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We must not forget that when radium was discovered no one knew that it would prove 
useful in hospitals. The work was one of pure science. And this is a proof that scientific 

work must not be considered from the point of view of the direct usefulness of it. It must 
be done for itself, for the beauty of science, and then there is always the chance that a 

scientific discovery may become like the radium a benefit for humanity. 
  

-Marie Curie, Lecture at Vassar College, May 14, 1921 
 
 
 
 
 
  

 



 

 
 
 
 
 



1 
1.  Introduction 

 

 

 





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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Introduction 

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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Introduction 

 

 
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 
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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.  
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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. 
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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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2 
2. Paradoxical solvent effects on the 
absorption and emission spectra of 

amino-substituted perylene 
monoimides: solvatochromism with 
solvent independent Stokes Shifts‡ 

 

 

abstract 
In N-(2,5-di-tert-butylphenyl)-9-pyrrolidinoperylene-3,4-dicarboximide (5PI) the absorption and emission 

spectra display large solvatochromic shifts, but, remarkably, the Stokes shift is practically independent of 

solvent polarity. This unique behavior is caused by the extraordinarily large ground state dipole moment of 

5PI, which further increases upon increasing solvent polarity, while the excited state dipole moment is less 

solvent dependent. In the corresponding piperidine compound 6PI, this effect is much less important due to 

the weaker coupling between the amino group and the aromatic imide moiety, and in the corresponding 

naphthalimide 5NI it is absent. The latter shows the conventional solvatochromic behavior of a push-pull 

substituted conjugated system, i.e. minor shifts in absorption and a larger change in the emission energy 

with solvent polarity. 

 
 
 
 
 
 
 
 
 
‡ Published in part in P. D. Zoon, A. M. Brouwer, ChemPhysChem 2005, 6, 1574-1580



  

 



Paradoxical Solvent Effects 

2.1. Introduction 

Fluorescent dyes that are sensitive to their environment play an increasingly important 

role in ultrasensitive imaging in biology and materials science.[1, 2] Our purpose in the 

present work has been to design and characterize dyes which (1) respond to medium 

polarity by solvatochromic shifts of their fluorescence emission band, and (2) meet all the 

stringent requirements for single molecule spectroscopy. We have found that the amino-

substituted perylene imides 5PI and 6PI (scheme 1) indeed combine excellent 

detectability at the single molecule level with substantial solvatochromic sensitivity. In 

Scheme 1 also two deriviations of 5PI and 6PI that have been discussed in the literature 

are given.[3] We will compare the electrochemistry of 5PI and 6PI with these compounds. 

On closer inspection, we noted that 5PI shows a very unusual solvatochromic 

behavior: much as in other push-pull substituted conjugated systems, both absorption and 

emission bands show a red shift upon increasing solvent polarity. The Stokes shift, 

however, turns out to be almost solvent independent. It is commonly (and justifiably!) 

assumed that solvatochromic shifts of electron donor-acceptor systems are primarily due 

to the solvent responding to the molecular electrostatic potential, which is different in 

ground and excited states, the latter being more polar than the former. The 

solvatochromic behavior of 6PI and 5NI, which we include in this study for comparison, 

can be described with this conventional approach which fails for 5PI.  

 

 
Scheme 1. Structures of compounds studied. In experiments: R=2,5-di-tert-butylphenyl; R’=hexyl; for 
computational models: R=H 
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We will argue below that in 5PI the solvatochromic shifts are largely caused by solvent-

induced changes in the molecular electronic structure, which lead to a decrease in the 

S0→S1 energy gap and a decrease in the dipole moment difference upon increasing 

solvent polarity. This unique behavior is due to the very large ground state dipole 

moment of 5PI, combined with a very large polarizability. 

 

2.2. Solvatochromism 

 

Compounds in which a substantial change of the molecular dipole moment occurs upon 

electronic excitation usually reveal large spectral shifts with solvent polarity in 

absorption, in emission, or in both. These solvatochromic shifts are often used to derive 

the changes of the dipole moment upon excitation using dielectric continuum models, 

formulated in the 1950s by Lippert[1] and Mataga,[2] based on the earlier work of 

Ooshika,[4] Onsager[5] and Kirkwood.[6] Expressions for the solvent-induced changes in the 

absorption energy and the emission energy relative to their values in vacuum, and the 

Stokes shift are given in equations 1-3.[7] 
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In equations 1-3 gμr and eμr  are the dipole moments in ground and excited state, 

respectively, and ρ is the cavity radius. The solvent polarity functions of the static 

dielectric constant ε and the refractive index n are: 
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( ) ( ) ( )2 1 2 1f ε ε ε= − +         (4) 

( ) ( ) ( )2 2 22 1 2f n n n= − +1         (5) 

 

In the estimation of dipole moment changes from solvatochromic shifts it is commonly 

assumed that the dipole moment of the molecule in each of the electronic states is not 

dependent on the solvent polarity. In principle, this is not correct because due to the 

electronic polarizability of the molecules their dipole moments should be expected to 

increase with increasing solvent polarity. In practice, other approximations inherent in 

dielectric continuum models are so severe that the presumably small error due to the 

neglect of molecular polarizability is usually ignored.[7] In particular, taking only the 

continuum dielectric properties, the dielectric constant and the refractive index, as a 

measure of the solvation energy is not completely satisfactory, as shown by the typically 

large scatter of the points in plots of the excitation energies vs. solvent polarity functions. 

In such plots groups of solvents with similar chemical nature often tend to cluster. 

Another serious problem is that the size and shape of the cavity defining the interface 

between molecule and dielectric medium cannot be uniquely defined. Equations 1-3 are 

based on a model assuming a spherical cavity. A consistent empirical approach to obtain 

the cavity radius ρ is to assume a reasonable density of the molecular material and derive 

the molecular volume from that. For most molecules, the description as a point dipole in a 

spherical cavity does not seem to be a very obvious approximation. More complex models 

of the molecular electric field and cavity shapes have been considered, but from an 

empirical point of view these are not so helpful because the additional parameters 

involved cannot be uniquely determined either. For use in quantum chemical 

calculations, self-consistent reaction field models have been developed which use semi-

empirical schemes for defining the molecular surface.[8, 9] In the analysis of experimental 

data, the simple model underlying equations 1-3 continues to be used in spite of its 

limitations, 50 years after its introduction. 
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In the next section we will first describe our experimental observations. Subsequently, 

results of quantum chemical calculations including solvent effects using the PCM 

(polarizable continuum) model will be presented. 

 

2.3. Solvent Dependence of Absorption and Fluorescence 
Properties 

Absorption and fluorescence spectra of 5NI, 5PI and 6PI, as well as fluorescence decay 

times and quantum yields were measured in a series of solvents. These results are 

presented in Table 1, and illustrated in Figure 1.  
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The Stokes shifts of 5NI, 5PI and 6PI as a function of solvent polarity are plotted in 

Figure 2.  Analysis of the Stokes shifts according to eq. 3, with a cavity radius of 5.2 Å 

yields a dipole moment increase eμ μ−
r r of 7.5 D for 6PI, and e gμ μ−

r r  ≈ 6.7 D for 5NI (r ≈ 

4.9 Å). For 5PI the Stokes shift is essentially independent of the solvent polarity. 

According to equation 3 this would imply that μe = μg, but this cannot be reconciled with 

the large solvatochromic shifts observed.  

 

 
Figure 1 Absorption and emission spectra of 5PI (A) and 6PI (B) in cyclohexane (CH), 
methyltetrahydrofuran (MTHF) and acetonitrile (ACN) as representative solvents of low, medium and high 
polarity. 
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Figure 2 Plot of the Stokes shifts of 5NI, 5PI and 6PI as a function of f(ε)-f(n2). 
 

The observation of large solvatochromic shifts in absorption and emission of 5NI, 5PI and 

6PI indicates that the excited state dipole moments of these molecules are larger than 

those of the ground states. Hence, the term “charge-transfer transition” should apply to 

the observed transitions. Typically, such transitions are associated with large solvent 

reorganization energies, which result in an increase of the nonradiative decay rates,[11-13] 

and an increase in the width of the emission bands[14] with increasing solvent polarity. 

Remarkably enough, the data in Table 1 reveal no clear correlation of the decay times of 

5PI and 6PI with solvent polarity or energy gap, and the band widths (Figure 3) in fact 

show a trend opposite to what is expected.  
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Figure 3 Band width (full width at half maximum) of 5NI (top axis) 5PI and 6PI (bottom axis) as a function 
of emission energy. 
 
