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Introduction 

1.1. Absorption and emission of light by molecular matter 

Most readers probably know the distinct bluish hue that comes from the soda drink tonic, 

when observed in the light. Tonic water contains the organic compound quinine (see 

Scheme 1). Photons from the ultraviolet light of the sun (or the “black-light” in the 

discotheque) have sufficient energy to bring quinine to its excited state. When an excited 

quinine molecule returns to the ground state it emits blue light with a wavelength of 

approximately 450 nm, a phenomenon known as fluorescence. One of the first scientific 

papers on its fluorescence is by Sir John Frederick William Herschel in 1845.[1] 

Fluorescence is colorful and useful in numerous modern applications. In this thesis it is 

used as the main investigative technique, ultimately revealing molecules one by one. 

The most common processes that take place after the absorption of a photon by a 

molecule can be explained by means of the Jablonski diagram (Figure 1). Directly after 

excitation the molecule is in a ‘hot’ electronically excited state. From this it will 

vibrationally relax to the first vibrational level of the first electronically excited state. The 

excited state can be singlet or triplet in nature. In the singlet excited state (S1) the electron 

in the highest occupied molecular orbital (HOMO) is paired (of opposite spin) with the 

one in the orbital below it. If the electron in the excited state orbital is not paired (equal 

spin), the nature of the state is triplet (T1). The excited state can change its nature from 

singlet to triplet (and back). This process is called intersystem crossing. From the excited 

state the molecule can return to the ground state, releasing the stored energy either as 

heat or as a photon. The energy dissipation in the form of a photon is called 

luminescence.  
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Chapter 1 

 
 
Scheme 1 Structure of the organic fluorophore quinine 
 
 

 
Figure 1 Jablonski diagram showing the most important photophysical pathways and the characteristic 
times thereof. 
 

Formally luminescence can be divided into two categories: fluorescence if the excited 

state is singlet and phosphorescence if the excited state is triplet. Fluorescence is the main 

topic in this thesis. 

Alternatively to absorbing one photon and reaching the excited state, a molecule can 

absorb two photons at once if the conditions are right. Two photon absorption (TPA) was 

predicted by Göppert-Mayer in 1931. Based upon the Heisenberg uncertainty principle, 

she predicted that an atom can absorb two photons during the same quantum event 

within 10-16 - 10-17 s.[2] It was only until after the development of lasers in the 1960’s that 

the prediction could be verified.[3] In general TPA occurs at a wavelength double to that 

of the one photon excitation, but in some cases transitions are probed that are one-photon 
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forbidden.[4-7] Nowadays TPA is playing an increasingly important role in the fields of 

optical data storage,[8, 9] high resolution 3D imaging of biological specimen,[10, 11] 

photodynamic therapy[12, 13] and optical power limiting.[14] Depending on the desired field 

of application, different properties of a probe are required, besides a strong TPA. For 

optical limiting systems based on multi-photon absorption, chromophores with high 

solubility, single photon transparency and strong non-linear absorption in the visible are 

required. In the past decades many new compounds have been designed and synthesized 

for optimal two photon absorption. This has led to several classes of structures: dipoles,[15-

18] quadrupoles,[19-21] octopoles and branched structures.[22-25] Among the most efficient two 

photon absorbers are molecules that combine electron donating (D) and electron 

accepting (A) groups in a conjugated system in such a way that there is no net dipole 

moment, for example in an arrangement D-A-D.[26] In Chapter 7 of this thesis the fast 

photophysics of such a compound are discussed. 

 
 

1.2. Luminescent sensor and probe molecules 

The detection of luminescence is a very powerful investigation technique. The emitted 

light of solutions carrying 10-8 M fluorophores can easily be observed by the human eye! 

