 
other. 

1.3 Purpose of this work 

The purpose of this work is to investigate the influence of the concentration of the dye 
in dye-doped polymers on the photoluminescence and electroluminesence spectra. For 
dyes in solvents it is known that the polarity of the solvent molecules surrounding a dye 
molecule can shift the fluorescence spectra of the dye. This solvation effect can also be 
present in solids; the so-called 'solid-state solvation effect' (SSSE). 

According to the SSSE, the fiuorescence spectra of polar molecules when doped into 
a less polar molecular host matrix should exhibit a red-shift with increasing rnalar 
fraction of the more polar species. This also applies to dye-doped polymers, where the 
dye molecules are the polar molecules doped into a less polar polymer host matrix. 

As a result of this SSSE, by changing the dye concentration the color of the emitted 
light can be tuned. Properties of the dye that mainly contribute to this effect are the 

-_ 
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dipole moment or polarity of the dye and the average distance between neighboring dye 
molecules. 

Past experiments [Art3] [Art4] have shown that the red-shift is proportional to the log
arithm of the dye concentration. A possible explanation for this dependenee has been 
given by Baldo [Art5], based on the formation of ordered domains of the dye molecules. 
The work discussed in this report will show that it is unlikely that domains or aggregates 
of dye molecules will form in the systems used here. This is mainly because absorption 
spectra show no dye-concentration-dependent shift and specific dyes are used which can 
not form aggregates. 

To find out what causes the logarithmic dependence, the fl.uorescence spectra of dye
doped polymers with three different polymer-dye configurations have been stuclied by 
time-resolved fl.uorescence spectroscopy. 

1.4 Outline of this report 

In chapter 2 the different theoretica! subjects relevent to this project are discussed: 
general subjects like fluorescence and Förster energy transfer, but also specific ones like 
reactive fields and the solicl-state solvation effect. Also models that were previously 
used in trying to explain the observed speetral shift are derived. 

Chapter 3 deals with the experimental set-ups. Most important are the experiments 
invalving time-resolved fl.uorescence spectroscopy. The main part of this set-up is the 
streak camera. Other experimental techniques discussed in chapter 3 are absorption 
spectroscopy, steady-state photoluminescence, and ellipsometry. Also the analysis of a 
streak image is explained. 

Chapters 4 shows the processed results for dyes in polymer thin films and for dyes in 
solvents. These results involve: the dye-concentration-dependent red-shift, the time
dependent speetral shift, absorption spectra. Also other results concerning dye-doped 
polymers are given. 

In chapter 5 a thorough discussion of the results presented in chapter 4 is given. 

Finally, chapter 6 lists the conclusions and recommendations for further research. 

---



Chapter 2 

Theory 

2.1 Fluorescence 

Initially an electron is (photo-)excited to a singlet excited state. This can be the lowest 
lying or higher excited state or a vibrational excited state within the (singlet) excited 
state manifold. Due to internal conversion and vibrational relaxation, the electron 
returns to the lowest lying excited state. Then the electron returns to the ground state 
and a photon is emitted with an energy corresponding to the energy difference between 
the ground state energy level and the excited state energy level. This emission is called 
fluorescence. The possible relaxation pathways for fluorescence are shown in J ablonski 
diagrams, which for fluorophores in solvents is shown in figure 2.1. 

2.1.1 Solvation effect 

The emission spectra of polar dyes in solvents are influenced by the polarity of the 
solvent and the local environment; the spectra depend on the dipole moments of the 
surrounding solvent molecules. This 'solvation effect' is aresult of intermolecular dye
solvent interaction forces such as dipole/ dipole or dipole/induced-dipole. These forces 
alter the energy difference between the ground and excited states of the dye. Solvent 
effects in general cannot be described by a single theory. The general effect of the 
solvent polarity is that it decreases the energy of the excited state with increasing 
solvent polarity. This is shown in the Jablonski diagram for solvents in figure 2.1 on 
page 8. This general effect can bedescribed by the Lippert equation [Book1]: 

_ _ 2 ( êl - 1 n
2 - 1 ) (J.LE- J.LG)

2 

VA- Vp = he 2êl + 1 - 2n2 + 1 a3 + constant (2.1) 

where VA and v F are the wavenumbers (cm -l) of the absorption and emission, respec
tively, h is Planck's constant, cis the speed of light, êl is the relative dielectric constant 

7 
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of the solvent (é1 is not a constant but it depends on the frequency), n is the refrac
tive index of the solvent (and is also frequency-dependent) , f.-tE and f.-tG are the dipole 
moments of the fluorophore in the excited state and ground state, respectively, a is the 
radius of a cavity in which the dye is located and the constant represents the energy 
difference of the fluorophore in the vapor state, unperturbed by the solvent. The Lip
pert equation uses reactive fields which are based on the assumption of a dipole in a 
cavity within a continuous medium of uniform dielectric constant. Reactive fields will 
be introduced in §2.3. 

The term in large parentheses in (2.1) is called the orientation polarizability !:lf: 

El -1 n2 -1 
l::lf = 2é

1 
+ 1 - 2n2 + 1 (2·2) 

The first term containing the dielectric constant describes the speetral shifts caused by 
the reorientation of the dipoles of the solvent molecules and the redistribution of the 
electrous of the solvent molecules. The second term containing the refractive index only 
describes the redistribution of the electrons. The difference of both terros therefore 
only describes the speetral shift due to reorientation of the solvent dipoles. Because the 
redistribution of the electrous takes place instantaneously it is present in the fluores
cenee as well as in the absorption; the Stokes' shift is primarily caused by the solvent 
reorientation. 

Sz ____;lr----
l

lnterrn~l conversion and 
v1brational relaxation 

( 10-11s) 

s~~~--~1- . + 
JI.E ~ Less polar solvent 

More polar 
solvent 

hv,. _.... (10-sss) hv,....,.. hv~ ..-" 

JI.G / 

Figure 2.1: Jablonski diagram for dissolved dyes, showing the decreasein energy differ
ence for more polar solvents. 

The solvation effect can also be observed in solids, this will be discussed in §2.4. 

2.1.2 Quenching 

One of the possible mechanisms which quench fluorescence is when an exciton is trapped 
on a non-emissive site where it decays radiationless. These sites can be dye molecules or 
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impurities in the sample and result in an additional channel for non-radiative decay. The 
probability that an exciton reaches a non-emissive state depends on the dye concentra
tion. For high dye concentrations an exciton can more easily migrate to a non-emissive 
state than for low concentrations. In absence of this quenching mechanism the fluores
cenee quanturn yield q> F equals kFk_Jkv , with kp and kv the ra te constants for emission 
and other non-radiative decays, respectively. When quenching occurs, the fl.uorescence 
quanturn yield q>~ is equal to kF+~~+kq, with k9 the rate constant for quenching. The 

quenched fl.uorescence lifetime r~ can be calculated by: 

Q Tp 
r - <rp 
F- 1 +rpkq (2.3) 

where Tp is the fl.uorescence lifetime in absence of quenching. From (2.3) it is clear 
that the fl.uorescence lifetime of a dye will decrease for increasing concentrations if dye 
molecules are trapped on non-emissive states. 

2.2 Interactions between dipoles 

The contentsin this sectionis taken from [Book2]. 

dipole / dipole interactions 

J.ll 

Figure 2.2: Configuration of two interacting aligned dipoles 

The potential energy of interaction between two polar molecules separated by a distance 
r with dipole moments 1-11 and 1-12 when both dipoles are parallel and the molecules are 
arranged with an angle e w.r.t. the dipole axis as shown in figure 2.2 is: 

V _ 1-11 1-12! 
- 47reor3 ' 

(2.4) 

The potential energy of interaction between two (polar) rotating molecules is given by: 

c 
V=-r6' 

c- _2_ /-11/-12 
( )

2 

- 3kT 47reo 
(2.5) 

-. 
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dipole finduced-dipole interactions 

A polar molecule with permanent dipole 111 can induce a dipole ~J-2 in a polarizable 
molecule. The induced dipole interacts with the permanent dipole of the fi.rst molecule. 
The calculation of the potential energy of the interaction is straightforward. The average 
interaction energy when the separation of the molecules is r is given by 

-C 
V=

r6 ' 

2 I 
c~ ~-L1a2 

47réQ 
(2.6) 

where a~ is the polarizability volume of the second molecule. The dipole/induced-dipole 
interaction energy is independent of the temperature, as is the dipolejdipole interaction. 

ind uced-dipole f ind uced-dipole interactions 

Non-polar moleculescan interact even though neither has a permanent dipole moment. 
The interaction between non-polar molecules arises from the instantaneous transient 
dipoles that all molecules posses as a result of changes in the instantaneous positions of 
electrons. A reasonable approximation to the interaction energy is given by the London 
formula 

-C 
V=-6' r 

where 11 and 12 are the ionization energiesof the two molecules. 

2.3 Reactive fields 

(2.7) 

When a molecule with a permanent dipole moment is surrounded by other particles, the 
electric field of the permanent dipole polarizes its environment. This results in induced 
dipole moments in the other particles, proportional to the polarizability. If the sur
rounding molecules also have permanent dipole moments, their orientation is changed. 
Both effects result in an electric field that acts on the permanent dipole. An exact 
solution for both effects can be found using statistkal mechanics. This is difficult and 
time-consuming because the interaction of the molecules and the microscopie structure 
of the material have to be taken into account. 

A good approximation was introduced by Bell [Art6] and improved by Onsager [Art7]. 
Their model is based on an ideal point dipole located in the centre of a spherical cavity 
with radius a. The cavity is surrounded by a polarizable medium with dielectric constant 
é. This problem can be solved analytically because of the spherical symmetry. The 
potential 1jJ has to satisfy the Laplace equation: 

(2.8) 
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and can be solved using the following boundary conditions in polar coordinates: 

( '!fl)r~oo = 0 

( '!fl)r=a = ( '!f2)r=a 

ê ( 8:1) r=a = ( 8:2) r=a 

11 

(2.9) 

(2.10) 

(2.11) 

with '!f1 the potential outside the cavity and 'I/J2 the potential inside the cavity. The 
electric field inside the cavity Ëinside is the sum of the field of the dipale itself and of 
the reactive field R which tries to depolarize the dipale field: Ëinside = Ëdipole - R. 
Equation (2.8) can be solved using the boundary conditions (2.9), (2.10) and (2.11). 
can be determined: 

R= 2(ê-1) i1 
2ê + 1 a3 

More information about reactive fieldscan be found in [Book3, ch.4]. 

2.4 Solid-state solvation effect 

(2.12) 

The 'solvation effect' can also be present when dye molecules are doped into a solid 
matrix and is called the 'solid-state solvation effect' (SSSE). According to the SSSE, 
the fluorescence spectra of polar molecules when doped into a less polar molecular 
host matrix should exhibit a red-shift with increasing molar fraction of the more polar 
species. The SSSE was fust discussed by Bulovic et al. in [Art3] and [Art4] where they 
used the po lar laser dye DCM2 in a molecular organic thin film of Alqg. They assume 
that by changing the concentration of DCM2 in Alq3, the local electric field in the thin 
film is changed, which results in a shift of the peak emission wavelength. In [Art4] it is 
shown that the peak emission wavelength changes proportional to the logarithm of the 
dye concentration. The experiments discussed in this report in §4.1.1 are in agreement 
with these experiments. However, there is not (yet) a complete theoretica! model that 
describes this logarithmic dependenee of the speetral shift on the dye concentration. 

2.4.1 Model of dye aggregation using dipole/dipole interactions 

A possible explanation for the logarithmic dependenee of the dye concentration on the 
red-shift is given by Baldo et al. [Art5]. They show that the fluorescence spectrum 
of polar molecules may shift due to the formation of ordered polar domains within an 
otherwise amorphous film. By assuming the formation of domains it can be explained 
that this red-shift depends logarithmic on the concentration. 

First, the effect of neighboring dipales on the fluorescence of a molecule with differing 
excited and ground state dipale moments is considered. The interaction energy between 

--
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stationary polar molecules with dipoles, separated by a distance r is given by: 

b,.p*pn (A.-.* .-. 3 (..._ A.-.*)(..._ -. )) en = 4 3 .u.p . Pn - n . .u.pn n . Pn 
7fKêor 

(2.13) 

where the difference between the excited and the ground state dipole moments is b..p* = 
jp*- pj, the surrounding dipoles are Pn, the relative dielectric constant is K, and êo is 
the permittivity of free space. 