For 5NI the width of the emission band varies between 2800 and 3200 cm-1, without 

apparent correlation with the emission energy.  

To gain some further insight into the electron accepting and donating properties, the 

oxidation and reduction potentials were measured. In Figure 4 the cyclic voltammograms 

of 5PI and 6PI in THF are shown. For both compounds two reversible reductions are 

found. In the case of 6PI a reversible oxidation is found as well. For 5PI the first oxidation 

is obscured by the internal ferrocene standard. The potentials for both compounds 

together with some literature examples are shown in Table 2. The potentials listed are 

corrected so that the ferrocene standard in Figure 4 matches 0.575 V vs. SCE (saturated 

calomel electrode).[15] From the potentials shown in Table 2 it can be seen that the 

addition of the amine to the perylene imide core causes a significant change of the redox 

behavior (as was to be expected). 5PI and 6PI have similar reduction potentials. The first 

oxidation, however, shows a rather large difference of 0.19 V, 5PI being easier to oxidize. 

Another push-pull dye, that has been used in single molecule studies, Nile Red[16-18] has its 

first reduction in between that of 5PI and 6PI at -1.01 V. Unfortunately the oxidation 

potentials could be found for Nile Red, which makes it difficult to make a further 

comparison.  
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Figure 4 Cyclic voltammograms of 5PI (solid) and 6PI (dashed) in THF. 
 

It is interesting to note that Eox - Ered < ES1 for 5PI and 6PI. This means that a molecule in 

the excited state can react with one in the ground state to yield a radical cation/anion 

pair. The single exponential decay found for the fluorescence lifetime, however, indicates 

that this is not an efficient process. Addition of phenoxy substituents to the bay positions 

(5PI-b, 6PI-b, Scheme 1) lowers the oxidation potential with 0.10 V for both compounds. 

Only the first reduction potentials are reported in literature for 5PI-b and 6PI-b, and both 

are slightly more positive than those found for 5PI and 6PI.[3] 

 

Table 2 Halfwave oxidation and reduction potentials of 5PI, 6PI (in THF) and some related compounds.(V 
vs SCE). 
Compound Eox (V) Ered1 (V) Ered2 (V) Ref 
5PI ∼0.73 a -1.04 -1.58  
6PI 0.92 -1.00 -1.51  
5PI-bb 0.61 -0.98 - [3] 
6PI-bb 0.81 -0.90 - [3] 
Perylene monoimide 1.00 -1.19 -1.74 [19] 
Perylene diimide 1.31 -0.76 -1.02 [20] 
Nile Red - -1.01 - [21] 
a Approximate value as there is a large overlap with the ferrocene standard. 
b 5PI-b is discussed in more detail in the chapter 6, Miller et al abbreviate these compounds as 5PMI and 
6PMI. [3]  
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The amine moiety of 5PI and 6PI is a weak base. Addition of 50 μl of the strong organic 

acid trifluoro acetic acid to a solution of 5PI in toluene effectively protonates the 

pyrrolidine unit. This can be seen by the change in the absorption spectrum: almost all of 

the original band (solid line, Figure 5A) has disappeared and a new absorption spectrum 

(dashed line) appears that closely resembles that of the unsubstituted perylene 

monoimide. The fluorescence spectrum shows two distinct emission maxima: one at 550 

nm and a second at 760 nm. Apparently, excited state deprotonation occurs readily. The 

former band can be attributed to the protonated molecule, the latter must be due to 

excited state deprotonation. By addition of pyridine the solution is neutralized and the 

spectra return to their original shape (dotted line, Figure 5). The additional absorbance at 

short wavelength after pH neutralization is due to scattering by the formed pyridinium 

salt.  

Whereas many charge transfer compounds have their fluorescence quenched by water, 

addition of up to 20% water to a solution of 5PI in THF shows no quenching of the 

fluorescence. On the contrary a small increase in fluorescence can be seen (Figure 6). 

 

 

Figure 5 Absorption (A) and emission spectra (B) of 5PI in  toluene before (solid line) and after the addition 
of 50 μl of trifluoro acetic acid (dashed line) and subsequent neutralization by addition of pyridine (dotted 
line). 
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Figure 6 Water was added to a cuvet containing 2 ml of a 5PI solution in THF (light grey line) in steps of 50 
μl upto a total of 500 μl (black line). 
 
 

2.4. Electronic Structure 
 
The dipole moments of the electronic states of the amino-substituted imides are governed 

largely by electron donor-acceptor mixing. Let us regard the amino group as the electron 

donor, and the aromatic imide unit as the acceptor. With interaction turned off the 

localized amino lone pair will constitute the HOMO orbital, the localized imide the 

acceptor. HOMO-LUMO excitation will lead to a transfer of an electron from D to A, 

producing a charge-separated excited state with a large dipole moment. Taking the 

distance of ca. 7 Å between the amino nitrogen and the center of the aromatic ring as the 

D-A distance a complete charge separation will lead to a dipole moment of ca. 30 D. The 

ground state in this hypothetical situation will have a small dipole moment, caused by the 

differences in electronegativity of the atoms, pointing towards the imide group.  

Orbital interaction and mixing between the hypothetical localized orbitals of the 

amino group and the aromatic imide group will lead to a transfer of electron density from 

the amino group to the imide in the HOMO. This will make the ground state (2 electrons 

in HOMO) dipolar, with a partial positive charge on the amino group and a partial 

negative charge on the imide unit. The HOMO-LUMO excited state, at the same time, 

will have a smaller dipole moment compared to the hypothetical case of no orbital 
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mixing, but the excited state dipole moment will still be larger than that of the ground 

state. Typical examples of HOMO and LUMO orbitals calculated for model systems of 5PI 

and 6PI in which the N-aryl groups. A difference between the naphthalene and perylene 

aromatic linkers is that the latter has occupied orbitals of higher energy, and unoccupied 

orbitals of lower energy, which favors the interaction between donor and acceptor. 

Moreover, the effective donor-acceptor distance is larger in perylene imides than in 

naphthtalene imides. As a result, the ground state dipole moments (computed with ab 

initio methods, see below) are systematically larger for the perylene imides than for the 

naphthalimides.  

For an optimal orbital interaction, the overlap of the amino “lone pair” with the π-

system should be maximized. This is achieved when the amino group adopts an sp2 

hybridization, and a coplanar structure of the aromatic ring, the nitrogen atom and the 

other two substituents attached to it. In the ground state, an energetic price has to be paid 

for the distortion of the amino group from its “natural” pyramidal configuration, which 

limits the extent of orbital interaction. In this respect, differences emerge between the 

pyrrolidine and piperidine electron donor groups, the former being less pyramidal, and 

less prone to be twisted out of the plane of the aromatic ring.  

The molecular geometries and the electronic structures of 5PI, 6PI and 5NI were 

calculated using a (by now conventional) hybrid Hartree-Fock/density functional method 

(B3LYP/6-31G*).[22] In these calculations the aromatic substituents on the imide nitrogen 

were replaced by a hydrogen atom. It is well known that the N-substituent has very little 

effect on the photophysical behavior of this class of compound. HOMO and LUMO both 

have a node on the N-atom of the imide (see Figure 7). Solvent effects were taken into 

account using the polarizable continuum model (PCM).[9] Excitation energies were 

calculated using time-dependent density functional theory (TD-DFT).[23]  
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Figure 7 HOMO and LUMO of model systems for 5PI and 6PI (B3LYP/6-31G*, no solvent). In the HOMO’s 
there is a larger contribution of the amino group than in the LUMO’s; for the imide C=O groups, the 
opposite is true. 
 

PCM calculations were carried out with the ground state equilibrium polarization, which 

corresponds to vertical excitation. In addition, TD-DFT calculations were performed with 

the reaction field corresponding to the excited electronic state.[23] This gives only an 

indication of the excited state relaxation because the geometry is not optimized. In order 

to get insight into the latter, configuration interaction calculations were performed with 

single excitations (CIS/6-31G*).[24] The CIS optimized geometry was then used to calculate 

the vertical transition energy corresponding to emission from the relaxed excited state 

using TD-DFT. Results of the calculations for the lowest-energy conformation of each 

compound are presented in Table 3 and Figure 8.  
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Figure 8 Computed geometrical parameters of 5NI (squares), 5PI (circles) and 6PI (triangles) in the ground 
state (B3LYP/6-31G*, solid lines) and lowest excited state (CIS/6-31G*, dashed lines) in different media: 
isolated molecule, cyclohexane, THF, and acetonitrile; rCN is the length of the bond between the nitrogen 
of the amino group and the aromatic ring; ΣN is the sum of the bond angles of the amino nitrogen, 
“dihedral angle” is the sum of the C=C-N-C dihedrals as a measure of the co-planarity of the aromatic ring 
and the amino group. 
 