The color of the absorbed/emitted light is dependent on the energy difference between 

the ground state and the excited state (ΔE = hν, with h = Planck’s constant and ν = 

frequency). There are several factors (polarity, temperature, pH, ions etc) that can 

influence the nature of the states and the energy difference between the two states. By 

making use of the fact that the emitted light changes as a function of a given parameter it 

is possible to relate the detected light to a change in the sample, e.g. a solution of carboxy 

fluorescein starts to fluoresce when the acidity is decreased. In other words we can probe 

the pH of a solution by monitoring the emission intensity. The sensitivity of fluorescence 

and its easy detection, render it a potentially useful tool for numerous applications. The 

color, intensity, lifetime and the polarization of the fluorescence are all independent 
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variables that can be monitored. For specific sensing purposes many different photoactive 

probes have been discovered or specifically designed. In the next sections some probe 

classes are discussed. 

 

1.2.1. Acidity Probes  

One of the best known photoactive probes is the type that can indicate the acidity of a 

solution. Every highschool student has probably used a pH indicator to look at the acidity 

of citrus juice or something familiar. 

Many pH indicators have a phenol functionality which acts as the sensory part of the 

molecule, but in principle any proton accepting moiety in a photoactive molecule can 

show this functionality. 

A variety of fluorescent pH probes are commercially available nowadays. Some show a 

shift of their emission maximum when (de)protonated, others only show an increase or 

decrease in emission based upon the pH. One of the best known probes is carboxy 

fluorescein (Scheme 2) that does not fluoresce at low pH. 

 

 

 
Scheme 2 Different protonation states of the fluorescent pH probe carboxy fluorescein. 
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Figure 2 Absorption (A) and emission (B) spectra of carboxy fluorescein at different pH. Image adapted 
from reference [27]. 
 

It starts to fluoresce from pH ≈ 5 and reaches its maximum fluorescence at pH ≈ 9.5 with a 

fluorescence quantum yield (φf) of 0.93 (Figure 2). Depending on the pH several different 

forms of the probe exist (Scheme 2).[28] After making a calibration curve the pH of a 

solution can be read-out by measuring the fluorescence intensity.  

 

1.2.2. Metal Ion Probes 

Calcium plays an important role in many biological pathways. Often it is released after a 

cascade of signaling processes. For biologists the (selective) detection of Ca2+ is a very 

important tool to prove whether a certain cascade takes place and the calcium is indeed 

released. 

Many metal-ion probes have the same basic design: a fluorophore is attached to an ion 

receptor, which can modulate the fluorescence. The binding site contains for instance an 

EDTA or porphyrine-like motif. In a common mode of operation the electron transfer 

from the receptor will quench the fluorescence of the fluorophore. Once an ion is 

captured the electron transfer from the binding motif to the fluorophore is blocked and 

the fluorophore becomes emissive (Figure 3). Based on similar strategies numerous 

luminescent sensor systems have been developed for many different analytes.[29] 
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Figure 3 Fluorescent ion sensing. The ion receptor quenches the fluorescence of the fluorophores by 
electron transfer (left), but when the positively charged ion is trapped in the receptor the electron transfer 
is no longer possible and the fluorophore emits light after excitation. 
 

1.3. Solvatochromism 

Solvatochromism can be read as color (chromos) determined by solvent (solvens). The 

emission or absorption color of a molecule is determined by the energy gap between the 

ground state and the excited state. If a solvent has a different effect on the energy of the 

ground state than on that of the excited state it can have an effect on the absorption or 

emission spectrum of a molecule (Figure 4).  

Some solvatochromic dyes show a large change in their absorption spectra, others 

hardly have a shift in absorption but show a particularly large shift in fluorescence. 

We distinguish two types of solvatochromism: negative and positive. In negative 

solvatochromism the relative excited state energy becomes lower in non-polar solvents 

than in polar solvents and a blue shift (i.e. higher energy) of the absorption maximum is 

observed upon increasing the solvent polarity. Positive solvatochromism is observed 

when the excited state dipole moment is larger than that of the ground state. The excited 

state is then stabilized more than the ground state when the polarity of the solvent 

increases, so the energy gap becomes smaller and a red shift is observed (Figure 4). In 

general positive solvatochromism is most pronounced in fluorescence, because the solvent 

relaxation stabilizes the excited state and destabilizes the Franck-Condon ground state. 