To calculate the speetral shift in domains, the dipole-dipole interactions between a dye 
molecule of radius Ro and its neighbors are summed over a sphere with radius Re, 
beyond which the dipoles are assumed to be uncorrelated. The sphere contains two 
parts: an inner sphere containing the dye molecules in a correlated domain of radius 
Ra.omain, and an outer shell of radius Re comprising the surrounding polymer molecules 
within this correlation radius. This model of domain formation is shown in figure 2.3. 

domain of correlated 
dye molecules 

domsins of polar dye molecules 

shell of correlated 
polymer molecules 

weakly polar polymer 

Figure 2.3: Model of domain formation used by Baldo et al. to explain the dye
concentration-dependent red-shift 

Within the dye domain, an average dipole/ dipole correlation parameter -'Ydye is defined 
by 

-'Ydye = (b..p* · Pn - 3 (n · b..p*) (n · Pn)) (2.14) 

Similarly, a dipole/dipole parameter -'Ypolymer is defined between the central dye 
molecule and the outer shell of polymer molecules. Summing the dipole/ dipole in
teractions over the complete interaction sphere gives: 

_ b..pdye [ lR 1 1Re 1 ] b..E- --
4
-- /dyePdye -gP (r) dr + /polymerPpolymer -gP (r) dr 
7fKêo Ro r R r 

(2.15) 

-_ 
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where Pdye and Ppolymer are the permanent dipole moments of the dye and polymer 
molecules, and p( r )dr = 47rr2 / ~7r R3 is the number of molecules within a spherical shell 
of thickness dr. 

Solving (2.15) results in: 

~Pdye [ ) ( R) (Re)] ~E = - ~7r Rg K,êQ ( /dyePdye -/polymerPpolymer ln Ro + /polymerPpolymer ln Ro 

(2.16) 

Assuming there is no correlation between the central dye molecule and the surrounding 
polymer molecules and assuming /dyePdye » /polymerPpolymer' (2.16) reduces to: 

(2.17) 

where R is replaced by the radius of the domain Roomain and Ro is replaced by the 
radius of the dye Rdye· 

When the shift ~E is due to domain formation within the film, it is expected that the 
logarithmic dependenee should cease below a critica! dye concentration [C]o, when the 
average number of dye molecules in a domain equals 1. 

Assuming the dye molecules are homogeneously distributed through the polymer, a 
critica! distance do can be defined by (1.1). Then (2.17) can only be applied to distances 
d < do. For d < do domains are formed and the molecules are no langer homogeneously 
distributed. 

2.4.2 Model of dye aggregation using reaction fields 

The theory of reactive fieldsis discussed in §2.3. If dye aggregation occurs, one can con
sider a spherical cavity with radius a with one dye molecule; surrounded by a spherical 
shell with radius b of dye molecules embedded in a dielectric medium. This geometry is 
shown in figure 2.4. A reactive field is induced in the shell by the dipale in the cavity, 
and another reactive field is induced in the dielectric medium by the shell. The total 
field inside the cavity can now analytically be calculated. This results in 

(2.18) 

The derivation of (2.18) is given in Appendix C. 
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Figure 2.4: Geometry for .the reactive field model of a dye in a cavity embedded in a 
dye shell surrounded by a polymer medium 

2.4.3 Model using local electric fields 

A theoretica! framework that describes the dye-concentration-dependent red-shift is 
claimed to be developed by V. Bulovic and C. Madigan [Abs1]. They recently demon
strated a new general method for tuning the energy level structure of organic materials 
by adjusting the strength of the local electric field inside organic thin films with inter
molecular dipole/dipole interactions. They already applied this SSSE to demonstrate 
efficient, emission-tunable organic light emitting devices [Art3] [Art4]. 

The SSSE is present in every molecular organic solid, but is most clearly observed in 
strongly polar materials and composites. It originates from dipole/dipole interactions 
between neighboring molecules that generate strong local electric fields, stretching the 
intramolecular bond lengths and deforming the charge distributions on molecules. This 
physical change in the molecular · structure is manifested in a modified energy level 
structure for the molecule, which can be utilized to optimize the performance of organic 
opto-electronic devices 

2.5 Förster energy transfer 

Electrastatic interactions can be expressed as a sum of multipole/multipole interactions. 
The dominant, dipole/dipole interaction has been treated by Förster [Art8], who found 
that the rate of energy transfer depends on the distance R between the donor and the 
acceptor molecules in the following way: 

(2.19) 

-_ 
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• Maxwell Garnett • Bruggeman 
e 

.il.---~aol 

Figure 2.5: Two most often encountered structures for composite materials; the 
Maxwell-Garnett geometry and the Bruggeman geometry 

Here, Ro is the Förster radius and T is the average donor exciton lifetime in the absence 
of energy transfer; corresponding to the rate Kn = ~· When R = Rothen KET= Kn, 
and the probability that an exciton will recombine at the donor is equal to its transfer 
probability. The critica! distance Ro is given by the integral over all energies hv 

6 11<PE j dv RQ = 1.25 x 10 4 Fn (v) EA (v) 74 n v 
(2.20) 

where h is Planck's constant, vis the photon frequency, <PE is the photoluminescence 
quanturn efficiency of the donor emission, n is the refractive index of the host, Fn is 
the normalized emission spectrum ( J Fn (v) dv = 1 ) of the donor, and EA is the molar 
extinction coefficient of the acceptor. 

In this report the theory of Förster energy transfer is applied to polymer-dye systems 
where energy transfer takes place from the polymer to the dye and for energy transfer 
from dye to dye ( quenching). More information on energy transfer can be found in 
[Book5, ch.ll] and [Book6, ch.1]. 

2.6 Effective dielectric constant of dye-doped polymers 

Dye-doped polymers can be considered as composite materials consisting of two com
ponents, the polymer and the dye. Optical properties such as the effective dielectric 
constant Eeff of the composite material are not linear functions of the dielectric con
stants of the components. Depending on the structure of the composite material, an 
expression for Eeff can be derived. Two often encountered structures are the Maxwell
Garnett geometry and the Bruggeman geometry [Art9]. The first consists of small 
inclusion particles in a host material and the latter consists of two intermixed compo
nents (co-continuous phases). These two geometries are shown in figure 2.5. 
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Bruggeman 

The Bruggeman-equation is given by: 

êa - êe!J fa + êb - êe!J fb = O 
êa + 2êeff êb + 2êeff 

(2.21) 

where fa and fb are the volume fractions of the two components and êa and êb are the 
dielectric constants of the components. 

Maxwell-Garnett 

The Maxwell-Garnett-equation is given by: 

(
1 + 2j3f) 

êe!J = êh 1 _ j3 J , (2.22) 

where êh is the dielectric constant of the host, êi is the dielectric constant of the inclusion 
and f is the volume fraction of the inclusion. 

In case of a complex dielectric constant, (2.22) is valid for the real part as for the 
imaginary part, so êe!J = ê~ff + iê~ff· The host is a simple dielectric and has no imag
inary component in the window of observation, êh = ê~, the dye has both components, 

I + · 11 êi = êi ?,êi. 

2. 7 Lambert-Beer law 

The Lambert-Beer law states that the concentration of a substance in solution is directly 
proportional to the absorbance A of the solution: 

A= E[C]d . (2.23) 

where Eis a constant, [C] is the molar concentration and dis optical path length through 
the solution. The constant E is known as the molar extinction coefficient, with units l 
mol-1 cm-1, and only depends on the molecule and the wavelength. 

2.8 Fluorescence decay analysis 

Most fluorescence decays can theoretically be represented by multiple exponential decays 

(2.24) 



2.8. Fluorescence decay analysis 17 

In practice, the observed fl.uorescence decay I(t) depends on the shape of the excitation 
pulse. The shape of the excitation pulse is the so-called 'instrument response function' 
(IRF). The IRF is the response of the detector to an idealized, infinitely narrow input. In 
this case the laser excitation pulse, which is not infinitely narrow but can be regarcled 
as such compared with the dye fl.uorescence decay is used. The observed decay is a 
convolution of the IRF and the theoretica! decay F(t): 

I (t) = [oo !RF (t') · F (t- t') dt' =!RF (t) ® F (t) (2.25) 

2.8.1 TRFA GAP 

The software program used to fit the fl.uorescence decays is the 'Time-Resolved Fluo
rescence and Anisotropy Global Analysis Program' (TRFA GAP). The program can be 
used to fit emission decays to different mathematica! models using the Least Squares 
(LS) methad and Maximum Likelihood Estimation (MLE). Both procedures check the 
likelihood L' of the fit to the experimental data by maximizing this likelihood by varying 
the model parameters and/ or the model function: 

n 

L' (dc:y, fit (0)) = II w (dc:yi, fiti(O)) (2.26) 
i=l 

where n is the number of datapoints, w is a deviation of the experimental data with 
the fitted data, dc:yi is the value of the decay at the ith datapoint, fiti is the fitted 
value at the ith datapoint and n represents a set of model parameters. In practice, 
maximization of (2.26) is accomplished by minimizing a normalized criterion, namely 
-2ln L. The difference between the LS methad and MLE is the estimation of the 
probability calculation of the deviation of the experimental data with the fitted data, 
which corresponds to noise for a perfect fit. For the LS method, the deviation is assumed 
to have a Gaussian distribution and for MLE a Poissonian distribution is assumed. In 
genera!, the LS methad is preferred for a large amount of counts, for example more 
than 100 counts per channel in the tail of a decay. For less than 100 counts in the 
tail, the MLE should be used. The gaussian approximation is then not valid anymore, 
because the distribution is symmetrie and can allow negative values for the counts. The 
fit parameters discussed in this report are obtained by using the LS method. 

The fitting is done by a minimization condition, that checks minimization for each 
parameter nj of n. 

8(-2lnL) = 
0 

8 (c50j) 
(2.27) 

The actual minimization algorithm used is the Levenberg-Marquard algorithm [ArtlO]. 
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The quality of a fit using LS is checked by the parameter reduced chi-square x; and is 
for LS defined as: 

(2.28) 

where p is the number of parameters which are used for the actual fit. For a perfect fit 
x; is equal to 1. Other quality fit parameters that can be used are the plot of residuals 
and the autocorrelation function of residuals. 

More detailed information and references to detailed articles concerning fitting can be 
found in [Man1]. 

The most important fit parameters for all dye-doped polymers are listed in Appendix 
B. These are the amplitude(s) An and the lifetime(s) "Tn of the decays according to 
(2.24). The amplitudes An can be converted to relative amplitudes An (%), which can 
give a better indication of the relevanee of different processes, by: 

An (%) = inA~ X 100% 
'Tn n 

(2.29) 

The relative amplitudes are displayed in parentheses in the tables in Appendix B. An
other useful parameter that is derived from the fit parameters is the average decay 
time {7), which gives a characteristic lifetime for the whole fluorescence process, and is 
calculated by: 

(2.30) 



Chapter 3 

Experiment al 

Different experiments have been done using different experimental setups. They can 
be divided into three areas; time-resolved spectroscopy, steady-state spectroscopy and 
ellipsometry. 

3.1 Time-resolved fluorescence spectroscopy 

The experimental setup for time-resolved fluorescence spectroscopy (TRFS) is shown 
in figure 3.1. It is a pulsed laser setup consisting of a Spectra Physics Tsunami mode
locked Ti:sapphire laser pumped by a Spectra Physics Millennia Xs diode-pumped laser, 
a Spectra Physics 3980 frequency doubler and pulse selector. The fluorescence spectra 
are detected by a streak camera after passing through a Chromex 250is polychromator. 

The Millennia Xs laser uses the output from a diode laser to pump N d3+ ions doped in 
a yttrium vanadate crystalline matrix (Nd:YV04). The most probable lasing transition 
is the transition ffom the 4F3;2 to the 411; 2 state where a photon at 1064 nm is emitted. 
The resulting output at 1064 nm is converled to visible light through frequency doubling. 
The Millennia Xs uses a 90°, noncritically phase-matched, temperature-tuned lithium 
triborate (LBO) nonlinear crystal as its doubling medium. The final output of the laser 
is green light at 532 nm. More information about the Millennia Xs laser can be found 
in [Man2]. 