 
Geometrical parameters of 5PI, 6PI and 5NI are graphically presented in Figure 8, and 

reported in more detail in Table 3. In agreement with expectation, the amino groups in all 

three compounds adopt an intermediate hybridization in between sp2 (ΣN=360°) and sp3 

(ΣN ca. 330°). In the piperidine compound 6PI the amino group is more pyramidal than in 

5PI and 5NI. The plane of the amino group is somewhat twisted with respect to the plane 

of the aromatic rings, especially for 6PI. Another important geometrical indicator of 

interaction between the amino group and the aromatic imide unit is the C-N bond length. 

This is substantially smaller for the pyrrolidine compounds 5NI and 5PI than for the 

piperidine compound 6PI. In all three molecules, increasing the solvent polarity enhances 
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the donor-acceptor interaction, as seen from the decrease in pyramidalization, decrease in 

C=C-C-N dihedral angles and decrease in C-N bond length.  

 

Table 3 Selected geometrical parameters of optimized geometries of model compounds of 5NI, 5PI and 6PI. 
Ground state structures calculated with B3LYP/6-31G*, excited state structures with CIS/6-31G*. 

compound solvent ΣN a dihedrals b rCN c 

5PI S0 gas 354.3 36.3, 5.0 1.3857 

 cyclohexane 355.2 33.1, 4.4 1.3800 

 THF 356.3 29.5, 4.1 1.3731 

 acetonitrile 356.7 28.1, 4.2 1.3701 

6PI S0 gas 344.3 24.2, 70.9 1.4124 

 cyclohexane 344.7 23.3, 69.7 1.4094 

 THF 345.2 22.2, 68.2 1.4057 

 acetonitrile 345.1 21.6, 67.9 1.4046 

5NI S0 gas 355.7 32.1, 4.9 1.3820 

 cyclohexane 356.3 29.9, 4.7 1.3754 

 THF 357.4 26.9, 4.8 1.3765 

 acetonitrile 357.4 25.9, 4.9 1.3700 

5PI S1 gas 354.2 42.4, 11.5 1.3734 

 cyclohexane 355.6 36.2, 8.9 1.3647 

 THF 356.2 33.3, 8.2 1.3600 

 acetonitrile 356.3 32.7, 8.0 1.3586 

6PI S1 gas 344.5 30.2, 75.3 1.4041 

 cyclohexane 345.0 28.7, 73.5 1.3996 

 THF 345.0 27.7, 72.6 1.3977 

 acetonitrile 344.9 27.4, 72.4 1.3974 

5NI S1 gas 357.2 33.6, 13.0 1.3592 

 cyclohexane 357.6 31.1, 12.1 1.3547 

 THF 357.8 30.9, 12.5 1.3529 

 acetonitrile 357.6 31.7, 12.6 1.3527 
a sum of bond angles CNC of the amino group 
b dihedrals C=C-N-C between aromatic ring and substituent 
c C-N bond length between amino group and aromatic ring 
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The main change in geometry upon excitation is in the C-N bond length: it becomes 

shorter in all three molecules. According to the CIS calculations the amino groups retain 

a similar degree of pyramidalization as in the ground state and the dihedral angles 

increase somewhat. It should be kept in mind that the results for the ground state and the 

excited state cannot be directly compared because different computational models were 

used for the two states, which are likely to have different systematic errors.  

In Table 4 the calculated dipole moments for the different molecules are presented. For 

the ground state B3LYP/6-31G* was used and CIS/6-31G* for the lowest excited state. 

Some common trends catch the eye:  

The dipole moments increase when going from the gas phase to and continue to increase 

with increasing solvent polarity. For 5PI this increase (57%) is larger than for 6PI (46%) 

and 5NI (42%).  

Optimization of the ground state geometries in solvents leads to an increase of the dipole 

moment. Also this effect is strongest for 5PI, for example in acetonitrile the increase is 

12% while it is only 7% for 6PI and 8% for 5NI. 

The ground state dipole moments at the CIS optimized geometries are slightly larger than 

those at the ground state optimized geometries.  

The excited state (CIS) dipole moments are larger than the ground state dipole 

moments for the same species. This is in agreement with the anticipated charge-transfer 

nature of the electronic transition, but the numbers cannot be reliably compared because 

of the different computational methods used for ground and excited states. 

The excited state dipole moments do not change much upon optimization of the excited 

state geometry. 
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Table 4 Results of quantum chemical calculations on 5PI, 6PI and 5NI. Dipole moments of the ground state 
μg (B3LYP/6-31G*) and excited state μe (CIS/6-31G*) in Debye. Excitation energies in eV. 
 
  ground state geometry excited state geometry 

compound a solvent μg b
 Eexc c μe d μe e Eexcf μg 

g

5PI none 11.5 2.347 13.6 13.6 2.209 11.7 

 cyclohexane 13.3 (13.8) 2.198 (2.198) 16.4 15.5 2.065 14.5 

 THF 16.7 (15.3) 2.149 (2.252) 19.0 18.7 2.157 17.5 

 acetonitrile 18.0 (16.1) 2.140 (2.234) 19.9 19.8 2.152 18.7 

6PI none 9.2 2.431 11.3 10.8 2.286 9.3 

 cyclohexane 10.8 (10.6) 2.292 13.4 12.8 2.138 11.1 

 THF 12.7 (11.9) 2.241 (2.129) 15.2 14.8 1.994 13.2 

 acetonitrile 13.4 (12.5) 2.231 (2.063) 16.5 15.6 1.936 14.0 

5NI none 8.5 3.160 10.6 10.4 2.895 8.7 

 cyclohexane 9.8 (9.6) 3.041 12.3 12.0 2.801 10.2 

 THF 11.5 (10.8) 2.982 (2.907) 13.8 13.8 2.691 11.8 

 acetonitrile 12.1 (11.2) 2.966 (2.878) 14.8 14.0 2.644 12.3 
a N-aryl groups replaced by H 
b corresponding to optimized geometry; in parentheses dipole moment in solution for gas phase geometry. 
c TD-DFT, non-equilibrium polarization, i.e. corresponding to vertical excitation; in parentheses 
equilibrium polarization. 
d CIS dipole moment at the ground state geometry (non-equilibrium solvation) 
e CIS dipole moment at the excited state geometry 
f TD-DFT, corresponding to the optimized excited state geometry; polarization in equilibrium with the 
excited state electron density 
g ground state dipole moment (B3LYP/6-31G*) at the CIS/6-31G* geometry. 
 

 

In most cases, the excitation energy decreases when allowing relaxation of the 

polarization in THF and acetonitrile, and when the excited state geometry is optimized. 

This is what one would expect in the case of a charge-transfer transition, in which the 

dipole moment, hence the electrostatic interaction with the medium, increases upon 

excitation. An exception, however, is the case of 5PI. In THF and in acetonitrile, using 

the reaction field of the excited state for the calculation of the vertical excitation energy 

gives an increase of the excitation energy. This suggests that the excited state is less polar 

than the ground state. Unfortunately, gradients for the TD-DFT model[25] in combination 
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with solvation models have not yet been implemented in programs which are available to 

us, so that calculations of the relaxed densities nor the optimizations of geometries were 

possible. Optimization of excited 5PI with CIS led to a smaller energy difference with the 

ground state only in the gas phase and cyclohexane but not in THF and acetonitrile.  

DFT methods can give poor results for charge transfer states, and the results may differ 

between functionals.[26] To explore the suitability of DFT for our systems the calculations 

were repeated with a few different density functionals and two variations of the 

polarizable continuum solvent model. All show the same trend in Table 5: an increase in 

dipole moment and a decrease in excitation energy with increase in solvent polarity. 