When the dipole moments of the ground state and the excited state are more or less in 

the same direction, however, positive solvatochromism can also occur in absorption. 
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In that case the excited state can interact better with the already aligned solvent field 

than the ground state itself. 

It is relatively easy to qualify a solvent as polar or non-polar, but to quantify this is 

rather difficult. Chapter 2 contains a more detailed description of the (quantitative) 

physical models used to interpret solvatochromic data. Alternatively, empirical solvent 

polarity scales have been made, in which the polarity of the solvent is defined by the 

absorption maximum of the dye.[30] In Chapter 3 the photophysical behavior of several 

well known solvatochromic dyes will be discussed.  

On a microscopic level the polarity of a solvent is determined by the dipole moment 

and polarizibility of its molecules, which are related to the macroscopic dielectric 

constant and refractive index. At the molecular level, specific solute-solvent interactions 

can play an important role. To rule out such specific interactions it is possible to change 

the solvent polarity without changing the solvent.  

 

 
Figure 4 Schematic representation of positive fluorescence solvatochromism. The non-polar ground state D-
A absorbs a photon and reaches the locally excited state (D-A)*, which subsequently decays into a charge 
separated state. The solvent will stabilize this charge separated state by aligning its dipoles. The more polar 
the solvent, the greater the stabilizing effect will be and the more the excited state will be lowered in 
energy. At the same time the ground state, which is non-polar, will be destabilized. The net result of these 
interactions is a decrease in the energy gap between the ground state and the excited state and thus a red 
shift in emission. 
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This can be achieved by changing the external pressure or the temperature. 

Decreasing the temperature will cause a solvent to contract, increasing density and 

viscosity. Additionally, lower temperature means less thermal motion of the solvent 

molecules (Chapter 3), which leads to a higher dielectric constant. 

 

1.4. Single Molecule Detection 

Atomism states that every substance is made out of undividable units, a-tomos. This first 

description was made by Leucippus (470 B.C) and further worked on by Democritus. By 

stating that matter is made up out of particles, Leucippus and Democritus laid the 

foundation for molecular theory. In 1808, this theory was revived by the British physicist 

John Dalton. In his work “A new system of chemical philosophy”, he stated (again) that 

matter is made up of small undividable particles.  

A few years later, in 1811, the Italian scientist Avogadro made the distinction between 

molecules and atoms. Avogadro described a molecule as constructive combination of 

atoms. Since these early descriptions, physicists and chemists have been intrigued by the 

nature of atoms and molecules. Ultimately, scientists would like to directly observe 

molecules, to ‘see’ them. Would this be possible with a microscope? 

Since the discovery of the microscope by van Leeuwenhoek in 1680, biologists have 

used the instrument to look at cells.  Quite soon after that, technical improvements made 

clear that there is a certain limit to the size of the object that one wants to study. The 

resolving power is determined by the Rayleigh criterion: 

 

D
fl λ22.1=Δ           (1) 

 
In Equation 1, Δl is the minimal spatial resolution, f the focal length, λ the wavelength of 

the light and D the diameter of the lens. The resolving power of a lens is limited by 

diffraction as the lens aperture can be seen as a two-dimensional version of the single slit 

experiment. Light passing through the lens will interfere with itself and create a ring 

 10



Introduction 

shaped diffraction pattern. These patterns are known as Airy patterns (Figure 5). The 

central maximum of an Airy pattern is referred to as the Airy disk and is defined as the 

region enclosed by the first minimum of the Airy pattern. This region contains 84 % of 

the focal light. The limit at which 2 adjacent points can be distinguished from each other 

(the Rayleigh criterion) is graphically depicted in Figure 5. If the two objects come closer 

than the width of the zero order maximum they cannot be resolved individually anymore 

(Figure 5C).  