The Tsunami laser is based on a Ti:sapphire where the Ti3+ titanium ion is responsible 
for the lasing action. Ti:sapphire is a crystalline material produced by introducing 
Th03 into a melt of Al2Ü3. Ti:sapphire has a broad range of absorption transitions, 
from 400 to 600 nm. Lasing action is possible for wavelengths above 670 nm. The 
Tsunami is a mode-locked laser, the longitudinal modes are locked in phase such that 
they constructively interfere at a certain point in the cavity and destructively at the 
other points creating a single circulating pulse. Each time this pulse reaches the partially 
reflective end of the cavity, an output pulse is produced. The time it takes to go back 

19 
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and forth in the cavity is 12.2 ns, resulting in an output pulse frequency of 82 MHz. 
The output is red light with a wavelength around 720 run. More information about the 
Tsunami laser can be found in [Man3]. 

The laser output of the Tsunami laser is the input for the trigger diode, frequency 
doublerand pulse selector. The trigger diode is used to trigger the sweep electrades in 
the streak camera. The doubler doubles the frequency of the input pulse (halves the 
wavelength of the input light). This results in blue light with a wavelength varying from 
365 run to 375 run. The pulse selector makes it possible to use a lower frequency than 
the output frequency of 82 MHz from the laser. The used pulse frequency is 4 MHz in 
slow speed sweep mode and is 82 MHz in synchroscan sweep mode. These modes and 
the streak camera will be discussed in §3.2. 

The blue laser beam is focussed on the sample where the polymer and/ or dye are 
photo-excited and the fiuörescence emission occurs. Using two lenses, the fiuorescence 
emission is focussed into the polychromator. The spectrum is time-resolved in the 
streak tube and the time-resolved fiuorescence spectrum is displayed on a CCD camera. 
The polychromator and streak tube are controlled by a computer using the HP-DTA 
software. This software is also used to read out the streak image from the CCD camera 
and to analyze it. 

The used CCD camera is the HAMAMATSU C4742-95 with 1240 x 1024 pixels. A 
binning factor of 2 x 2 is used which means that the effective number of pixels is 
reduced by a factor 2 on the horizontal and vertical axis which results in a streak image 
of 640 x 512 pixels. 

Figure 3.1: Schematic representation of the experimentalset-up used for time-resolved 
fiuorescence spectroscopy 
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3.2 Streak Camera 

The used streak camera is the Hamamatsu C5680 Streak Camera. 

3.2.1 Principle 

The operating principle of the streak tube is shown in figure 3.2. The light passes 
through a slit and forms an image on the photocathode of the streak tube. The photo
cathode converts incident light into electrous which are then accelerated to the sweep 
electrodes. When the first electron arrives between the sweep electrodes, the trigger 
signal initiates a high-speed sweep where the electrous are swept in the direction from 
top to bottom. Electrous that enter the sweep electrodes first experience a low sweep
voltage and are lêss bended than electrous that arrive at a later time and experience 
a higher sweep-voltage. The electrous are guided to a microchannelplate (MCP), 

~gersignal 

sweep circuit 

photocathode 
( photon to electron) 

sweep 
electrode 

micro channel plate 
(multlplies electrons) 

phosphor screen 
(electron to photon) 

Figure 3.2: Principle of the streak camera 

which is a plate consisting of many tiny channels in which the electrous collide with 
the interior of these channels producing more electrons. These electrous hit a phosphor 
screen and the luminescence of the screen is measured with a CCD camera, resulting in 
the streak image. More information about the streak camera can be found in [Man4]. 

3.2.2 Time Resolution 

Depending on the used sweep units and the set time ranges, different time resolutions 
can be achieved. The used sweep units, time ranges, time-interval b..t between two 
neighboring pixels and the actual time resolutions are listed in table 3.1. 
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Table 3.1: Used sweep units, time ranges, timesteps from pixel to pixel and time reso-
lutions 

Sweep unit Time range Time lltpïxel ..... pixel (ps) Time resolution (ns) 

Slow speed 10 ns 10.0813 ns "' 19.7 rv0.5 
5 ns 5.07189 ns "'9.92 rv0.25 
2 ns 1.77364 ns "'3.47 rv0.1 
1ns 1.28803 ns "'2.52 rv0.05 

Synchroscan 4 2097.408 ps "'4.10 rv0.04 
3 1498.186 ps "'2.93 rv0.02 
2 799.688 ps "' 1.56 rv0.01 
1 157.399 ps "'0.308 rv0.003 

3.2.3 High Performance Digital Temporal Analyzer v6.1 

The High Performance Digital Temporal Analyzer (HPD-TA) system is a high
performance digital image processing system designed to readout images from the phos
phor screen of Hamamatsu streak and framing cameras. It enables precise acquisition 
and quantitative analysis of two-dimensional streak and framing data, including full 
range of data correction and calibration functions. Information about the data eerree
tions is given in Appendix D.l. 

For each sample a sequence of streak images is measured to imprave the signal-to
noise ratio. An average of the sequence is used as the final streak image which will be 
analyzed. 

3.2.4 Analyzing the streak image 

The images obtained by the CCD camera behind the phosphor screen in the streak 
tube, the streak images, are displayed on the computer using the HPDTA software. 
Figure 3.3 shows examples of these streak images for dyes in non-emitting and emitting 
polymers, and fora dye in a solvent. 

On the horizontal axis, the wavelength is shown. The range of the wavelength is de
termined by the central wavelength and the grating setting of the polychromator. In 
this report, all experiments are measured using a grating setting of 40 lines per mm 
and a central wavelength of 585 nm, unless noted otherwise. These settings result in 
detectable wavelengths ranging from "' 350 nm to "' 7 40 nm. In the streak image the 
wavelength increases from right to left. 

The vertical axis displays the time, in the streak image the time increases from top to 
bottom. The timerange in the streak image depends on the used sweep unit, each unit 
has multiple timeranges, see table 3.1. The used timerange for most of the experiments 
is 'slow sweep 10 ns' with a time range of 10.0813 ns. The time-interval between two 
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Figure 3.3: Streak images of a BD dye in PS (upper left), a BD dye in toluene (upper 
right), a BD dye in a blue-emitting polymer (lower left) and a BD dye in a yellow
emitting polymer (lower right) , horizontal axis: 350 nm (right) - 740 nm (left) , vertical 
axis : 0 ns (top) - 10 ns (bottom) 

pixels along vertical channels on the CCD camera is not constant. This is an artefact of 
the sweep voltage which is not perfectly linear in time. A correction for this artefact, for 
example interpolating the decay, is necessary before analyzing the fluorescence decays. 

The output colors in the streak images are indications of the intensity values of each 
pixel. How the output color relates to the intensity is shown in figure 3.4. The 
intensity values for the lower and upper limit can automatically be set, other values for 
the limits can be set manually. Saturation of the CCD camera is displayed in white. 

The software that controls the experimental set-up is also used to analyze the streak 
images. Regions of interest (ROl) can be selected, horizontally for the photolumines
cence spectra and vertically for the fluorescence decays. This is used to investigate the 
spectra at different time-intervals and the decays at different wavelength-intervals. 

The position of the peak wavelength is determined from the point in time where the 
intensity of the fluorescence decay of the dye reaches its maximum. This point is 
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Figure 3.4: Relation between the output color as seen in the streak image and the input 
value (intensity) on the CCD camera 

defined ast= to. This is clone to campare the experiments clone at different experiment 
sessions, with different experimental settings and ether changing parameters. To reduce 
the influence of noise, the data in a time-interval of"' 0.2 ns around t0 is averaged. This 
averaged spectrum is used todetermine the value of the peak wavelength Àmax· This is 
clone for all dye-concentrations of every dye-doped polymer. 

3.3 Steady-state spectroscopy 

3.3.1 Photoluminescence 

Steady-state photoluminescence spectra have been measured withaPerkin Elmer LS-
50B using FL Winlab software. PL spectra can be obtained by chosing an excitation 
wavelengthand scanning theemission wavelength. The photoluminescence spectra ob
tained with the PL spectrometer can directly be used, they are automatically corrected 
for the sensitivity of the photomultiplier tube. 

3.3.2 Absorption 

Absorption spectra are measured using a Unicam UV2 UV /VIS Spectrometer. For each 
experiment two samples are used, the actual sample with the dye-doped polymer layer 
and a reference sample. As a reference it is necessary to use an undoped polymer sample 
with the same layer thickness as the doped sample. The light intensity I after passing 
a sample is measured and compared to the light intensity Io of the reference sample. 
The absorbance A is then defined as: 

Io 
A= logy (3.1) 
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The spectrum is corrected for the background by measuring A for two identical samples, 
where one sample is put in the sample light path and the other in the reference light 
path. 

3.4 Ellipsometry 

Ellipsometry is a very sensitive surface and thin film measurement technique. The spe
cific technique used is Variabie Angle Spectroscopie Ellipsometry (VASE) which com
bines measurements at variabie angles of incidence with spectroscopie measurements. 
The change in polarization state of light reflected from a sample is measured from 
the values 'l1 and D. which are related to p- and s-polarized light. From these values 
thin film thicknesses and thin film optical constauts can be determined by fitting the 
experimental data with a model based on Lorentz oscillators. 

From the refractive index n = n +ik, the dielectric constant € = e1 + ie2 can be calculated 
using the relation € = n2: 

ê1 = n2
- k2 

ë2 = 2nk 

(3.2) 

(3.3) 

The values of ê1 and ê2 for the dye-doped polymers can then be used to calculate the 
dielectric constant of the dye, as discussed in §2.6. 

The ellipsometer used is a HS190 by J.A.Woollam Co., Inc. with a 75W Light Souree 
High Speed Monochromator system. Two concentration series are measured. RedF300 
in PS (0.5%, 2% and 8%) and JJB616 in PS (0.8%, 3.2% and 12.8%). Insteadof plain 
glass as a substrate, silicon substrates (Si02) are used. The layer thickness of the 
samples is 400 nm. 

More information about ellipsometry and optical constauts that can be calculated with 
this technique can be found in [Rep1] and [Man6]. 

3.5 Samples 

3.5.1 Dyes in polymer thin films 

The polymer and the dye are separately dissolved in a solvent, for most concentration 
series toluene was used. Bath solutions are subsequently mixed. From this salution of 
the dye and polymer, the concentration series are prepared by diluting the dyejpolymer 
salution with the salution cantairring only the polymer. From each salution of a spe
cific concentration a layer is spin-coated onto a pre-cleaned plain glass substrate. For 
all samples the layer thickness is approx. 80 nm, unless noted otherwise. The glass 
substrate has dimensions of 1 x b x h = 3 cm x 3 cm x 1 mm. 
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The samples are made and stared in a glovebox under a N2-atmosphere to prevent 
(photo-)degradation. For the experiments, the samples are measured in an airtight 
sampleholder under a N 2-atmosphere. During the experiments the sampleholder moves 
back and forth. 

3.5.2 Dyes in solvents 

To measure the fluorescence of dyes in solvents, various quartz precision cells are used 
with optical path lengths of 0.01 mm, 0.1 mm, 0.5 mm and 10 mm. 

The solutions of the dye are prepared from a high-concentrated stock salution or from 
pure dye in solid state. 

3.6 Experimental overview 

The polymers can be divided into two groups, emitters in the visible part of the spectrum 
and non-emitters. The first group consists of SY (yellow emitter) and HB (blue emitter), 
the latter consists of PS (poly-styrene) and ZX (poly-norborene). Same properties of 
these polymers can be found in Appendix A.l. Each concentration series consistsof at 
least 4 concentrations, over all series ranging farm 0.05 wt% to 100 wt%. Furthermore, 
the dye JJB616 is dissolved in different solvents; toluene, THF (tetrahydrofuran) and 
DMSO (dimethyl sulfoxide). Same properties of the solvents are listed in Appendix 
A.3. 

The dye can be excited in two ways; direct excitation and indirect excitation. Direct 
excitation means that the singlet exciton is formed on the dye molecule itself. This 
is always the case for the non-emitting polymers. For the emitting polymers, direct 
excitation only occurs when the excitation photon energy is smaller than the bandgap 
of the polymer to prevent"'the formation of excitons on the polymer. When the photon 
excitation energy is highèr than the bandgap of the emitting polymer, excitöns are 
formed predominantly on the polymer (but a small part of the photons can still excite 
the dye directly) and by means of Förster energy transfer the exciton is transferred 
to the dye molecule where it recombines. Or the exciton already recombines at the 
polymer, emitting the light at an energy corresponding to the bandgap of the polymer. 