 

Table 5 Computated changes in electronic structure for 5NI and 5PI (B3LYP/6-31G*) with different density 
functionals and solvent models. 
 5NI 5PI 
Method Solvent μg  Eaexc μg Eaexc 
B3LYP/PCM None 8.5 3.160 11.5 2.347 
 Cyclohexane 10.0 3.026   
 THF 11.5 2.969   
 Acetonitrile 12.1 2.956 18.0 2.140 
B3LYP/CPCM Cyclohexane 9.9 3.041   
 THF 11.5 2.982   
 acetonitrile 12.1 2.966   
PW91/PCM none 8.6 3.162 11.7 2.348 
 Cyclohexane 10.1 3.031   
 THF 11.7 2.972   
 acetonitrile 12.3 2.959 18.3 2.142 
PW91/CPCM Cyclohexane 10.0 3.043   
 THF 11.6 2.985   
 acetonitrile 12.3 2.970   
B1B95/PCM None 8.4 3.225 11.4 2.399 
 Acetonitrile 12.0 3.026 17.6 2.180 
PBE/PCM None 8.7 2.722 12.2 2.050 
 Acetonitrile 12.5 2.529 19.3 1.899 
BHLYP/PCM None 8.3 3.742 10.6 2.793 
 Acetonitrile 11.6 3.511 15.9 2.529 
a  TD-DFT excited state 

 

The absolute values for the dipole moment and excitation energy vary between different 

functionals and solvent models, but the relative increase in dipole moment is the same: 
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from no solvent to acetonitrile 43% for 5NI and 56% for 5PI. The different solvent 

models also hardly show any difference at all.  

The results of the parameterized hybrid density functional/Hartree Fock methods 

B3LYP, PW91 and B1B95 are very similar. The pure DFT functional PBE gives a slightly 

larger increase in the dipole moment upon solvation in acetonitrile (58 % for 5PI), and a 

lower excitation energy. The Becke-half-and-half method BHLYP on the other hand, 

contains a larger Hartree-Fock contribution, and predicts a smaller dipole moment, a 

smaller increase (50 %), higher excitation energies, and a larger solvatochromic effect. 

 

2.5. Discussion and Conclusion 
 
Most solvatochromic molecules known to date show either a large shift in their 

absorption or in their emission spectra. In the case when μg >> μe or μe >> μg, equations 1 

and 2 can be approximated well by simple functions which permit to derive the dipole 

moment of the dipolar state from a plot of the absorption or emission energy versus f(ε)-

f(n2)/2.   

When the ground state dipole moment is very large and the excited state dipole 

moment much smaller, as in the famous betaine dye ET(30),[27-29] a shift to higher 

absorption energies with increasing solvent polarity is observed (negative 

solvatochromism). A large solvent dependence of the Stokes shift would still be expected 

in such a case, but unfortunately, ET(30) and similar compounds are virtually non-

fluorescent.[30] On the other hand, when μe >> μg there is a large solvatochromic shift in 

emission[31, 32]  but almost no solvatochromic shift in absorption because only the 

instantaneous electronic polarization of the solvent can respond to the change in the 

molecular electrostatic potential upon excitation, and this property is almost the same for 

all organic solvents (n2 ≈ 2).[33] Push-pull conjugated compounds form an intermediate 

class.[34-36] Their ground-state dipole moments are large enough to induce a solvent 

polarization which interacts more strongly with the molecules in the excited state 

because the dipole moments are in the same direction and the excited state dipole 
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moment is larger, which explains why there is a modest solvatochromic shift in 

absorption. The fluorescence solvatochromic shift is larger than the shift in absorption 

because it is driven by the larger excited state dipole moment.  5NI and 6PI can be seen as 

representatives of this class. 

Due to a combination of efficient donor-acceptor interaction and large donor-acceptor 

distance 5PI has a much larger ground state dipole moment than 5NI or 6PI. All three 

compounds show an increase in ground state dipole moment upon increasing solvent 

polarity, but this effect is much bigger for 5PI than for 5NI or 6PI. As a result, the dipole 

moment increase upon excitation vanishes in 5PI, especially in more polar solvents. 

Simultaneously, the structural relaxation, both intramolecular and in solvation 

coordinates, decreases which results in a narrowing of the emission bands. Nevertheless, 

there is still a solvatochromic shift in 5PI, but this is to a large extent due to the solvent-

enhanced donor-acceptor mixing, which reduces the HOMO-LUMO gap!  

We are presently not aware of any other molecule for which this effect has been 

described. Miller et al.[3] reported on similar perylene imide derivatives, with additional 

substituents in the 1 and 6 positions. They did not describe the solvatochromic behavior 

of the absorption spectra, but the spectra shown in their paper of the piperidine and 

pyrrolidine compounds in toluene resemble those of 6PI and 5PI, respectively, with a 

small red shift due to the bay substitution. In chapter 6, we compare the photophysics of 

this bay-substituted compound with that of 5PI. In principle, the observation of near-

identical solvatochromism in absorption and emission should be possible in other 

compounds with the same molecular and electronic structural features: strong coupling 

between donor and acceptor, a large ground state dipole moment and a large 

polarizability. In 5PI the large polarizability is in part due to the possibility of structural 

change around the amino group. In contrast to 5PI, 5NI behaves as a conventional push-

pull system, with a modest solvatochromic shift in absorption and a larger solvatochromic 

shift in emission. The solvatochromic behavior of 6PI is similar to that of 5NI, but the 

solvent dependence of its band shape resembles that of 5PI. The narrowing of the 
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emission band upon increasing solvent polarity is tentatively attributed to a smaller 

geometry difference between the relaxed S1 and S0 states. 
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2.7. Experimental Details 
 

2.7.1. Steady-State Absorption 
The electronic absorption spectra presented in table 1 were recorded on a single beam HP 

8453 diode array spectrometer with a spectral range from 190 nm to 1100 nm and a 

spectra resolution of ca. 2 nm. The spectra were recorded in rectangular 1cm quartz 

cuvettes. 

 

2.7.2. Steady-State fluorescence 
The steady state fluorescence ensemble spectra were recorded on a Spex Fluorolog 3 

spectrometer, equipped with double grating monochromators in the excitation and 

emission channels. The excitation light source was a 450W Xe lamp and the detector a 

Peltier cooled R636-10 (Hamamatsu) photomultiplier tube. The fluorescence spectra were 

corrected for the wavelength response of the detection system. The fluorescence of 

fluorophores in solution was detected in right angle geometry using solutions with low 

absorbances (< 0.2). Fluorescence quantum yields were obtained using the comparative 

method and calculated with the following formula[37]: 

 

reference
referencesample

samplereference
sample nIA

nIA
φφ 2

0

2

=  
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where the subscripts indicate whether the parameter refers to the sample or the 

reference. With ϕ the fluorescence quantum yield, A the absorption factor and I the 

integrated emission intensity across the band and n and n0 are the refractive indices of the 

sample and the reference, respectively. For each solvent the quantum yield was measured 

at 5 different concentrations (all with an absorbance of < 0.1) and averaged. 

 

2.7.3. Time-Resolved Fluorescence 
Time resolved fluorescence was measured with a streak camera system described 

elsewhere.[38] As excitation source a nitrogen laser was used to pump a cuvet of rhodamine 

6G, which produced an excitation wavelength of 580 nm. A typical instrumental response 

of 0.5 ns can be reached with this setup. The fluorescence decay times were obtained 

from the fluorescence decays by a reconvoluted fit with the appropriate number of 

exponentials and the IRF (obtained by fitting the excitation pulse). The fluorescence 

decays were obtained by binning the appropriate region in the 2D streak image. 

Alternatively the time resolved fluorescence was measured with a time correlated single 

photon counting (TCSPC) setup.[12] This setup consists of a cavity dumped DCM dye laser 

(Coherent, model 700) pumped by a mode-locked Ar+ laser (Coherent 486 AS Mode 

Locker, Coherent Innova 200 Laser). The fluorescence was collected through a polarizer 

at the magic angle (54.7°) with respect the (vertical) polarization of the excitation beam, 

to exclude anisotropy effects. A microchannel plate was used to detect the emitted 

photons (Hamamatsu R3809). The typical IRF for this setup lies in the low ps domain. 

The fluorescence lifetimes were subsequently obtained by fitting the fluorescence decays 

with the appropriate number of exponential functions.  

 

2.7.4. Nuclear Magnetic Resonance Spectroscopy 
1H nuclear magnetic resonance (NMR) spectra were obtained using a Bruker ARX 400 

(400 MHz). 
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2.7.5. Cyclic Voltammetry 
Cyclic voltammograms were obtained with ∼ 1mM solutions of the compound of interest 

in THF, with tetrabutyl ammonium hexafluorophosphate as a supporting electrolyte. The 

measurements were carried out in gas-tight, single compartment, three electrode cells 

equipped with platinum working, coiled platinum wire and silver wire pseudo electrodes. 

The cell was connected to a computer controlled PAR model 283 potentiostat. The redox 

potentials were measured with ferrocene/ferrocenium redox couple as an internal 

standard. 