The numerical aperture of a microscope (NA) is defined as the angular aperture of the 

objective lens (sin α) times the refractive index (n) of the immersion medium: 

 
αsinnNA =            (2) 

 

The maximum resolution of a microscope is given by Equation 3: 

 

NAn
R λ

α
λ 61.0

sin2
22.1

==           (3) 

 
With λ the wavelength of the light, n the refractive index of the medium in which the 

objective is used, α the collection angle of the microscope and NA the numerical aperture 

of the objective. Under the best conditions, with violet light of 400 nm and an objective 

with a numerical aperture of 1.5, a maximum resolution of approximately 163 nm can be 

obtained. This is small enough to look at cells and large organelles like the nucleus or the 

mitochondria (∼ 1 μm). It is rather large though, when one considers the size of 

individual molecules (∼ 1 nm). When one wants to study the nature of individual 

molecules with a microscope, an intelligent strategy needs to be employed. A trick to look 

at single molecules, even though they are much smaller than the diffraction limit, is to 

use luminescent molecules.  
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Figure 5 a) Graphical representation of an Airy (disk) pattern. b) The best resolution for distinguishing two 
adjacent objects. c) The two objects come closer and they cannot be individually distinguished anymore. 
Image adapted from reference [31]. 
 

1.4.1. Why Do Single Molecule Spectroscopy ? 

Before addressing the stringent requirements needed for single molecule detection, one 

cannot help raising the question: why do measurements at the single molecule level ? 

In ensemble measurements, only the ensemble-averaged parameter of an observable is 

detected and thus no information is obtained about what the contribution of the 

individual species (molecules) is to the overall process. This ensemble averaging is 

removed when doing single molecule spectroscopy (SMS) and thus allows for low 

probability events to be captured.[32] This can be best illustrated with a biological or 

catalytic example: By monitoring the product formation of a catalytic or an enzymatic 

reaction, information about the turnover frequency can be obtained. This does, however, 

not give any information about if the turnover process is homogenous over the observed 

time or has a period of very high activity followed by a time of relatively low activity. For 

several enzymes, it has indeed been observed by means of SMS[33-42] that there are some 

very active species and some very inactive ones. 

Besides studying the intrinsic properties also the extrinsic properties of the target 

molecule can be studied. A single molecule can be used as a reporter of its local nano-

environment, that is, of exact constellation of functional groups, atoms, ions, electrostatic 

charge and/or other influences in its direct vicinity. The single molecule strategy can also 
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be used to identify micro-domains in e.g. dewetted polymer films[43] and give further 

information on the microscopic heterogeneity of polymer films.[44-52] 

Additionally single molecule emitters can be used as a source of single photons, which are 

used in the upcoming field of quantum cryptography.[53]  

 

1.4.2. Requirements on the molecule  

The detection of these individual molecules has to be done in the presence of billions of 

solvent or matrix molecules and in the presence of noise from the measurement itself, so 

clearly a high signal-to-noise ratio is needed. 

In order to detect the single molecule above its surrounding background (e.g. polymer 

film), it has to have some specific photophysical properties: efficient optical absorption, 

high fluorescence quantum yield, short fluorescence lifetime, low intersystem crossing 

rate, high photostability, large Stokes shift and preferably low ‘blinking’ behavior. These 

properties can be discussed with reference to the Jablonski diagram (Figure 1). 

The first property is: efficient optical absorption; the fluorescence is linearly 

proportional to the excitation light intensity (in a one photon process, and assuming that 

the transition is not saturated). A molecule with an efficient absorption will increase the 

detectability of the emitted photons, because there is less excitation light that can cause 

scattering. Scattering can be further reduced by using fluorescent dyes with excitation 

and emission in the near-infrared and infrared wavelength regions.[54] Because the 

intensity of non-resonant light scattering (Rayleigh and Raman scattering) decreases with 

the fourth power of the wavelength.  

A high fluorescence quantum yield is obviously favorable. As a rule of thumb a 

molecule with a quantum yield < 0.35 will be hard to detect at the single molecule level. 