The concentration series of dyes in polymers and in solvents used for experiments dis
cussed in this report are listed in tables 3.2 and 3.3 for direct excitation and indirect 
excitation, respectively. For most of the concentration series, dyes in polymer thin 
films and dyes in solvents, absorption spectra have been measured. An overview of the 
absorption experiments are listed in table 3.4. 

---
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Table 3.2: Overview of the directly excitated dye-doped polymers and dyes in solvents 
polymer~ SY PS HB zx Toluene THF DMSO 

BD04 x x 
JJB592 x x x 
JJB616 x x x x x x x 
JJB671 x 

RedF300 x 
dye i 

Table 3.3: Overview of the indirectly excitated dye-doped polymers 
polymer~ SY PS HB zx 

BD04 x 
JJB592 x x 
JJB616 x x 
JJB671 
dye i 

Table 3.4: Absorption spectra of dye-doped polymers and dyes in solvents 
polymer~ SY PS HB zx Toluene THF DMSO 

BD04 x 
JJB592 x x 
JJB616 x x x x x 
JJB671 x 
dye i 
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Chapter 4 

Results 

4.1 Dye-concentration-dependent red-shift in photolumi
nescence spectra 

4.1.1 Dyes in polymer thin films 

Analyzing the experiments for all con centration series of the dye-doped polymers shows a 
concentration-dependent speetral shift. For the BD dyes dispersed in a polymer matrix, 
this peak energy shift is shown in figure 4.1 as a function of the dye concentration. Since 
JJB592 and JJB616 are the same dye, the results from bath concentrations series are 
combined to one series. 

Assuming that the dye molecules are homogeneously dispersed in the polymer, the 
peak energy shift can be plotted as a function of the average distance between the dye 
molecules, this is clone in figure 4.2. The average distance is calculated from the dye 
concentration accórding to (1.1). 

The data calculated from figures 4.1 and 4.2 is listed in table 4.1. 

Table 4.1: Numbers of the onset and slope of the dye-concentration-dependent red-shift 
as shown in figures 4.1 and 4.2 

JJB592/JJB616 J BD04 
concentration 

onset 1.04 ± 0.07% I 0.61 ± 0.04% 
slope -51.7 ± 3.2 me V /decade I -22.9 ± 1.8 me V /decade 

average distance 
onset 63±4 A J 47±2 A 
slope -155 ± 22 me V /decade I -71 ± 4 me V /decade 

29 
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Figure 4.1: Peak energy shift as function of the dye concentration. The lines are guides 
to the eye. 
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Figure 4.3: Peak energy as function of the dye concentration and as function of the 
average distance between dye molecules. The lines are guides to the eye. 

The behavior for the dye JJB671 where the dye is attached as a sidegroup toa polymer 
chain and the dye RedF300 is similar, contrary to JJB671 the dye RedF300 is dispersed 
in a polymer matrix. A continuous peak energy shift with no onset is measured as 
function of the dye concentrations. This is shown in figure 4.3 as a function of the 
dye concentration and as a function of the distance between dye molecules. The peak 
energy shift of JJ_B671 in PS is -18.7 ± 1.0 me V /decade and for RedF300 in ZX the 
shift is -24.7 ± 2~1 me V /decade. For RedF300 in Zeonex also onset of the red-shift is 
observed. This could be due to the fact that RedF300 is a completely different type of 
dye compared to the BD dyes. 

For the dye RD3 that is co-polymerized with the polymer, the peak energy shift as a 
function of the dye concentration is shown in figure 4.4. The peak energies in the graph 
are the average of 4 experiments for each concentration. The dotted line only shows 
a possible relation between peak energy and dye-concentration based on the behavior 
observed for the dye molecules dispersed in a polymer matrix as shown in figure 4.1. The 
onset of the shift is located at ,...., 1.5%. The slope of the shift is -80 ± 7 me V /decade. 

-_ 
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Figure 4.4: Peak energy shift as function of the dye concentration. The lines are guides 
to the eye. 

4.1.2 Dyes in solvents 

For each solvent, a concentration series was made for the dye JJB616. The peak energy 
shift as function of the dye concentration in the solvents is shown in figure 4.5. 

Calculating the inter-dye distance from the molar concentrations and comparing these 
distauces with the values found for the critical concentrations in the polymer thin films, 
shows that the distauces áre larger than the critical distance necessary for interaction 
between dye molecules. No shift is expected because the dye-concentrations are too 
low. Distauces between dye molecules in polymer films and in solvents for different dye 
concentrations can be found in Appendix tables A.5 and A.6 

4.1.3 Picosecond time behavior 

Using synchroscan mode, the initial stage of the fluorescence decay can be stuclied 
on picosecoud timescales. H the dye-concentration-dependent speetral shift is caused 
by a fast relaxation process, not visible in slow-sweep mode, it can become visible in 
synchroscan mode. A selection of the samples used in slow sweep mode have also been 
measured in synchroscan mode. Streak images of 15% JJB616 in PS and 5% JJB592 
in HB are shown in figure 4.6. In this mode, the pulse selector has been removed to 
compensate for the low fluorescence yield caused by the small time ranges. 
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Figure 4.5: Peak energy as function of the molar dye concentration of dissolved dyes. 
The line is a guide to the eye. 

Since the laser pulse frequency is 82 MHz the sample is photo-excited every 12.2 ns re
sulting in a fluorescence decay aftereach excitation. In the used synchroscan timerange, 
only one decay can be observed in the streak image, however the tail of a previous decay 
is still present and visible in the streak image. This is because the fluorescence lifetime 
in absence of quenching is typically TF = 4 ns to 5 ns, see table 4.4. For t = 12.2 ns 
there is 5% to 9% of the intensity at t = 0 ns remaining. This rest-emission can be used 
to study the spectrum after 12.2 ns. 

U nfortunately, the initia} shift of the peak wavelength as function of the concentration 
already present in the ns time window, could not be resolved any further in this shorter 
timerange. So the underlying effect is faster than 3 ps. 

4.2 Absorbance spectra 

4.2.1 Dyes in polymer thin films 

The results of the absorption experiments of two BD dyes, JJB616 in PS and BD04 
in PS, are shown in figure 4.7. From these results it follows that increasing the dye
concentration has no influence on the main peak positions around 1.9 eV in the ab
sorption spectra. For other energies, the spectra do not overlap. For the absorption 
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Figure 4.6: Synchroscan images of JJB616 in PS (left) and JJB592 in HB. Horizontal 
axis: 350 nm (right) - 740 nm (left), vertical axis: 0 ns (top) - 10 ns (bottom). 

spectrum of BD04 in PS , this is caused by normalizing the spectra. The background 
correction did not remove all the background. Because the maximum absorbance is 
different for different concentrations, normalizing the spectra results in different back
ground levels. The difference in background levels for the spectra JJB616 in PS is also 
an artefact of the background correction. For some energies the background is 'over
corrected' resulting in negative values for the absorbance. Normalizing then increases 
the over-corrected negative value. 
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Figure 4.7: Normalized absorption spectra of BD04 in PS (left) and JJB616 in PS 

From the absorption spectra, the maximum extinction coefficients Emax for the different 
dyes are calculated with (2.23): t:~fx04 = (5.3 ± 1.0) · 104 l mol-1 cm-1 and t:~!616 = 
(6.4 ± 0.1) ·104 l mol-1 cm-1 . The values for Emax depend only on the dye molecule. 
The concentrations in two concentrations series, JJB592 in PS and JJB616 in DMSO 
were corrected because the values of Emax did not correspond to the expected value for 
JJB616. 
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4.2.2 Dyes in solvents 

Absorption spectra are measured for JJB616 in toluene and for JJB616 in DMSO at 
various dye concentrations. The results are shown in figure 4.8. In both absorption 
spectra no concentration-dependent speetral shift is observed. The difference in spectra 
for JJB616 in DMSO for photon energies above 2.3 eV is an artefact of the background 
correction, as explained in §4.2.1. 
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Figure 4.8: Absorption spectra for JJB616 in toluene (left) and JJB616 in DMSO 
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4.3 Time-dependent shift in photoluminescence spectra 

4.3.1 Dyes in polymer thin films 

From the streak image of the dye in a polymer thin film in figure 3.3 on page 23 it 
is clearly visible that the peak energy shifts as a function of time. For the BD dyes 
JJB592 and JJB616, the shift is observed for all concentrations, in contrast to the 
concentration-dependent shift that is only present above a critical concentration. The 
time-dependent shift for two concentrations series of JJB616 in PS (series indicated as I 
and II) and the infl.uence of this shift on the logarithmic dependenee of the peak energy 
on the dye concentration, is shown in figure 4.9. To compare the time-dependent shift 
for different concentrations, the peak energy at t = 0 ns is set equal to zero. This does 
not mean that there is no shift before t = 0 ns. 

Because the time-dependent shift is approx. the same for all concentrations, the loga
rithmic behavior remains during the decay. 
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Figure 4.9: Time-dependent speetral shift for two concentration series of JJB616 in 
PS (I and II): peak energy; shift as function of time (left) and the dye-concentration
dependent shift at different times. Negative values of the time are allowed because of 
the definition of t = 0 ns. The lines are guides to the eye. 

In the dye-doped polymers doped with BD04, only a small time-dependent shift is 
observed. The magnitude of the shift of BD04 is $ 11 me V and is small compared to 
the shift of JJB616 which is$ 32 meV. 

Possible explanations for the time-dependent shift are a dynamic Stokes shift [Artll] 
or relaxation processes of the dye molecule or the surrounding polymer matrix [Art13]. 
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4.3.2 Dyes in solvents 

The time-dependent speetral shift is also measured for dyes in solvents. The magnitude 
of the shift is smaller than for polymer thin films and only the slow relaxation is visible. 
The speetral shifts for different concentrations of JJB616 in toluene are shown in figure 
4.10 tagether with the streak image for 10- 4 M JJB616 in toluene, which shows that 
the time-dependent shift in the streak images is not as clearly visible as in the streak 
images for the polymer thin films. 

Dynamic Stokes shift and some relaxation processes for dyes in solvents are discussed 
in [Art12]. 
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Figure 4.10: Streak image of JJB616 in toluene (left) and time-dependent peak energy 
shift for JJB616 in toluene. Horizontal axis: 550 nm (right) - 740 nm (left) , vertical 
axis : 0 ns (top) - 10 ns (bottom) . The lines are guides to the eye. 

4.3.3 Magnitude and temporal behavior of the red-shift as function of 
the detection window 

The time-dependent speetral shift is also measured on picosecoud timescales. Although 
the magnitude of the shift is the sameasin the ns time window, the time-scale on which 
the speetral shift takes place is different . The measured relaxation is complete after 1 
ns . Camparing the spectrum after 1 ns with the rest-emission, shows that after 1 ns no 
further relaxation takes place. The relaxation time seems to depend on the used time 
range, which is an external parameter. To confirm that this time-dependent speetral 
shift is not an experimental artefact, the experiment with a salution of Rhodamine 6G 
dye in water is used to verify this. It is known that this dye does not show a speetral 
shift on picosecoud and nanosecond timescales. The time-dependent speetral shift for 
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15% JJB616 in PS at a timerange of rv 800 ps and the streak image of the Rhodamine 
6G dye are shown in figure 4.11. No red shift is observed for Rhodamine 6G and the 
shift is thus no experimental artefact. 

However, the relaxation time for the time-dependent red-shift depends on the time range 
of the detection window. According to the streak images for different time ranges, the 
time-dependent relaxation of the peak energy is completed on the same timescale as 
the chosen timerange. Thus a time-dependent red-shift is observed but a characteristic 
relaxation time for this red-shift cannot be determined. 
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Figure 4.11: Synchroscan image of Rhodamine 6G (Ieft) and the time-dependent shift 
of JJB616 in PS. The lines are guides to the eye. Horizontal axis: 350 nm (right) - 740 
nm (Ieft) , vertical axis: 0 ps (top) - 800 ps (bottom). 
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4.4 Other results 

4.4.1 Photoluminescence spectra of pure dyes 

The photoluminescence spectra of (thin) films of pure dye are measured for the BD 
dyes BD04 and JJB616. By doing this, the effect of very high dye concentrations on 
the photoluminescence spectra can be investigated. In figure 4.12 the spectra of films 
of pure BD dyes BD04 and JJB616 are compared to spectra of films of the dyes doped 
in PS for concentrations where no dye-concentration-dependent red-shift is observed. 