2.7.6. Synthesis 
In Scheme 2 an overview of the synthesis of 5PI and 6PI is given. 
 

 
Scheme 2 Synthesis of the amino-substituted perylenemonoimides 5PI and 6PI 
 
N-(2,5-di-tert-butylphenyl)-perylene-3,4-dicarboximide (2) [39] 

10.98 g of perylene-3,4,9,10-tetracarboxylic acid dianhydride (1) (27.98 mmol) is mixed 

with 56.1 g imidazole (0.82 mol), 3,96g  zincacetate dihydrate, 24 ml of distilled water 

(1.35 mol) and with 3.15 g 2,5-di-tert-butylaniline (15.3 mmol). The reaction mixture is 

then placed in a parr autoclave and heated to 190°C for 22 hours. The pressure rises to 
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approximately 16 bar. The reaction mixture is washed out of the autoclave with 

chloroform and chloroform is added until the mixture is dissolved (1.7 l). The mixture is 

suction filtered through Celite to remove insoluble impurities prior to workup.  The 

chloroform solution is subsequently washed with acidic water, saturated sodium 

bicarbonate- and saturated sodium chloride solution 3 times. Finally the chloroform 

layers are combined and the solution is dried on magnesium sulfate and stripped on the 

rotary evaporator. This yielded 5.12 g of crude product. The water layers still showed a 

deep red color so they were re-extracted with chloroform, which yielded another 1.8 g. 

The crude product was purified with column chromatography with 

dichloromethane/chloroform (1/4) as eulent. This yielded the following fractions: 

1) perylene (pale yellow with a distinct blue fluorescence) 

2) monoimide  (red/yellow) 374 mg 

3) monoimide and bisimide (red) 

4) bisimide (red) 

This procedure is repeated until approximately 3 grams of pure monoimide are obtained 

(the best result obtained yielded 600 mg monoimide out of 800 mg of mixture). 

1H NMR (CDCl3, 400 MHz): δ 8.66 d, J = 8.0 Hz (2H); δ 8.44 m, (4H);  δ 7.90 d, J = 8.2 Hz 

(2H); δ 7.66 t, J = 7.8 Hz (2H); δ 7.58 d, J = 6.2 Hz (1H); δ  7.45 dd, J = 8.6, 2.1 Hz (1H); 

δ 7.02 d, J = 2.2 Hz (1H); δ 1.33 s, (9H); δ 1.30 s, (9H). 

UV/Vis (toluene): λmax 480 nm; 509 nm. Fluorescence (toluene, λexc 490 nm): λmax 533 nm, 

572 nm, shoulder 618 nm. 

 

N-(2,5-di-tert-butylphenyl)-9-bromoperylene-3,4-dicarboximide (3)  [39, 40] 

Of the monoimide 2, 650 mg (1.28 mmol) is dissolved in 100 ml of chlorobenzene and 650 

mg potassium bromide (4.7 mmol) is added to the red solution. Subsequently a solution of 

0.30 ml bromine (5.9 mmol) in 10 ml of chlorobenzene is added and the reaction mixture 

is stirred for 2 hours at 45 °C and finally 5 hours at 55 °C. The reaction mixture is allowed 

to cool down to room temperature and is washed with bisulfite solution to neutralize the 

excess of bromine. The organic layer is dried on magnesium sulfate and the solvent is 
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evaporated on the rotary evaporator. This yields 776 mg of crude product. The crude 

product is purified on a silica column using chloroform as eluent. The first fraction that 

comes off (yellow) is the tribrominated species, next comes the monobrominated species 

(2) together with the starting material (1). This is 634 mg and if pure it would be a yield 

of 84%. From NMR the purity of the final product is determined to be around 92%. 

1H NMR (CDCl3, 400 MHz): δ 8.66 d, J = 6.2 Hz (1H); δ 8.64 d, J = 6.2Hz (1H); δ 8.44 m, 

(3H); δ 8.31 d, J = 8.4 Hz(1H); δ 8.24 d, J = 8.3 Hz (1H); δ 7.91 d, J = 8.2 Hz (1H); δ 7.72 t, J 

= 8.0 Hz (1H); δ 7.59 d, J = 8.5 Hz (1H); δ 7.46 dd, J = 8.5, 2.2 Hz (1H); δ 7.26 s, (1H); δ 

1.33 s, (9H); δ 1.30 s, (9H).   

 

N-(2,5-di-tert-butylphenyl)-9-piperidinoperylene-3,4-dicarboximide (6PI, 4) [41] 

Compound 3 (350 mg) is dissolved in 25 ml dimethylformamide (DMF) and 1.8 ml 

piperidine (18 mmol) is added and the reaction mixture is put under nitrogen atmosphere 

and refluxed for 3 hours, during which the color changes from scarlet to dark purple. The 

mixture is allowed to cool down; subsequently the DMF and piperidine are removed on 

the rotary evaporator. TLC analysis shows a reasonable good separation with chloroform. 

The product is then purified by column chromatography on silica with chloroform as 

eluent. 

1H NMR (CD2Cl2, 400 MHz): δ 8.60, m (3H); 8.51 m (2H); δ 8.43 d, J = 8.8 Hz (1H) 

δ 8.34 d, J = 8.6 Hz (1H); δ 7.72 t, J = 7.9Hz (1H); δ 7.63 d, J = 8.6Hz (1H); δ 7.52 dd, J = 

8.6, 2.3 Hz (1H); δ 7.28 d, J = 7.8 Hz (1H); δ 7.06 d, J = 2.3 Hz (1H); δ 3.26 b, (4H); δ 1.95 

b, (4H);  δ 1.77 b, (2H); δ 1.37 s, (9H); δ 1.30 s, (9H). 

 

N-(2,5-di-tert-butylphenyl)-9-pyrrolidinoperylene-3,4-dicarboximide (5PI, 5) [41] 

Compound 3 (188 mg, 0.32 mmol) is dissolved in 25 ml DMF and 0.8 ml of pyrrolidine (9 

mmol) is added. The mixture is refluxed for 3 hours under ambient atmosphere, during 

which the color changes from scarlet to deep blue.  

The mixture is then allowed to cool down; subsequently the DMF and pyrrolidine are 

removed on the rotary evaporator. TLC analysis shows a reasonable good separation with 
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chloroform. The product is then purified by column chromatography on silica with 

chloroform as eluent. 

1H NMR (CD2Cl2, 400 MHz): δ 8.65 m, (3H); δ 8.41 m, (3H); δ 8.25 d, J = 8.2 Hz (1H); 

δ 7.62 m, (2H); δ 7.51 dd, J = 8.6 Hz, 2.7 Hz (1H); δ 7.06 d, J = 2.3Hz (1H); δ 7.00 d, J = 8.6 

Hz (1H); δ 3.76 b, (4H); δ 2.12 b, (4H); δ 1.37 s, (9H); δ 1.30 s, (9H). 

 

2-Hexyl-6-(1-pyrrolidinyl)benzo[de]isoquinoline-1,3-dione (5NI) 

The mono-brominated naphthalimide (165 mg, 0.5 mmol), which was still available in 

the laboratory, and 0.16 ml (1.8 mmol, 130 mg) are heated in 12 ml of DMF for 16 hrs. at 

80 °C, during which the color changes from pale yellow/white to dark yellow/orange. 

Subsequently the reaction mixture is poured out in water and filtrated over a glass filter. 

The residue is air-dried and recrystallized from ethanol, this yielded 81 mg (0.23 mmol, 

46 %) orange crystals. 

1H NMR (CD2Cl2, 400 MHz): δ 8.67 dd, J = 8.6, 1.0 Hz (1H); δ 8.5 dd, J = 7.2, 1.0 Hz (1H); 

δ 8.39 d, J = 8.6 Hz (1H); δ 7.57 t, J = 7.3 Hz (1H); δ 6.86 d, J = 8.7 Hz (1H);  δ 4.13 t, J = 

7.5 Hz (2H); δ 3.81 t, J = 6.5 Hz (4H);  δ 2.1, m, (4H); δ 1.70 q, J = 7.6 Hz (2H); δ 1.4 m, 

(6H); δ 0.93 t, J = 7.0 Hz (3H). 
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3 
3. A push-pull aromatic chromophore 
with a touch of merocyanine‡ 
 

abstract 
The solvatochromic behavior of N-(2,5-di-tert-butylphenyl)-9-pyrrolidinoperylene-3,4-dicarboximide 

(5PI) was investigated by measuring the excitation and emission spectra over a wide range of temperature 

in 2-methyltetrahydrofuran (MTHF). The temperature induced spectral changes can be compared with the 

changes caused by changing solvent polarity using different solvents at room temperature. In both cases a 

strong positive solvatochromism is observed both in absorption/excitation and in emission. The difference 

between excitation and emission energies decreases with increasing solvent polarity. The behavior of 5PI 

can be rationalized in terms of a change in electronic structure with solvent polarity. Although 5PI has the 

typical molecular structure of a push-pull substituted aromatic system, in which the solvatochromic shift in 

emission is normally larger than that in absorption, in its solvent induced electronic structure change it 

resembles a merocyanine. 