As mentioned before, the optical transition should not be saturated. The fluorescence 

signal is only linear with excitation power below optical saturation conditions. Optical 

saturation is reached when the probability of each pulse exciting the molecule approaches 

1. Practically this comes down to a situation in which the time between subsequent 
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photon absorptions become comparable with the average excited state lifetime. For 

organic molecules the time spent in the excited state is on the order of nanoseconds. With 

the current femtosecond lasers with a repetition rate of 80 MHz this is an issue that has to 

be kept in mind. This becomes particular important when working with inorganic 

fluorophores which can easily have lifetimes in the milli- to microsecond range. Optical 

saturation can also occur by increasing the output power of the laser. In this case the 

number of photons present in a single pulse is so high that the probability to excite the 

molecule approaches 1. This is particularly important when working with molecules that 

have very large absorption cross-sections. This cause of optical saturation is, however, 

easily avoided by checking the linearity of the measured fluorescence as function of the 

excitation power. 

Apart from cycling between the singlet ground state and the singlet excited state, a 

molecule can undergo intersystem crossing to the triplet state (Figure 1). A low 

intersystem crossing rate is desirable for several reasons: when a molecule is in its triplet 

excited state it cannot emit fluorescence, nor be excited to its fluorescent state. So, it is in 

a dark state. Moreover, triplet states have significantly longer lifetimes than singlet states. 

Furthermore, triplet states can be very reactive and are an important cause of irreversible 

photodestruction.[55]  

The single molecule intensity trace shown in Figure 6 exhibits behavior called 

blinking. Blinking is the disappearance of single molecule emitters for longer periods of 

time (up to several minutes and even hours in the case of GFP [56]) This is not due to 

triplet state formation, as the off-times of several seconds are too long for that. Blinking 

behavior can seriously impede measurements if the off times are long and frequent. 

Obviously, this is an undesirable property for a single molecule probe. The nature of the 

blinking processes and the question which states are involved in it are still very much a 

topic of current research.[57] 

If the photostability is not good enough no information can be extracted from the 

measurement before the molecule (finally) irreversibly photobleaches.  

 14



Introduction 

 
Figure 6 Blinking of a single molecule emitter. 5PI embedded in PMAN excited at 520 nm. Blinking in this 
example is not due to intersystem crossing to a triplet state. The dark states are too long lived for that. 
 
Typical fluorescent dye molecules used for SMS can go through 105-106 excitation cycles 

before being permanently bleached (see Chapter 4).  

Last but not least, it is favorable for molecules to have a large Stokes shift. The larger 

the difference between absorption and emission maxima the easier it is to filter residual 

excitation light from the detection pathway. With a large Stokes shift it is also easier to 

excite in the absorption maximum and to detect the whole band of emitted photons. 

Unfortunately many fluorescent dyes have narrow absorption and emission bands and a 

very small Stokes shift. 

Some exceptionally good single molecule probes are perylene diimides, terrylene 

diimides and quantum dots. In Chapter 4 several single molecule probes will be compared 

with each other in terms of photostability and emitted numbers of photons. 

 

1.4.3. Microscopy Methods used for Single Molecule Detection 

As mentioned before, to achieve single molecule spectroscopy two main criteria have to 

be met: (1) only one molecule is in resonance in the volume probed by the laser, (2) the 

signal to noise ratio is sufficient. Guaranteeing that only one molecule is present in the 

detection volume is generally achieved by dilution. For example, at room temperature 
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one needs to work with a concentration of roughly 10-10 mol/liter if the probed volume is 

around 1 femtoliter. 

Achieving the required signal to noise ratio can be done by several methods. To obtain a 

signal as large as possible, a combination of a small focal volume and good photophysical 

properties are needed.  