The peak wavelength for pure JJB616 has shifted "' 0.1 eV compared to the peak 
wavelength of concentrations where no red-shift is observed. This means that it is 
unlikely that aggregates are formed in the film of pure JJB616. Froin the shape of the 
spectrum it is clear that the spectrum has shifted, which can be a result of the SSSE. 
The surrounding molecules are now relatively po lar compared to the polymer. From 
the molecular structure of JJB616, see figure A.3, it can be concluded that the steric 
hindrance of the large sidegroups of the dye molecule does not allow aggregation. 

The peak wavelength for pure BD04 has shifted "' 0.42 e V compared to the peak wave
lengthof concentrations where no red-shift is observed. Not only is this shift larger than 
for pure JJB616, also the shape has changed, showing additional peak around 1.6 eV 
and 1.9 eV. The main peak structure around 1.5 eV is probably caused by aggregation 
which is likely because the molecular structure makes it possible. The peak near 1.9 e V 
can be theemission of the remairring individual BD04 molecules. However, theemission 
peak is broadened if compared to the emission spectrum for concentrations of BD04 in 
PS. 
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Figure 4.12: Photoluminescence spectra of pure dyes compared with spectra of dyes 
doped in polymer for the BD dyes BD04 (left) and JJB616. 

The absorption spectra for the pure BD dyes BD04 and JJB616 also show that ag
gregates are formed in the BD04 film and no aggregation occurs for JJB616. Both 
absorption spectra are shown in figure 4.13, where they are compared to absorption 
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spectra of the dye doped in a polymer. The position and shape of the absorption peak 
of JJB616 is the same for the pure dye and the dye doped in the polymer. This suggests 
that no change is observed in the ground state energy level, which indicates that there 
is no aggregation. For the dye BD04, the absorption spectra of the pure dye shows ad
ditional features on the lower energy side compared to the absorption peak when BD04 
is added toa polymer. Also for photon energies ~ 2.5 eV, an additional feature is ob
served in the absorption spectra of pure BD04. These dillerences in absorption spectra 
between the pure dye and the dye doped in a polymer, suggest that the ground state 
energy level has changed. This is likely to be caused by aggregation. The geometry and 
structure of BD04 also allows aggregation, the relatively flat molecules can easily form 
a stack. The bulky sidegroups of JJB616 prevent aggregation, which is confirmed with 
these experiments of the pure dye. 
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Figure 4.13: Absorption spectra for pure BD dyes BD04 (left) and JJB616, compared 
to absorption spectra for the dyes doped in a polymer. 

4.4.2 Solvation effect 

The BD dye JJB616 is solved in three solvents; toluene, THF and DMSO, each with dif
ferent dielectric constants. For molar concentrations :::; 10-3 M, no interactions between 
dye molecules are expected and it can be assumed that a dye molecule is completely 
surrounded by solvent molecules. The influence of the polarity of the solvent molecules 
on the energy of photons emitted by the dye molecule is known as the 'solvation effect', 
this effect is discussed in §2.1.1. The change in the emission spectra and absorption 
spectra for the dye JJB616 in the three solvents is shown in figure 4.14. Properties of 
the solvents are listed in table A.3. 

The emission spectra show a increasing red-shift for increasing polarity of the solvent 
which is in agreement with the definition of the solvation effect. The polarity of the 
solvent molecules surrounding the dye molecule seems to have no influence on the peak 
energy of absorption spectra. 

---
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Figure 4.14: Solvent effects on emission spectra (left) and on absorption spectra 

4.4.3 Re-absorption 

Re-absorption effects of dye molecules are observed for JJB616 in toluene when the 
precision cell with a optical path length of 10 mm is used. The emission spectra are 
red-shifted with increasing dye concentration and the fluorescence decay times increased 
with increasing dye concentration. This is shown in figure 4.15. 

If a photon is re-absorbed by a dye molecule inside the sample, it will be emitted 
at a slightly lower energy. In general, the photons with the highest energy will be 
absorbed and emitted at lower energies, causing a red-shift in the emission spectrum. 
The possibility of being re-absorbed is equal to the density of the dye molecules in the 
sample which depends on the dye concentration. It is also possible that a photon pn 
its way out of the sample is re-absorbed multiple times, this also depends on the dye 
concentrat ion. 

Each re-absorption and re-emission process takes time. The detection of the photon 
will be delayed b~a45e the additional time that the photon remains within the sample 
depends on the nulliber of times it is re-absorbed. This therefore also depends on the dye 
concentration and increases the fluorescence lifetime for increasing dye concentrations. 

4.4.4 Energy transfer 

Indirect excitation of dye-doped emitting polymers results in energy transfer from the 
polymer to the dye by means of Förster energy transfer. From the emission spectra 
of the concentration series of JJB592 in HB and the absorption spectrum of JJB616, 
the Förster radius Ro can be calculated. Because the dye emission and the polymer 
emission are speetrally separated, Ro can be calculated for the energy transfer from 
polymer to dye and for the energy transfer from dye to dye ( concentrat ion quenching). 
The overlap between theemission and absorption spectra is shown in figure 4.16. For 
both energy transfers the overlap integral and the Förster radius can be calculated with 
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Figure 4.15: Speetral shift caused by re-absorption for JJB616 in toluene (left) and the 
increase of the fluorescence decay time caused by re-absorption. The line is a gt.lide to 
the eye. 
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Figure 4.16: Overlap of the polymeremission spectrum and dye emission spectrum with 
the dye absorption spectrum. 

-
(2.20). This is done for the concentrations 0%, 0.75%, 1.25% and 5% JJB592 in HB. 
The donor efficiency TJD is assumed to be 0. 7. The refractive index of HB is not exactly 
known, but is estimated to be 1.7 ± 0.1. The results are listed in table 4.2, where 
Op and nQ are the overlap integrals for Förster energy transfer from polymer to dye 
and concentratien quenching, respectively, and Rp and RQ are the radii below which 
Förster energy transfer and concentratien quenching can take place, respectively. 

The energy transfer is indicated by an initiaJ rise time in the dye fluorescence before the 
fluorescence intensity starts to decay. After the dye-doped polymer is excited by a short 
laser pulse, the formed excitons recombine at the polymer and emit (blue) photons or 
they transfer to the dye andrecombine at the dye molecules and emit (red) photons. 
lt is expected that this rise time caused by the energy transfer is dependent on the dye 
concentration. This is shown in figure 4.17 for dye concentrations of 0.1%, 0.75% and 
7.5% for the BD dye JJB592 in HB. The rise of the fluorescence intensity is clear for 
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Table 4.2: Calculated overlap integrals and Forster radii for JJB592 in a blue-emitting 
polymer. 

n = 1.7 Op 
0% 5.56·10-14 

0.75% 5.59·10 "14 

1.25% 5.56·10 "14 

5% 5.36·10 "14 

nQ 
-

3.01·10 ·1;:1 

2.48·10 ·lJ 

1.72·10 ·lJ 

6 

Time (ns) 

Rp (A) RQ (A) 
34.9 -
35.0 46.3 
34.9 44.8 
34.7 42.2 

10 

Figure 4.17: Fluorescence decays for indirectly excitated JJB592 in HB for different dye 
concentrations, showing an initial rise time as a result of energy transfer. 

0.1% and 0.75%. For 7.5% there is no rise observed. An explanation for this is that 
for increasing dye concentrations the distance between an exciton on a polymer chain 
and a dye molecule decreases. The exciton can hop more easily from polymer sites to 
dye molecules. More information about the influence of molecular doping on exciton 
dynamics can be f9und in [Rep2]. 

4.4.5 Effective dielectric constant of dye-doped polymers 

From the ellipsametrie experiments the complex refractive index can be calculated. The 
graphs for n and k for JJB616 in PS and RedF300 in PS are shown in figure 4.18, as a 
reference the refractive index for the undoped polymer PS is also plotted. 

The experimental data is fitted with a model based on Lorentz oscillators, resulting in 
for the refractive index n and extinction coefficient k. The influence of doping on n and 
k is clearly visible and obvious. 

From (3.2) and (3.3) the dielectric constant can be calculated. The relative dielectric 
constant é 1 is shown for energies 1.908 eV and 2.067 eV, important for fluorescence and 
absorbance of JJB616 in PS, respectively in table 4.3. Values of n and él for RedF300 
in PS are also shown. 

-. 
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Figure 4.18: Refractive index n (left) and extinction coeffi.cient k for different concen
trations of JJB616 doped_Jn PS 

Table 4.3: Refractive index and relative dielectric constant for different dye concentra
tions of JJB61 6 in PS and RedF300 in PS 

n êl 

1.9eV 2.1 eV 1.9eV 2.1 eV 

PS 1.5908 1.5948 2.53 2.54 
PS+0.8% JJB616 1.5936 1.5987 2.54 2.56 

PS+12.8% JJB616 1.6143 1.6018 2.61 2.57 

PS+0.5% RedF300 1.5913 1.5961 2.53 2.55 
PS+2% RedF300 1.5945 1.6006 2.54 2.56 
PS+8% RedF300 1.6011 1.6072 2.56 2.58 

Dielectric constant of the dye 

From the Bruggeman eql.lation and the Maxwell-Garnett equation, the dielectric con
stants of the dye can be derived and written as a function of the effective dielectric 
constant and the dielectric constant of the polymer, êb = j(ëeff, ëa) for the Bruggeman 
geometry and êi = f (êeff, êh) for the Maxwell-Garnett geometry. The complex dielec
tric constant of the BD dye JJB616 is calculated from the ellipsometric experiments for 
different concentrations of the dye. The calculations are based on the Maxwell-Garnett 
which is discussed in §2.6. The real and imaginary components of the dielectric constant 
of the dye are shown in figure 4.19. 

4.4.6 Fluorescence decay lifetimes 

The average fiuorescence decay lifetimes (T) for the different dyes in the absence of 
concentration quenching are listed in table 4.4. It shows that the fiuorescence decay 



4.4. Otber results 

u 

"' 1.2 
ë 
.!!! 1.0 .. 
c: 
0 

(") 
0.8 u 

'C: 

i 0.6 

0 
0.4 

0.2 

0.0 

. .. ,, 

/\ 
' ' 

I - real pa~ oh I 
• • • • lrnaginary pa~ alo 

I \ ' ' 
I \ I '\ 

............................. ~-' ........... ' .................................... ... 

1.0 1.5 2.0 2.5 3.0 3.5 4.0 

Photon Energy (eV) 

45 

Figure 4.19: Realand imaginary componentsof the dielectric constant for the BD dye 
JJB616 calculated using the Maxwell-Garnett geometry. 

lifetime of the dyes depends on the polymer matrix. 

Table 4.4: Fluorescence decay lifetimes in the absence of quenching for different dyes in 
various polymers. 

direct indirect 
(r) in ns HB SY HB SY PS zx 

BD04 n.a. 5.2 ± 0.3 n.a. 2.8 ± 0.3 4.2 ± 0.4 n.a. 
JJB592 n.a. 3.6 ± 0.3 3.6 ± 0.4 n.a. 4.0 ± 0.4 5.2 ± 0.3 
JJB616 3.9 ± 0.3 4.5 ±0.5 3.4 ± 0.3 3.7 ± 0.3 4.4 ± 0.5 4.9±0.3 

RedF300 n.a. n.a. n.a. n.a. n.a. 4.8 ± 0.2 

The dye JJB671 i~always quenched because of the distance along the chain between two 
dye sidegroups wilich causes 'intrachain-quenching'. This explains the low fiuorescence 
lifetime of ;S 0.5 ns. For higher concentrations of JJB671, the fiuorescence decay lifetime 
decreases further. This is caused by 'interchain-quenching' as the distance between the 
polymer chains containing the dye sidegroups decreases for higher dye concentrations 

The average decay times as function of the dye concentratien for the different polymer
dye systems are shown in figure 4.20 for direct excitation and indirect excitation. In 
general, concentratien quenching starts for concentrations of"' 1 wt%. However, the 
dye RedF300 is quenched for concentrations above "' 7%. This can also be a result of 
the fact that RedF300 is a different type of dye and thus behaves different compared to 
BD dyes. 