  

 
 
 
 
 
 
 
 
 
 
 
 
‡ Published in part in P. D. Zoon, A. M. Brouwer, Photochem. Photobiol.  2009, 8, 345-353 
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3.1. Introduction 

Solvatochromic dyes have numerous applications as molecular probes in biology and 

material sciences.[1-9] Some dyes feature a large change in their absorption spectra, others 

are particularly solvatochromic in fluorescence. Examples of the first group are Brooker’s 

dye (1, 4-[1-methyl]-4(1H)-pyridinylidene)ethylidene-2,5-cyclohexadien-1-one, scheme 

1)[10] and Reichardt’s dye (2, 2,6-diphenyl-4-(2,4,6-triphenylpyridinium-1-yl)phenolate, 

ET(30)), which has been used to define empirical solvent polarity scales.[11, 12] These 

betaine dyes are characterized by a highly dipolar ground state structure, and a less 

dipolar excited state.[13] Their excited state energies are lower in nonpolar solvents than in 

polar solvents, and the solvatochromism is denoted as “negative”. Positive 

solvatochromism is observed when the excited state dipole moment is larger than the 

ground state dipole moment. This can be found in electron donor-acceptor compounds 

that have a relatively small dipole moment in the ground state. Examples are sigma-

coupled systems, e.g  the “Fluoroprobes” (exemplified by 3)[14] and push-pull aromatic 

molecules such as 1-(N,N-dimethylamino)-4’-cyanostilbene (4),[15] but also donor-

acceptor substituted polyenes such as 5 (MC540) [16] and 6.[10] Positive solvatochromism is 

most pronounced in fluorescence, when solvent relaxation can occur to stabilize the 

excited state and destabilize the Franck-Condon ground state. When the dipole moments 

of the ground and excited states are more or less parallel, positive solvatochromism in 

absorption can occur because the excited state charge distribution interacts more 

favorably with the reaction field induced by the ground state dipole than the ground state 

itself.  
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Scheme 1 Examples of solvatochromic dyes. 
 

 

 
Scheme 2 Illustration of the different classes of “charge-transfer” dyes. In a two-state model, both states are 
described as a mixture of the neutral and zwitterionic configurations. In the scheme, the dominant 
configuration for each state is given. 
 
In between the betaines and push-pull systems one can find so-called merocyanines and 

cyanines (scheme 2). In a simple two-state model, the electronic structure of a 

merocyanine can be described as a linear combination of the configuration functions DAψ  

and 
D A

ψ + − corresponding to neutral and zwitterionic valence bond structures: 

 
 

Ground state:  
1 1

2 2(1 )g DA D A
c cψ ψ + −Ψ = − +   (1a) 

Excited state:  
1 1

2 2(1 )e DA D A
c cψ ψ + −Ψ = − −   (1b) 
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For c = 0.5, the contribution of the two configurations to the electronic wavefunction in 

the two electronic states is equal. This situation is known as the “cyanine limit”. In dyes 

for which D = A this occurs as a result of symmetry. Such cyanine dyes are characterized 

by a small geometry difference between the energy minima of the two states, resulting in 

a narrow and intense absorption band.[17] Many cyanine dyes show strong fluorescence, in 

a narrow band with a small Stokes shift. Merocyanines which are close to the cyanine 

limit can also be strongly fluorescent.[16, 18, 19] On both sides of the cyanine limit, however, 

nonradiative decay processes are often predominant channels of excited state 

depopulation, especially in structurally flexible systems.  

The electronic structure of merocyanines can be strongly influenced by structural 

changes and solvent effects. Examples have been described recently of dyes that can be 

moved from the “push-pull” side (c < 0.5) to the cyanine limit (c = 0.5)[20] and across it into 

the betaine region (c > 0.5) by changing the solvent.[19] The solvatochromic behavior of 

merocyanines can be rather complicated, but for the betaines and push-pull systems the 

solvent-induced changes in the electronic structure are relatively small. In these cases, 

the dielectric continuum models[21-23]  developed by Lippert[9] and Mataga[24] can be 

applied to estimate the dipole moments of the ground and excited states. In the 

application of these theoretical models usually only the most important terms are 

retained, that is, those that take the interaction into account of the permanent dipole 

moments of the solute and the dielectric continuum. The expressions that describe the 

solvent induced changes in the absorption and emission energies (Eabs and Eem), relative to 

their vacuum values, are given in equations 2 and 3.[25]  

 

⎥⎦
⎤

⎢⎣
⎡ −+−−−= )()(

2
1))()()((1 2222

3
0 nfnffEE gegegabsabs μμεμμμ

ρ
rrr

   (2) 

⎥⎦
⎤

⎢⎣
⎡ −+−−−= )()(

2
1))()()((1 2222

3
0 nfnffEE gegeeemem μμεμμμ

ρ
rrr     (3) 

 

The formula for the Stokes shift, the difference between the absorption and emission 

maxima, then becomes (eq. 4): 
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In equations 2-4 gμr  and eμr  are the dipole moments in the ground and excited states, 

respectively, and ρ  is the radius of the cavity (assumed to be spherical) that forms the 

boundary between the molecule and the dielectric continuum. The change in dipole 

moment between the ground state and the excited state can easily be obtained by plotting 

the measured Stokes shift vs. Δf = f(ε)-f(n2). The slope of the curve is then determined by 

the volume of the molecule (V = 4πρ3/3) and 2)( ge μμ rr
− . The molecular volume can be 

estimated on the basis of experimental densities or by means of molecular computation.  

The Onsager solvent polarity functions are given by equations 5 and 6. 

 
)12/()1(2)( +−= εεεf          (5) 

)12/()1(2)( 222 +−= nnnf          (6) 

 

The function f(ε) describes the full dielectric response of the solvent, including effects of 

electronic polarization and molecular reorientation in the field of the solute dipole. The 

difference Δf = f(ε) – f(n2) is a measure of the latter contribution only. 

We have recently studied the solvatochromic behavior of a small set of amino-

substituted aromatic imides (Scheme 3)[26]  of which two showed “normal” behavior, i.e. 

modest positive solvatochromism in absorption and stronger positive solvatochromism in 

fluorescence. From the Stokes shifts, increases of the dipole moment upon excitation of 

ca. 7 D could be estimated for 5NI and 6PI, which is in line with results for other push-

pull systems.[27-31] In contrast, the pyrrolidine substituted peryleneimide 5PI showed 

Stokes shifts that were practically independent of solvent polarity.  

A fundamental drawback of the dielectric continuum model is that it does not account for 

specific solvent-solute interactions. This leads to a large scattering of the points when 

plots of the excitation or emission energy vs. the solvent polarity functions are made by 
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using different solvents. This sometimes makes the interpretation and comparison of 

different solvents with each other complicated. In order to extend our insight into the 

paradoxical behavior of 5PI,[26] we wanted to minimize the systematic errors which might 

have been introduced by specific solute-solvent interactions. In the experiments 

described in the present work we therefore varied the solvent polarity by changing the 

temperature. We used 2-methyltetrahydrofuran (MTHF) as the solvent because its 

dielectric properties are relatively strongly temperature dependent and because it forms a 

clear glass at 137 K, which allows the effect of freezing out of (fast) solvent relaxation to 

be observed. 

 

3.2. Results  

In Figure 1 the absorption and emission spectra of 5PI are shown in three different 

solvents at room temperature. 5PI emits in the red to near-infrared range of the spectrum, 

the maximum shifting strongly to longer wavelengths with increasing solvent polarity. In 

acetonitrile the emission maximum occurs at 740 nm. Also a large red shift is observed in 

the absorption spectra.[26] 

 

 

 
Scheme 3 Structures of the compounds studied. R=2,5-di-tert-butylphenyl, R’=n-hexyl. 
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Figure 1 Absorption and emission spectra of 5PI at room temperature in cyclohexane (CH), 2-
methyltetrahydrofuran (MTHF) and acetonitrile (ACN). 
 