Besides these setup requirements, one has to take into account that a molecule can 

move, depending on its size, a mean squared distance of ∼ 100 μm2 in a second due to 

Brownian motion (e.g. 158 μm2 for methanol in water or 52 μm2 for sucrose in water).[58] 

This clearly poses a problem if the target is one single molecule. In solution, the target 

molecule will diffuse out of the focal spot due to Brownian motion. At this moment there 

are several strategies to overcome this. The simplest by far is to fixate or anchor the target 

molecule. Other methods involve confined volumes like micro channels, so that diffusion 

is only possible in one dimension; more sophisticated methods are able to track a single 

molecule as it diffuses through solution,[59] but these methods are only just emerging into 

practicality at the moment. 

In 1996, partial immobilization of molecules was achieved using water filled pores of 

poly(acrylamide) gels. This technique has been demonstrated for organic dye molecules[60] 

as well as for green fluorescent protein.[61] Poly(acrylamide) gels can also be studied 

themselves by using the diffusion of the embedded dye molecules as a probe for the local 

gel environment. Excitation and detection of single Nile red molecules in 

poly(acrylamide) gels by total internal reflection microscopy allowed measurement of the 

three dimensional motion pathways for the first time.[60] 

A number of different microscopy techniques are used to detect single molecules 

nowadays. Four of these are depicted in Figure 7. The best lateral resolution, defined as 

the ability to distinguish two separate objects from each other, is reached with the near 

field approach. By using a sub-wavelength aperture a lateral response of about 70 nm can 

be obtained. 
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Figure 7 Four different experimental setups to detect single molecules: a) near-field , b) confocal, c) wide-
field and d) internal reflection (dark-field) microscopy. Adapted from reference [62]. 
 

This is not the same as the accuracy with which a single particle can be localized. By 

determining the center of a fluorescent spot the position can be determined down to 1 or 

2 nm even in wide field imaging. This method has successfully been used in FIONA 

(fluorescence imaging with one-nanometer accuracy). FIONA showed that myosin V 

walks along actin strands in a hand-over-hand fashion instead of the alternative 

inchworm model.[63, 64]  

The very small excitation volume in the near-field approach allows independent 

observation of more closely packed molecules on a surface. The drawback of this method 

is that because of the evanescent characteristics of the near field excitation, only 

molecules within the first few tens of nanometers away from the surface are efficiently 

excited. The costs, the difficulty to use and the limited z-penetration depth, make that 

far-field microscopy techniques (such as wide field and confocal) are much more popular 

than the near field approach. In both Figure 7a and 7b the detector is confocally aligned 

with the excitation volume. This means that for imaging the sample has to be scanned 

through the excitation volume and that contains a maximum of 1 molecule at the time. 

This is an important difference with wide field (Figure 7c) and dark field (Figure 7d) 

methods, in which a large part of the sample is illuminated and several molecules are 

excited at the same time. The excitation volume is larger, so the background is larger for 

the wide field method. This can be circumvented in the total internal reflection setup, 
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where the axial depth of the excitation volume is strongly reduced by making use of the 

evanescent field formed at the refractive index interface. 

Recently more sophisticated far-field microscopy approaches have emerged. With 

stimulated emission depletion (STED) a lateral resolution of several nanometers can be 

reached.[65] In this setup the excited volume is illuminated just after the initial excitation 

pulse with a donut of light (of another wavelength) that triggers stimulated emission in 

the rim of the emission spot, effectively leaving only the center of the emissive spot the 

same. STED microscopy is a state of the art approach, but rather complicated to describe 

in detail, and a full description of these techniques is beyond the scope of this 

introduction. The interested reader is referred to some excellent papers on these 

subjects.[66-68] 

 

1.4.4. Confocal Microscopy 

As discussed in the previous section, confocal microscopy is one of the methods applied to 

do single molecule spectroscopy. Confocal microscopy is also the method used in this 

thesis, so a more detailed description of this technique will be given in this section. 