-_ 
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Figure 4.20: Average fl.uorescence lifetimes for directly (left) and indirectly excitated 
dyes in dye-doped polymers 

4.4. 7 Calculation of ground state dipole moments of BD dyes 

There is almost no data available on the ground state and excited state dipole moments 
for BD dyes and other dyes basedon the Bodipy fl.uorophore. In [Art14] dipole moments 
are calculated for Bodipy-TM by electro-optical absorption measurements. To find 
an estimate of the dipole momentsof the used dyes, the commercial program VASP, 
Vienna Ab-initio Simulation Package, is used. The calculations are clone using the 
DFT-LDA method; Density Functional Theory with Local Density Approximation. The 
dipole moments for the dye molecules are the calculated values for isolated molecules 
in vacuum. Because this is a complex and time-consuming calculation, only the value 
for the simplest molecule in the ground state is calculated, in this case BD04. Also the 
ground state dipole moment for the dye Bodipy-TM is calculated to compare with the 
value in [Art14]. The calculated values from VSAP [Calc1] and the values discussed in 
[Art14] are listed in table:4.5. The unit of the dipole momentsis Debye (D), where 1 D 
~ i . w-29 Cm. { . ~ 

Table 4.5: Ground state and excited state dipole moments of BD04 and Bodipy-TM 
J.LVASP (D) 
".around 

J.L[Artl4] (D) 
'around 

J.L[~l4J(D) 
exctted 

I BD04 1.0 n.a. n.a. 
l Bodipy-TM 4.1 3.3 2.8 



Chapter 5 

Discussion 

5.1 Dyes in Polymer Thin Films 

5.1.1 Dye-concentration-dependent red-shift in photoluminescence 
spectra 

To investigate the speetral shift in closer detail, different experimental parameters have 
been varied to measure their influence. These parameters are: 

• thickness of the dye-doped polymer layer 

• angle of excitation between sample and laser 

• excitation intensity of the laser 

• temperatur~_of the sample 

Red shifts caused by re-absorption effects have been observed for dyes in solvents, see 
figure 4.15 on page 42. To exclude the possibility that the speetral shift for dyes in 
polymer thin films is caused by re-absorption, the fluorescence spectrum for different 
layer thicknesses have been measured. For 3.2% JJB616 in PS samples of 200 nm, 300 
nm and 400 nm thickness are used. The peak energies are shown in figure 5.1 (left). 
The peaks lie at exactly the same position, no re-absorption effects are observed. 

However in the standard geometry of the experimental set-up, the excitation and the 
observed fluorescence pre-dominantly occur at the front of the sample. This would imply 
that the layer thickness of the sample does not play an important role. To assure that 
the optical path length of the emitted photons is approximately the thickness of the 
sample, the geometry of the experimental setup has been changed so that the excitation 
takes place at the back of the sample and the photons must go through the whole sample 

47 
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Figure 5.1: Peak energy for different layer thicknesses (left) and ftuorescence spectra for 
emission through the sample 

in order to reach the polychromator. This is done for one concentration, 3.2% JJB616 
in PS, for different layer thicknesses; 200 nm and 400 nm. See figure 5.1 (right). 

Another way to extend the optical pathway of thephoton within the sample, the angle of 
the sample w.r.t. the incident laser beam is changed. However because of the geometry 
of the experimental setup, it was only possible to change the angle from -15° to 10° 
w.r.t. the normal angle. The influence of the angle is shown in 5.2. No shift as a 
function of the excitation angle is measured. 
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Figure 5.2: Fluorescence spectra (left) and peak energies for different angles under which 
the incident laser beam excitated the dye-doped polymer sample. 

Re-absorption can also be excluded by the fact the speetral shift caused by re-absorption 
for dyes in solvents is not proportional to the logarithm of the dye concentration as 
shown in figure 4.15 on page 42. The actual analytical expression for re-absorption is 
unknown. 

--~ 
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Figure 5.3: Peak energies at different temperatures for 5% and 10% JJB616 in PS 

The influence of temperature on the concentration-dependent shift has been measured 
using a Mettier FP80 Hot Stage. This is done for the concentration series of RedF300 
in ZX and JJB616 in PS. The temperature is varied between the nominal temperature 
of 295 K and a maximum temperature of 453 K, which is above the glass transition 
temperature Tg of both polymers, for Zeonex Tg = 413 K and for PS Tg = 373 K. For 
5% and 10% JJB616 in PS, the peak energies are plotted for different temperatures 
in figure 5.3. The speetral shift for different temperatures for RedF300 in ZX and the 
intensity degradation are shown in figure 5.4. 

Gomparing these experiments with the experiments clone under normal conditions (295 
K and under N2-atmosphere), the logarithmic dependenee is not visible for the exper
iments at different temperatures. This can be caused by the experimental conditions; 
no N2-atmosphere and high temperatures. From the streak image sequence it was ob
served that the intensity decreases as a function of time during laser excitation. This 
is the result of san:tple degradation by the abnormal conditions mentioned above. Also, 
images of heated samples seen with a luminescence microscope show phase separation. 

The sudden increase in intensity is measured but cannot be explained. This increase 
had no influence on the fiuorescence spectrum. 

For each time that the experimentalset-up for TRFS is used, the laser is turned on and 
the outputsignalis maximized by (slightly) changing the laser settings. This can result 
in (slightly) different laser pulses (position and width) for each combination of settings. 
Before the laser beam reaches the sample, a neutral density filter is used to select the 
laser intensity that reaches the sample. Notall the experiments are done using the exact 
samelaser and neutral density filter settings. By measuring at different laser intensities 
in a random sequence, the infiuence of the laser intensity on the fiuorescence spectrum is 
investigated. The results are shown in figure 5.5. The datapoints for the peak positions 
lie in a interval of ""'15 me V if all intensities are included, for intensities above 0.2 
mW the interval is "'5 meV. The spectra in figure 5.5 are measured during several 
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Figure 5.4: Dye-concentration~dependent peak energy shift for different temperatures 
(left) and intensity degraqation for high temperatures. The lines are guides to the eye. 

sessions, between the sessions the laser is turned on and off. This results in different 
optimization settings of the laser pulse, which have their influence in the measured 
fiuorescence spectra. 
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Figure 5.5: Fluorescence spectra (left) and peak energies for different excitation inten~ 
si ties 

5.1.2 Time-dependent red-shift in photoluminescence spectra 

The time-dependent speetral shift observed in all dye-doped polymers is not caused by 
experimental or external parameters. This can be concluded from the experiments of 
solutions of Rhodamine B ("' 10-6 M in water) and Rhodamine 6G ("' 10-6 M in water) 
for which no time-dependent speetral shift is observed. 

The temperature-dependent experiments show that the magnitude of the shift decreases 
for increasing temperature, see figure 5.6. 
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Figure 5.6: Decrease in magnitude for the time-dependent speetral shift at higher tem-
peratures ~ 

It is also observed that the time it takes the relaxation to complete is a function of the 
time range of the detection window. This remains unexplained. However, the magnitude 
of the time-dependent shift does not change for different time ranges. 

5.2 Dyes in Solvents 

5.2.1 Dye-concentration-dependent red-shift in photoluminescence 
spectra 

No concentration-dependent shift is observed in the PL spectrafordyes in solvents. The 
4 datapoints in figure 4.5 on page 33 that deviate more than 15 meV from the dotted 
line for 0 meV, are probably caused because of the used long path precision cell, or 
because of evapor~tion of the solvent resulting in a 'film' of pure dye. The fiuorescence 
spectra of pure dyes are red-shifted w.r.t. the spectra of dyes in polymers. 

The concentration-dependent shift observed for dyes in polymer thin films is not visible 
for dyes in solvents. Calculating the average nearest distance between the dye molecules 
in the solvent explains this. Only for very high concentrations, ~ 0.01 M, the shift can 
be expected because at that high concentrations the inter-dye distance is of the same 
order of magnitude compared with a dye-doping concentration of,...., 1%. However, at 
these concentrations even when using the smallest precision cell available there will be 
re-absorption. The smallest precision cell used for the experiments discussed in this 
report has an optical path length of 0.01 mm. The polymer thin films have an optical 
path length of 80 nm, which can not be realized for solvents. The solvents would 
evaporate and any fiuorescence will originate from the pure (solid) dye molecules. 
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5.2.2 Time-dependent red-shift in photoluminescence spectra 

· The time-dependent speetral shift observed for dyes in solvents is also not an experi
ment al artefact This also follows from the experiments done using the dyes Rhodamine 
6G and Rhodamine B. The magnitude of the shift is "" 10 meV, and is considerably 
smaller than for dyes in polymer thin films where the magnitude is "" 25 me V. The 
decay of the peak energy for dyes in solvents shows no fast relaxation in its initia! stage 
( < 1 ns), contrary to the decayin polymer thin films. The slow relaxation in the decay 
in solvents is also present in the decay for dyes in polymer thin films and can therefore 
be caused by a relaxation within the dye molecule. 

5.3 SSSE Models 

5.3.1 Model of dye aggregation using dipole/dipole interactions 

The model presented by Baldo et al. [Art5] is based on the assumption that ordered 
polar domains or aggregates are formed. The dyes used for the experiments discussed in 
this chapter have proven that this assumption is not applicable for some of the systems 
investigated in this report. Because of the positions of the dyes w.r.t. the polymer for 
the dyes JJB671 and RD3, dye aggregates cannot be formed. However, these dyes show 
the same dependenee of the peak energy on the logarithm of the dye concentration as 
the dyes that are dispersed in the polymer matrix. 

Another proof that this model is incorrect is that no concentration-dependent shift is 
observed in the absorption spectra. lf domains are formed during the preparatien of 
the sample, this should also influence the ground state of the dye molecules within the 
domain. 

5.3.2 Model of dyetaggregation using reaction fields 

Another model that can be used to calculate the change in the recombination energy of 
excitons upon dye aggregation is based on reactive fields, discussed in 2.3 on page 10. 
To show that also this model does not agree with the experiments, the reaction field 
parameter is plotted as a function of * in figure 5. 7. The reaction field parameter is the 
term between large brackets in 2.18. * is the ratio between the radiusbof the dye shell 
and the radius a of the cavity radius, as shown in figure 2.4 on page 14. In figure 5. 7 the 
reaction field parameter is plotted for two possible values of the dielectric constant of 
the dye, ê = 1.1 and ë = 1.5. The graph shows that only for small ratios, approximately * .$ 1.5, the reaction field parameter decreases proportional to the logarithm of *. For 
a ratio of * > 2 the influence of the dye shell vanishes. Therefore this model can also 
not be used to explain the logarithmic dependenee if dye aggregation occurred. 
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Chapter 6 

Conclusions 

The dye-concentration-dependent red-shift is observed in the photoluminescence spec
tra for every concentratien series for the different dyes in various polymers. For all 
dye-doped polymers, the speetral shift is proportional to the logarithm of the dye con
centration. The experiments show that for the polymer-dye contiguration where the dye 
molecules are dispersed in a polymer matrix, the red-shift is observed for concentrations 
higher than a critical concentratien [C0]. The distance d, corresponding to the critical 
concentration, explains the observed [C]o, there are no dipole/dipole interactions be
tween dye molecules for distances larger than d. The value of [C]o mainly depends on 
the size and the dipole moment of the dye molecule and lies for the BD dyes between 
mass ratiosof"' 0.6% and "'1.1%. Below [C]o no shift is observed. 

A possible explanation for this red-shift can be the solid-state solvation effect (SSSE). 
According to the SSSE, the fiuorescence spectra of polar molecules when dopedintoa 
less polar molecular host matrix should exhibit a red-shift with increasing molar fraction 
of the more polar species. 

From the results Ö1 the experiments done with the different polymer-dye configurations 
it can he concluded that the measured red-shift is not caused by dye aggregation. 
The model based on the formation of dye aggregates described by Baldo et al. [Art5] 
cannot he applied to the dye-doped polymers discussed in this report. For the polymer
dye configurations where the dye is attached as a sidegroup to a polymer (JJB671) 
and where the dye RD3 is co-polymerized with a polymer it is not possible to form 
aggregates. 