In previous work it was observed that the UV-Vis absorption and fluorescence excitation 

spectra of 5PI are very similar. In the present work, only fluorescence excitation and 

emission spectra were measured. The excitation maximum of 5PI in MTHF shifts to the 

red when the temperature is decreased (see Figure 2). The emission maximum also shifts 

to the red upon cooling, until the glass transition temperature of the solvent is reached, 

but it abruptly shifts to the blue when the temperature is lowered below the Tg. This can 

be seen in Figure 2, but is more dramatically illustrated in Figure 3, which presents the 

emission maxima of 5PI in MTHF as a function of temperature. 
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Figure 2 Normalized excitation (A, B) and emission (C, D) spectra of 5PI in MTHF at different 
temperatures. Upon cooling the liquid solution, the excitation and emission spectra both shift to the red (A, 
C). Upon cooling down below the glass transition temperature, the excitation spectrum continues to shift to 
the red (B). The emission spectrum, however, shifts to the blue (D). Note the different scales: the emission 
spectra are much narrower than the excitation spectra. 
 

 
Figure 3 Emission maxima of 5PI in MTHF at different temperatures. 
 

 

 
 

 65



Chapter 3 

 
Figure 4 Excitation maximum of 5PI as function of the temperature. 
 

In calculating these, we were limited by the cut-off of the excitation spectra on the red 

edge due to the overlap with the fluorescence, and the emission spectra on the red side 

due to the limited range of detection. This may cause small errors in the numbers, but 

does not affect the trends. Note that apart from the jump in Figure 4, the trend in the 

position of the excitation maxima is the same over the whole temperature range > 137 K 

as in Figure 5A. Interestingly, the excitation energy continues to decrease, also when the 

temperature is lowered below the glass transition temperature of MTHF. 

When we plot the Stokes shift, now defined as the difference between the first 

moment of the excitation spectrum and that of the emission spectrum, versus the 

temperature (Figure 6), we can clearly distinguish two temperature regimes.  
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Figure 5 Average excitation (A) and emission (B) energies of 5PI in MTHF at different temperatures. 
 

 

 
Figure 6 Stokes shift of 5PI in MTHF at various temperatures. 
 
The first ranges from room temperature to the glass transition temperature. In this regime 

the Stokes shift decreases gradually with decreasing temperature. The second regime 

ranges from the glass transition temperature to 77K; here we can see a steep decrease in 

the Stokes shift with decreasing temperature.  

To properly interpret the temperature related changes of the dielectric continuum 

solvation the values of the dielectric constant and the refractive index should be known 

for each temperature at which spectra are measured. Unfortunately, these data are not 

readily available from the literature. For the dielectric constants, we will need to resort to 

extrapolations. The refractive index values at low temperatures are obtained from the 

theoretical dependence on the densities, which in part are obtained by extrapolation.  
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The experimental densities of MTHF[32] depend linearly on the temperature according to 

eqn. 7. 

 

ρ = 1.12 − 9.2 ×10−4 T           (7) 

 

The refractive index can be calculated from its relationship with the density of the 

solvent, as expressed by the Lorentz-Lorenz equation (eq. 8).[33, 34] It is assumed that the 

molecular polarizibility (α) is independent of the temperature. 
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In this equation n is the refractive index of the medium, M the molecular weight, ρ the 

density, NA Avogadro’s number and ε0 the vacuum permittivity. The molecular 

polarizability α of MTHF was calculated from the literature value of the refractive index 

n = 1.406 at 293 K.[35]  

To describe the temperature dependence of the static dielectric constant of a solvent it is 

common practice to fit a series of values at different temperatures with a polynomial:  

 

32)( dTcTbTaTr +++=ε          (9) 

 

In this way values at temperatures for which measured data are not available can be 

interpolated or extrapolated. The dielectric constants of MTHF between 180 and 300 K[32, 

36] are well fitted with a 2nd order polynomial of which the coefficients are:  a = 25.94, b = 

-0.11, c = 1.52 × 10-4.  

 
In Table 1 the refractive indices and the dielectric constants of MTHF are given at the 

temperatures at which the spectroscopic measurements were performed. Values at 

temperatures outside the range 180-300 K were extrapolated according to Equation 9, 

with the coefficients given above. 
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Table 1 Calculated dielectric constants and refractive indices of liquid 2-
methyltetrahydrofuran (MTHF) at various temperatures. 
  

Temperature (K) ε n Δf a 
298 6.24 1.402 0.386 
283 6.63 1.410 0.393 
273 6.92 1.415 0.398 
263 7.22 1.419 0.402 
253 7.55 1.424 0.407 
243 7.91 1.429 0.412 
233 8.30 1.435 0.416 
223 8.72 1.440 0.420 
213 9.19 1.445 0.425 
203 9.70 1.450 0.430 
198 9.97 1.452 0.432 
193 10.43b) 1.454 0.437 
183 10.96 b) 1.459 0.440 
173 11.51 b) 1.464 0.443 
163 12.10 b) 1.469 0.445 
153 12.72 b) 1.475 0.447 
143 13.36 b) 1.480 0.450 

a) Defined as Δf=f(ε) - f(n2)  with f(ε) = 2(ε-1)/(2ε+1) and f(n2) = 2(n2-1)/(2n2+1) 
b) Values at T >193 K are extrapolated from eq. 9, others are literature values.[32, 36] 
 

With the calculated dielectric constants and refractive indices from Table 1 it is possible 

to relate the temperature with the polarity of the solvent. In Figure 7 the values of the 

polarity functions f(ε), f(n2) and f(ε)-f(n2) as function of the temperature are shown. The 

polarity increases with lowering the temperature. 

 

 
Figure 7 The effect of temperature on the solvent polarity functions of liquid MTHF: A, f(ε) at the right 
vertical axis and f(n2) versus the left vertical axis. B) f(ε)-f(n2), as calculated with the data from Table 1. 
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Now that we know the values of the Onsager polarity functions as a function of 

temperature, we can plot the Stokes shifts as a function of f(ε)-f(n2) (Figure 8). Two 

important observations can be made with respect to this plot: first, the points are not 

scattered as much as when the solvent functions are varied via the solvent structure (see 

below, Figure 9) and second, a large negative slope of -8.9 (±0.3)×103 cm-1 is found.  

In the previously reported solvatochromic data of 5PI in a series of solvents[26] we used 

the absorption and emission maxima. In order to make a better comparison between the 

low temperature results and the solvent series results, the average excitation and emission 

energies have been determined for those spectra as well. The results can be found in 

Figure 9. The average absorption and emission energies both decrease with increasing 

solvent polarity. From the results of the traditional absorption-emission maximum 

analysis it could be stated that the Stokes shift is independent of solvent polarity (a slope 

of -3 cm-1 was found in that analysis),[26] but the Stokes shift calculated from the average 

excitation and emission energies clearly shows a decrease with increasing solvent 

polarity, with a negative slope of -1.2 (±0.2)×103 cm-1(Figure 9). 

 

 
Figure 8 Stokes shift of 5PI in (liquid) MTHF (at various temperatures) as a function of the solvent polarity. 
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Figure 9 Stokes shift of 5PI in a series of solvents calculated from the average excitation and emission 
energies. 
 

3.3. Discussion 

Two different regimes can be distinguished when MTHF is cooled down from room 

temperature to 77K: the range above the glass transition temperature (Tg) of 137 K in 

which the solvent is liquid, and a glassy state below 137 K.34, 35 Upon cooling the liquid its 

density is increased and because of that the refractive index and the dielectric constant 

are increased (Figure 10).[37, 38] The thermal motion of the solvent molecules is decreased 

and therefore the dielectric constant will increase and the solvation becomes more 

effective: at lower temperatures the entropic cost of solvation decreases. These two effects 

lead to a stabilization of a dipolar state upon cooling of the solution. For molecules which 

have a larger dipole moment in the excited state than in the ground state ( ge μμ rr
> ) the 

energy gap between the ground state and the excited state will thus be less and a red shift 

is the result. Usually, the red shift of the emission is larger than that of the absorption 

because the full solvent relaxation only affects the former.  

When a solution is cooled down further it will freeze, the solvent molecules will 

become immobile and cannot reorient anymore to stabilize the excited state. 