In the confocal approach, the excitation volume is confined using a pinhole (a small 

aperture ranging from 25 - 150 μm). A schematic representation of a confocal setup can 

be seen in Figure 8. The excitation light passes an excitation pinhole. In practice this 

usually is a single mode optical fiber. The excitation light is cleaned up by passing it 

through a narrow band excitation filter (typically λexc ± 10 nm), subsequently the light is 

reflected off a dichroic mirror into a microscope objective. As it is expected that the 

emission light coming from a single molecule is very weak, objectives with a high NA are 

used so that the collecting efficiency is highest. The light is then focused onto the sample, 

and the emission coming from the sample is collected along the same optical axis. This 

emission now passes the dichroic mirror and an emission filter. The emission filter can be 

a notch filter to get rid of the residual excitation light, a bandpass filter or longpass filter 

suitable for the emission. The emission filters have a dual purpose to filter off both 
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residual excitation light as well as background emission from another wavelength region 

than the investigated one. The emission light then passes the emission pinhole to be 

finally imaged onto the detector. In a confocal (confocal meaning having the same focus) 

microscope the excitation and the emission pathway share the same focus. By placing 

pinhole apertures in both the excitation and the emission pathway, emission that is 

originating from out-of-focus planes is blocked by the emission pinhole. This greatly 

reduces the background signal. In a typical configuration the excited volume is cigar 

shaped and has an xy diameter of ∼ 300 nm and a z-diameter of 1 μm (Figure 9). Thus, the 

probed volume is approximately 1 femtoliter in size. 

 

 
 
Figure 8 Schematic representation of a confocal setup. The excitation light passes an excitation pinhole 
aperture and is imaged onto the sample via a dichromatic mirror through an objective. The emitted light 
follows the same way back, but now passes the dichroic mirror and will be imaged onto the detector 
through the emission pinhole. 
 
 

 19



Chapter 1 

 
Figure 9 Projections of the calculated confocal volume, with the intensity of the excitation light falsely 
colored. The confocal volume is cigar shaped. The x,y intensity projection is circular shaped (A) and the x/y 
z projection is ellipsoid (B). 
 

1.5. Outline 

The research described in this thesis started with the idea to monitor catalytic reactions 

in micro-containers using confocal fluorescence microscopy. For this we have synthesized 

two new solvatochromic fluorophores that can be used as single molecule probes. The 

compounds contain an electron deficient perylene imide chromophore coupled to a cyclic 

amine electron donor. In 5PI this is a five-membered pyrrolidine ring, in 6PI it is a six-

membered piperidine. The photophysical behavior of these compounds turned out to be 

quite unexpected, which led to in-depth studies, described in Chapters 2 and 3. The 

studies at the single molecule level also brought some surprises that are the subject of 

Chapters 4 and 5.  

Chapter 2 describes the solvatochromic behavior of two new two amino-substituted 

perylene imides (5PI and 6PI) in a series of solvents. In Chapter 3 the solvatochromic 

behavior of 5PI is studied in more detail by changing the solvent polarity as a function of 

the temperature. 

Chapter 4 describes the initial single molecule experiments on 5PI and 6PI and 

demonstrates their potential as single molecule probe by comparison with several other 

known dyes. The results of single particle experiments on 6PI labeled vesicles are 

presented. Furthermore, the fluorescence lifetime of the commercially available dye 

Perylene Red was studied at the single molecule level to see if the free volume of the 
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embedding thin polymer films has is small enough to have an influence. In Chapter 5 the 

spectral characteristics of single molecules of 5PI and 6PI in several thin polymer films 

are studied. Remarkably, three distinctly different emitting species are found, two of 

which were not observed at the ensemble level.  

Chapter 6 entails an investigation into the solvatochromic properties of a phenoxy 

substituted amino perylene imide (5PI-b) that has future use as a stopper unit in rotaxanes 

with a direct fluorescent readout of the macrocycle position based upon the emission 

maximum. 

In Chapter 7 the fast photophysics and the influence of the solvent on the nature of 

the excited state of two strongly solvatochromic triazole push-pull system are studied. 

These compounds were designed for efficient two photon excitation. 
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