Also, there is no dye-concentration-dependent red-shift observed in absorption spectra. 
If aggregates are formed, this would change the ground state of a dye molecule and 
should be seen in absorption spectra. 

The red-shift is proportional to the logarithm of the dye concentratien and has a slope 1 
which mainly depends on the dipole moment of the dye P,dye· Calculations of the ground 
state dipole moment of the BD dyes showed that they are relatively non-polar, 1.0 D 
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.::S f..Ldye .::S 4.1 D. The value of 1 lies between -22.9 ± 1.8 me V /decade and -51.7 ± 3.2 
me V /decade. 

By using the a short time window with a time resolution of 3 ps, it was not possible 
to dissolve the dye-concentration-dependent shift of the emission. This shift should 
therefore occur within the time window of 10-15 s, which is typical for absorption, and 
10-11 s, which results from the experiments. Because only the energy level of the excited 
state changes, the shift is caused by a dynamic excited state effect or by a fast relaxation 
process that is completed within 3 ps. Also the time-dependent red-shift is observed on 
picosecond timescales. This shift is proven to be not an experimental artefact but the 
time it takes for the relaxation of the peak energy depends on the time range of the 
chosen detection window and thus cannot be determined. 

6.1 Recommendations 

Some recommendations for further research are: 

• measure on timescale with a time resolution shorter than 3 ps, trying to resolve 
the 'instantaneous' shift which could be a fast relaxation process 

• developing a theoretica! framework based on the SSSE to derive the logarithm 
dependenee of the peak energy on the dye concentratien 

• conduct electroluminescence experiments and experiments using dyes that emit 
from recombining triplet excitons to get a complete view of the manifestation of 
the SSSE 

• use dyes with different (known) polarities in a wide range of dipole moment to 
study the influence of the polarity of the dye more thoroughly 
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Appendix A 

Properties of the used polymers, 
dyes and solvents 

A.l Polymer properties 

Some properties of the used polymers HB, SY, PS, and ZX are listed in table A.l. 
Additional information on the polymers is shown in table A.2. 

Tabl A 1 S e .. t• f th ome proper 1es o e potymers d. lSCUSSe d · th· port m IS re 
used name chemica! name p (gjml) T9 (K) 

HB poly-spiro-fluorene "'1 -
SY poly-phenylene-vinylene "'1 -
PS poly-styrene 1.047 r-v373 
zx poly-norborene 1.01 r-v413 

Table A.2: Some additional information on the polymers discussed in this report 
used name product namejnumber purchased from 

HB HB1434 CO VI ON 
SY - CO VI ON 
PS 18,242-7 Sigrna-Aldrich[www6] 
zx Zeonex280S Zeon Chemicals[www7] 
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A. 2 Dye properties 

Table A.3 gives an overview of the type, chemica! structure and molecular weight of the 
used dyes. For the dye RD3 this information is not available. 

Table A.3: Name, type, chemica! structure and molecular weight of the dyes discussed 
in this report. 

name structure MW (g/mol) 

BD04 384.28 

JJB592/616 1722.38 

JJB671 2168 

RedF300 

qp 
0~~or~ 0~ N N 'f ~ 

'I ~ 'I ~ -
0 - - 0 

db 1079.24 

For the dye JJB671, where the Bodipy fluorophore is attached as a sidegroup to the 
polymer chain, the distauces are shown in figure A.1. 

-_ 
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29A 

Figure Ad: Characteristic intra-chain distances of the BD dye_ JJB671. 

A.3 Solvent properties 

The solvent physical properties listed in table A.4 are taken from [www8]. 

Table A.4: Properties of solvents discussed in this report. 

Toluene THF DMSO 
boiling point (°C) 110.62 66 189.0 
density (g ml ·l) 0.8669 0.888 1.1004 

dielectric constant 2.38 7.58 46.68 
dipale moment (D) 0.31 1.75 4.1 

refractive index 1.4969 1.4072 1.4793 

~ 6 0 u 
< CfiaSC~ 

-, · structure 
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A.4 Averages distances 
molecules 

between neighboring dye 

The average distance between neighbouring dye molecules is calculated according to 
(1.1) for PS (p = 1.047 g/ml), however the densities of all the used polymer are ""' 1 
g/ml and will result in approx. the same inter-dye distances. The distauces are listed 
in table A.5. 

Table A.5: Average distauces between neighboring dye molecules for several dye con
centrations for the BD dyes BD04 and JJB592/ JJB616. 

[C) (wt%) d (A) for BD04 d (A) for JJB592/ JJB616 d (A) for RedF300 
0.1 84.8 140 120 
0.2 67.3c: 111 95.0 
0.4 53.4 88.1 75.4 
0.75 43.3 71.4 61.1 
1.25 36.5 60.2 51.6 
2.5 29.0 47.8 40.9 
3.75 25.3 41.8 35.7 

5 23.0 38.0 32.5 
7.5 20.1 33.2 28.4 
15 16.0 26.3 22.5 
30 12.7 20.9 17.9 

The average distance between neighbouring dye molecules for the dye JJB616 in solvents 
is calculated according to (1.1) after rewriting the molar concentrations as weight ratios. 
The distauces are then the same for all densities of the solvents. The results are listed 
in table A.6. 

Table A.6: Average distanies-between neighboring dye molecules for several molar dye 
concentrations for the BD dye JJB616 in solvents. 

[C) (M) d (A) for JJB616 
1·10 ·o 1184 

3.2. 10 -ti 802 
1. 10 -o 549 

3.2 ·10 ·t> 372 
1 ·10-4 255 

3.2. 10 "4 173 
1·10-3 118 

3.2 ·10 -:! 80.2 
1·10 "" 55.0 



Appendix B 

Fluorescence decay fit parameters 

B.l Direct excitation 

The dye-doped emitting polymers in which the dye is directly excited are BD04 in SY, 
JJB592 in SY, JJB616 in HB and JJB616 in SY. The concentration series BD04 in SY 
and JJB592 in SY were already measured and the data is fitted again using TRFA-GAP. 
The series JJB616 in HB and JJB616 in SY have been measured at the University of 
Amsterdam at an excitation wavelength of À = 630 nm. The dyes doped in non-emitting 
polymers are always directly excitated. All the decays are fitted using TRFA-GAP. The 
fit parameters for all directly excitated dye-doped polymers are listed in tables B.1 
through B.11. 

Table B.1: Fit parameters for directly excitated JJB616 in HB. 
[C] A1 71 (ns) A2 72 (ns) Ag Tg (ns) x:.l (r) (ns) 

0.4% [46.D82] [0.0001] 0.304 0.680 1.464 4.136 1.243 3.54 
0.75% [4J)61] [0.0109] 0.678 0.920 1.737 3.898 1.112 3.06 
1.25% [0.477] [0.0281] 0.622 1.153 0.877 3.788 1.011 2.69 

5% [1.988] [0.0437] 2.627 0.612 1.173 1.977 1.121 1.03 

T bi B 2 F't t ~ d' tl 't t d JJB616 . SY a e .. 1 parame ers or rrec y exc1 a e m 
[C] A1 r1 (ns) A2 r2 (ns) Ag Tg (ns) x:.l (r) (ns) 

0.4% 5.462 0.0119 0.730 1.169 1.075 4.855 1.130 3.36 
0.75% 2.732 0.0186 1.775 1.061 0.864 4.535 1.121 2.20 
1.25% 1.063 0.0780 1.149 0.889 0.842 4.061 1.017 2.23 

5% 4.362 0.0579 4.875 0.586 1.186 3.614 1.352 1.18 
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Table B.3: Fit parameters for directly excitated BD04 in SY. 

[C] A1 T1 (ns) A2 T2 (ns) As Ts (T) (ns) 

0% 
17.5 

0.184 
0.99 

1.55 0.257 
(11%) (89%) 

- -

0.25% 
12.3 

0.191 
1.56 

1.38 
1.04 

4.91 2.073 
(28%) (43%) (29%) 

0.5% 
15.9 

0.176 
1.27 

1.22 
0.59 

5.05 1.656 
(35%) (44%) (21%) 

1% 
20.0 

0.211 
0.87 

1.12 
0.27 

5.51 1.220 
(8%) (38%) (54%) 

2.5% 
31.0 

Cc0.131 
0.45 

0.77 
0.11 

4.75 0.733 
(11%) (30%) (59%) 

Table B.4: Fit parameters for directly excitated JJB592 in SY. 

[C] A1 T1 (ns) A2 T2 (ns) As Ts (ns) (T) (ns) 

0% 
5.14 

0.321 
5.972 

1.46 0.935 
(16%) (84%) - -

0.4% 
1.74 

0.521 
1.62 

3.463 1.938 
(14%) - - (86%) 

0.75% 
1.27 

0.161 
1.308 

0.878 
1.43 

3.688 1.655 
(3%) (17%) (80%) 

1.25% 
0.900 

0.151 
0.952 

0.883 
0.770 

3.569 1.421 
(4%) (23%) (73%) 

5% 
1.70 

0.195 
1.575 

0.974 
0.582 

4.299 1.132 
(8%) (35%) (57%) 
1.47 ~ 0.689 0.456 

7.5% 
(8%) 

Q!149 
(36%) 

0.689 
(56%) 

3.168 0.791 -~ 

Table B.5: Fit parameters for directly excitated RedF300 in ZX. 
[C] Pl Tl (ns) P2 T2 (ns) < T > (ns) x2 

0.25% - - 0.08079 4.878 4.878 0.09314 
0.5% - - 0.08333 4.650 4.650 0.123 
1% - - 0.08262 4.738 4.738 0.151 
3% - - 0.182 4.877 4.877 0.06052 
7% 0.03783 0.146 0.533 4.541 4.250 0.05712 

22% 0.446 0.766 0.618 2.850 1.976 0.120 
100% 0.672 0.838 0.331 2.346 1.336 0.202 
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Table B.6: Fit parameters for directly excitated JJB671 in PS 
[C] A1 r1 (ns) A2 r2 (ns) (r) (ns) 

0.252% 
0.080 

0.178 
0.028 

1.381 0.487 
(27%) (73%) 

0.504% 
0.192 

0.132 
0.072 

0.831 0.323 
(30%) (70%) 

1.575% 
0.589 

0.075 
0.159 

0.404 0.145 
(41%) (59%) 

6.3% 
2.096 

0.043 
0.309 

0.345 0.082 
(46%) (54%) 

12.6% 
3.386 

0.034 
0.536 

0.287 0.069 
(43%) (57%) 

~ 

Table B.7: Fit parameters for directly excitated JJB592 in ZX. 
[C] A1 r1 (ns) A2 r2 (ns) (r) (ns) 

0.2% 
0.122 

5.372 5.372 - - (100%) 

0.4% 
0.197 

5.324 5.324 - - (100%) 

1.25% 
0.051 

0.789 
0.492 

5.525 5.076 
(1.5%) (98.5%) 

5% 
0.291 

0.700 
1.204 

4.962 4.133 
(3.3%) (96.7%) 

Table B.8: Fit parameters for directly excitated JJB616 in ZX. 

[C] A1 r1 (ns) 
0.2% 0.228 4.665 
0.4% 0.472 5.080 
1.25% 0.293 4.796 
5% 1.231 4.891 

Table B.9: Fit parameters for directly excitated JJB592 in PS. 

[C] A1 r1 (ns) A2 72 (ns) (r) (ns) 

f'V 1.2% 
0.222 

3.78 3.78 - - (100%) 

r-..~2.4% 
0.410 

4.22 4.22 - -
(100%) 

""7.5% 
0.121 

0.365 
1.18 

3.25 2.98 
(1%) (99%) 

rv30% 
1.20 

0.257 
1.43 

1.73 1.06 
(11%) (89%) 
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Table B.10: Fit parameters for directly excitated JJB616 in PS 
[C] A1 71 A2 72 (7) 

0.2% 
0.159 

4.04 4.04 - -
(100%) 

0.4% 
0.382 

4.41 4.41 - -
(100%) 

1.25% 
1.193 

4.86 4.86 - - (100%) 

5% 
0.197 

1.07 
3.562 

4.46 4.28 
(1.3%) (98.7%) 

5% 
0.360 

3.79 3.79 - -
(100%) 

10% 
0.078 

0.369 
0.612 

2.96 2.67 
(1.6%) (98.4%) 

15% 
0.161 

0.326 
0.703 

2.60 2.18 
(2.8%) (97.2%) 

Table B.ll: Fit parameters for directly excitated BD04 in PS 
[C] A1 71 (ns) A2 72 (ns) As 73 (ns) (7) (ns) 

0.05% 
0.105 

3.857 3.86 - -
(100%) 

0.1% 
0.287 

3.872 3.87 - -
(100%) 

0.3% 
0.807 

4.386 4.39 - -
(100%) ~ 

1.25% 
0.679 

0.707 
2.89 

3.742 3.17 
(4%) (96%) 

0.1% - - 0.04379 0.0030 0.9258 4.959 
0.2% - - - - 0.123 5.01 
0.4% - - - - 0.153 4.22 

0.75% - - - - 0.229 4.09 
1.25% - - 0.050 0.792 0.351 3.672 
2.5% - - 0.2235 0.5655 0.4299 3.154 
3.75% 0.2082 0.1466 0.2683 0.5325 0.4893 2.766 

5% 0.311 0.102 0.317 0.4002 0.4756 2.269 
7.5% 0.5779 0.06456 0.356 0.2943 0.5072 1.601 
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B.2 Indirect excitation 

In the tables below, the fit parameters are listed for the fitted decays of the indirectly 
excited dye-doped polymers. 

Table B.12: Fit parameters for indirectly excitated BD04 in SY 

[C] A1 Tl (ns) A2 T2 (ns) (T) (ns) 

0% 
7.43 

1.56 1.56 
(100%) 

- -

0.1% 
4.80 

0.635 
0.719 

2.81 2.29 
(24%) (76%) 

0.25% 
4.62 

0.444 
0.831 

2.65 2.27 
(i7%) (83%) 

0.5% 
4.87 

0.529 
0.732 

2.84 2.38 
(20%) (80%) 

1% 
4.85 

0.521 
0.619 

2.86 2.32 
(23%) (77%) 

2.5% 
5.23 

0.466 
0.424 

2.33 1.74 
(32%) (68%) 

Table B.13: Fit parameters for indirectly excitated JJB592 in HB 

[C] A1 TI (ns) A2 T2 (ns) Ag Tg (ns) (T) (ns) 
0.1% -0.111 1.015 - - 0.137 3.782 -
0.2% -0.157 0.936 - - 0.231 3.671 -
0.3% -0.152 0.538 - - 0.236 3.599 -
0.4% -0.157 0.547 - - 0.276 3.153 -
0.4% ··-0.297 0.296 - - 0.529 3.492 -
0.75% : -0.455 0.121 - - 0.772 2.694 -
1.25% -0.469 0.093 0.174 0.750 0.834 2.417 -

5% - - 0.670 0.384 1.201 1.358 -
7.5% - - 0.837 0.373 0.921 1.226 -

T bl B 14 F't t f . d' tl 't t d JJB616 . HB a e : 1 parame ers or m 1rec Jy exc1 a e m 
[C] A1 T1 (ns) A2 T2 (ns) Ag Tg (ns) x:.: (T) (ns) 

0.75% -0.977 0.290 1.628 3.370 - - 0.102 
1.25% -1.125 0.170 2.041 2.707 - - 0.125 

5% -3.114 0.135 4.375 0.211 3.587 1.040 0.287 
7.5% -2.965 0.337 6.583 0.297 3.700 0.848 0.559 
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T bl B 15 F"t t ~ . d" tl "t t d JJB616 . SY a e : 1 parame ers or m 1rec 1y exc1 a e m 
[C] A1 71 (ns) A2 72 (ns) A3 73 (ns) x:.! (7) (ns) 
0% 0.363 0.345 1.838 1.939 - - 0.702 

0.2% 0.488 0.09769 0.974 0.771 0.893 3.537 0.07212 
0.4% 0.717 0.125 0.832 0.735 0.958 3.942 0.09008 

0.75% 1.149 0.106 0.958 0.738 1.113 3.604 0.08960 
1.25% 1.326 0.111 1.180 0.801 1.185 3.306 0.123 

5% 3.174 0.109 2.170 0.601 0.840 2.760 0.298 
7.5% 2.580 0.101 1.568 0.555 0.525 2.762 0.282 



Appendix C 

Derivation of equation (2.18) on 
page 13 

A dipole p in a cavity with radius a is surrounded by dipoles in a shell with radius b. 
The dielectric constant in the cavity is ê1 and the dielectric constant of the shell is ê2. 

The cavity and the shell are located in a dielectric medium with dielectric constant e3. 

The electric field of the dipole can be defined for three regions. The electric field in the 
cavity, in the shell and the field present in the dielectric medium. 

lnside the shell there is the electric field of the dipole and the reactive field induced by 
the dipole in the cavity. The reactive field is determined by the constant c1 and the 
dipole p: 

r ~a: 
_, 3f (p. f) - p _, 

Edipole = 3 + CIP 
r 

(C.l) 

In the shell there .!8 an electric field proportional to the electric field of tlie dipole in the 
cavity with consta'ht c2 and a reactive field induced in the dielectric medium, determined 
by the constant cg and the dipole p: 

_, 3f(p·f)-p _, 
Edipole = C2 3 + Cgp 

r 
(C.2) 

The electric field that is present in the dielectric medium is proportional to the electric 
field of the dipole in the cavity with constant c4: 

_, 3f (p. f) - p 
Edipole = C4 3 r 

(C.3) 

According to the Maxwell equations, four boundary conditions for the parallel compo-
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nent of Ë and the perpendicular component of the displacement D can be applied: 

r - a: E; ;,1 = E; ;,2 (C.4) 

r = b: E; ;,2 = E; /,3 (C.5) 

r = a: ElE.i,l = E2E.1,2 (C.6) 

r = b: E2E.1,2 = EgE.1,3 (C.7) 

The reactive field acting on the dipale in the cavity can be found by calculating the 
constant c1 from (C.4) through (C.7). This results in: 

(C.8) 

" -~~ -
~-

-_ 



Appendix Jf> 

Shading correction 

D.l Data corrections 

D.l.l Background subtraction 

The background subtraction function allows you to subtract the camera dark current 
from an acquired image. The function can also be used to subtract offset signals of 
other origin such as undesired background light or stray light. 

D.1.2 Shading correction 

Shading correction is a method to flatten a spatially non-uniform sensitivity of the 
complete imaging system. Due to several reasans an imaging system can have a non
uniform sensitivity at different locations. The reasans may beuneven illumination, lens 
shading ( vignetting), different sensitivity of the CCD pixels. lf an image intensifier is 
used, the image intensifier may have a spatially varying light amplification. 

For streak cameras there are some special reasans which lead to such varying sensitivity. 
The input slit width may vary slightly (especially for small slit widths). The MCP of 
the streak tube may have varying amplification, there are two opties (input and output 
opties) which introduce some shading and the streak sweep may be slighly nonlinear 
which leads to a slowly varying signal amplitude along the time axis. 

All these effects can be compensated by a multiplicative correction which is called (by 
convention) the shading correction. 

During shading correction the following calculation is performed: 

(D.l) 
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where C (x ,y ) is the corrected image data (output image), D(x ,y ) is the uncorrected image 
data (input image), K 1 is a constant (highest value from the LUT tool) and S(x,y) is 
the shading reference image. 

The shading reference image for the calibration of the shading corrections for the central 
wavelengthare made with a Philips 50W QTH lamp (12V) . The LUT (Look Up Table) 
tool is used to control the image display by manipulating its brightness and contrast , 
for more information see [Man5, p.34]. 

All the lenses are included so there is a cut-off around 380 nm. S (x ,y) and D(x,y) have 
to be recorded with exactly the same settings: sametime window, same polychromator 
slit width, same streak slit width, same MCP gain, etc . Each different combination 
of settings, needs its own shading reference image. An example of a shading reference 
image is shown in figure D .1. 

Figure D .1: Example of a shading reference image 

D.1.3 Speetral sensitivity correction 

Speetral Sensitivity correction is a more complex way of shading correction, especially 
designed for correction of the speetral intensity characteristic of a spectrometer and the 
camera detector for quantitative intensity analysis. While standard shading correction 
assumes that the light souree used for shading image acquisition (in combination with 
a spectrograph) has a flat spectrum, the speetral sensitivity correction takes an uneven 
speetral emission of the light souree into account . The speetral correction works along 
the horizontal axis of the streak images. 
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Figure D.2: Example of a time-averaged shading correction spectrum and the lamp 
correction spectrum used for the speetral sensitivity correction. 

During the speetral sensitivity correction the following calculation is performed: 

(D.2) 

where C(x,y) is the corrected image data (output image), D(x,y) is the uncorrected image 
data (input image), K1 is a constant (highest value from the LUT tool), S(x,y) is the 
shading reference image, K2 is a constant (minimum of the lamp correction file) and 
L (.X) is the lamp correction file. The lamp correction file is a set of data whieh contains 
information about wavelength and correction factor of the used lamp. It takes into 
account an uneven speetral emission of the lamp. The time-averaged spectrum of a 
shading correction image and the lamp correction file for the Philips 50W QTH lamp 
are shown in figure D.2. 

D.1.4 Curvature correction 

In synchronous blanking mode of synchroscan operation, the deflection of the streak 
sweep is not completely straight, but elliptie. This results in a geometrie distartion of 
the streak image in the sweep direction. The Curvature correction corrects the distartion 
by compensating it with a parabalie correction curve. 
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D.2 Influence of the shading correction on fluorescence 
spectra 

Two images that are displayed with the same intensity scale, one image without and 
the other with shading correction, are shown in figure D.3. Camparing bath images, 
two results are clearly visible. 

Figure D.3: Two streak images are shown with the same intensity scale, the left image 
is not shading corrected, the right image is shading corrected. 

The first is the noise on the right side of the streak image. This is an artefact caused by 
the lenses in the set-up for time-resolved ftuorescence spectroscopy which are cutt-offat 
wavelengths below "' 380 nm. The shading and speetral sensitivity correction multiply 
the value for the intensity for each pixel according to (D.l ) and (D.2) , respectively. 
Bath corrections include the inverse of the shading correction spectrum -8 

1 . In figure 
(:z: ,y) 

D .4 the time-averaged value of -8 
1 , which is in fact 8

1 , is plotted as function of 
(:z: ,y) (:z: ) 

the wavelength. For wavelengths below the cut-off wavelength of the lenses, there is 
a increase in -;--- resulting in an amplification of any background signals that are still 

(:z: ) 

present after background subtraction. 

The second result of the shading correction is the change in intensity upon correcting 
the uncorrected image using (D.l) and (D.2). The change in intensity can be adjusted 
by varying the constant K1 . 

D.2.1 Influence of the shading correction on x2 

The shading correction also inftuences the fit quality parameter x2 . Because the data 
corrections take place after the streak image is measured, they inftuence the statistics of 
the measurement which are needed to get a reliable value for x2 . By multiplying data 
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Figure D.4: Inverse of the shading correction spectrum, showing an increase for wave
lengths below "' 380 nm, the cut-off wavelength of the used lenses. 

with a constant a, a perfect fit will not result in x2 = 1. The value will be: 

2 ~(a dcyi- a fiti) 2 ~ (dcyi- fiti) 2 
2 

Xe = ~ = a~ = axu 
i=l a dcyi i=l dcyi 

(D.3) 

with xb the value for x2 after the correction and x~ before the correction. However, 

TRFA-GAP calculates the x2 using L:~=l (dcy~iti)
2

• Assuming a perfect fit, xb should 
be equal to 1. However the value calculates by TRFA-GAP will be: 

2 1 
Xtit =; (D.4) 

a is assumed to~be constant, however it has a different value for- each pixel on 
_?-

the CCD camera. Therefore it is difficult to calculate a reliable value · for x2. 

D.3 Shading correction for synchroscan mode 

The infiuence of the speetral sensitivity correction or shading correction is shown in 
figure D.5. If the synchroscan sweep unit is installed, four time ranges are available, see 
table 3.1. The spectrum of YaAls012:Ce is measured. This is a powder material used 
in phosphor sereens and has a long lifetime, typically > 10 ns. On picosecoud timescale, 
the intensity as a function of time should be constant, no visible decay occurs. 

-_ 
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Figure D.5: Spectra for the time ranges of the synchroscan sweep unit, before and after 
the shading correction. 
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