Consequently, the energy gap between the ground state and the excited state will be 

larger than in the fluid phase. Hence, a blue shift will be observed.  
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Figure 10 Schematic representation of the interactions between solute and solvent in three different 
temperature regimes: room temperature (left), cooled solution (center), glass (right). Figure adapted from 
reference [39]. 
 

The thermochromic fluorescence behavior of 5PI conforms to this picture. It is rather 

similar to that of the dye oxazine-4 (Scheme 3-4, compound 7).[38] During cooling the 

emission spectrum shifts to the red, but after cooling down below the glass transition 

temperature a blue shift of approximately 700 cm-1 is observed. For oxazine-4 this blue 

shift is 400 cm-1, for the donor-bridge-acceptor compounds discussed by Goes et al. 

(analogs of 3) the shift is 4000 cm-1.[37] Solvent relaxation is more important in the case of 

the sigma bridged donor-acceptor compounds because the charges in the excited state are 

more confined than in the push-pull systems like 5PI and oxazine-4: the dipole moment 

difference between the excited state and the ground state is much smaller in the latter. 

Interestingly, the observed blue shift for 5PI is not abrupt, but occurs in a window of 

several tens of degrees. This means that relaxation of the glassy environment to 

accommodate changes in the charge distribution before emission occurs can still take 

place to some extent. The behavior of supercooled organic fluids is a subject of active 

current research.[40-44] Recent rheological studies point to rather complex behavior, in 
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which the time history of the sample plays an important role.[40, 41] This topic is beyond 

the scope of the present study, but we suggest that solvatochromic probes might be used 

fruitfully in this field. 

Interestingly, the excitation spectrum of 5PI continues to shift further to the red below 

120 K. Apparently, solvent reorganization on the long time scales of minutes involved 

here occurs easily. Apparently, the dielectric constant continues to increase upon cooling 

in the glassy state. 

Upon lowering the temperature in addition to the shifts of the position of the bands 

also changes in shape occur. In part these are related with the change in solvent polarity, 

as we have observed in the study of the room temperature solvatochromism of 5PI.[26] 

Another factor is the smaller inhomogeneous broadening at lower temperatures. In 

particular the excitation spectra become narrower upon cooling, and at the lowest 

temperatures vibrational structure is clearly visible. Even under those conditions, 

however, a mirror image relationship between excitation and emission spectra is not 

observed. 

In the glassy state, the Stokes shift decreases quite sharply with temperature because of 

the reduced solvent reorganization around the excited state molecules, which have a 

larger dipole moment than in the ground state, but why is there also a decrease of the 

Stokes shift with temperature in the liquid regime? This conforms qualitatively to the 

observed solvatochromism in the solvent series at room temperature (Figure 9),[26] but it 

cannot be accounted for by the dielectric continuum theory. According to equation 4 the 

Stokes shift should always increase with an increase of f(ε)-f(n2), except if 0)( =− ge μμ rr . 

This is also true if the ground state dipole moment is greater than the excited state dipole 

moment, as is the case in ET(30) or Brooker’s merocyanine 1.[45, 46] When ( 0) =− ge μμ rr  we 

do not expect a solvent polarity dependence of the Stokes shift, but then we also do not 

expect solvatochromic shifts. 

In reference [26] we have argued that the paradoxical solvatochromic behavior of 5PI 

originates from its unusually large solvent induced change in molecular geometry and 

electronic structure. Upon increasing solvent polarity, the ground state dipole moment 
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increases, but the excited state dipole does so much less. As a result, the solvatochromic 

shift in absorption is larger than that in emission, which gives rise to a decreasing Stokes 

shift with increasing solvent polarity. In the original theoretical models, the contributions 

of the molecular polarizabilities of the ground state and the excited state, αg and αe 

respectively, were included,[24] but because they are usually relatively small, they are 

almost always ignored. However, even if ge μμ rr
−  decreases with increasing values of 

f(ε)-f(n2), this will just lead to a nonlinear dependence of the Stokes shift on the solvent 

polarity function, not to a decrease with increasing Δf. 

We proposed that in 5PI increasing solvent polarity induces a change in the molecular 

structure and in the electronic wave function. Both HOMO and LUMO are more 

delocalized in more polar solvents. As a result, their energy gap is decreased. This 

contributes to the solvatochromic shift in absorption. Also in merocyanines changes in 

the shapes of the absorption and emission spectra have been attributed to solvent induced 

changes in the electronic structure.[19, 47] The solvent dependent electronic structure in the 

ground state is reflected by chemical shifts in the NMR spectra.[19] Molecular structure 

calculations have been used to obtain the pattern of bond order or bond length 

alternations, positioning molecules on the scale between DA and D+A-. In polyenic 

systems, the bond length alternation is large in the neutral systems, minimal in the 

cyanine limit, and larger again in the ionic region. For 5PI, the coupling between D, the 

amino group, and A, the imide carbonyl groups, goes via the aromatic rings. In this case, 

in the neutral limit there will be little bond order alternation. In the ionic limit the 

structure will be quinoidal. We calculated the geometries and dipole moments of 5PI at 

the B3LYP/6-31G(d) level with the Polarizable Continuum Model for a range of solvents. 

Results are shown in Figure 11. To obtain a measure of the extent of bond alternation we 

took the average and the standard deviation of the bonds in the shortest coupling path 

between the donor group and a carbonyl group of the acceptor, as shown in Figure 11.  
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Figure 11 Results of PCM/B3LYP/6-31G(d) calculations of 5PI. Media in order of increasing dielectric 
constant: vacuum, argon, cyclohexane, toluene, diethyl ether, chlorobenzene, tetrahydrofuran, 1,2-
dichloroethane, acetone, acetonitrile. A. ground state dipole moments; B. average bond lengths in the 
aromatic rings as indicated in Figure 12, with the standard deviation; C. C-N (filled circles) and C-O open 
squares) bond lengths. 
 

 
Figure 12 Neutral and Zwitterionic resonance forms of 5PI. The dashed bonds in the two aromatic rings 
that form the shortest interaction path between D and A were taken as a measure of bond alternation 
(Figure 11). 
 

It is clear from the data in Figure 11 that the bond lengths in the aromatic rings 

between donor and acceptor are closer to the average aromatic bond length in the gas 
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phase and that they deviate more from the average as a result of increasing bond length 

alternation going to more polar solvents.  

In our previous paper[26] we noted the remarkable difference in the band shape in 

absorption and emission spectra, and the narrowing of the emission spectra of 5PI in 

increasingly polar solvents.  

Related observations have been discussed recently by Ishchenko et al. for a series of 

merocyanine dyes.[19] Depending on the molecular structure and the medium polarity, the 

bandwidths varied substantially. In the case of compound 8 (Scheme 4), the absorption 

spectrum is narrow in all solvents, but the emission broadens in more polar solvents. 

According to the authors, compound 8 is close to the cyanine limit in its ground state, but 

the excited state develops more and more into the Zwitterionic state as the solvent 

polarity is increased. As a result, the difference in bond length alternation between the 

relaxed excited state and the Franck-Condon ground state increases. 

In the case of 5PI, the situation appears to be reversed: in the ground state it is in the 

range between neutral and cyanine limit, but the relaxed excited state is more cyanine-

like. There is a large difference in bond length alternation, and a broad absorption 

spectrum is observed. The geometry of the relaxed excited state is such that it supports 

increased donor-acceptor interaction. Therefore the electronic structure at this geometry 

is more cyanine-like than at the structure of the relaxed ground state. 

 

 
Scheme 4 Molecular structures of compounds discussed in the text. Oxazine-4 (7), merocyanine dye 8 
studied by Ishchenko et al.,[19] DCM (9) and Nile Red (10). 
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According to the theoretical analysis of Painelli and coworkers [48] this is a general 

consequence of the two-state model. They and others [15, 49, 50] have developed an extended 

model in which the electronic states are coupled with vibrational modes: a solvation 

coordinate and an intramolecular relaxation coordinate. With this extended model the 

change in position and shape of the absorption and emission bands with solvent polarity 

could be reproduced fairly well for the polar dyes DCM (9) and Nile Red (10) [51] 

(structures shown in scheme 3-4), as well for DCS (4, scheme 1).[15] As in the case of 5PI, 

in these compounds the absorption spectra are broader than the emission spectra, and a 

narrowing of the emission bands with increasing solvent polarity is observed. The effects, 

however, are much more pronounced in 5PI. The increase in the ground state dipole 

moment of 5PI with increasing solvent polarity from the quantum chemical calculations 

in the present work is larger than that obtained by Boldrini et al. for Nile Red and 

DCM,[48] and by Arzhantsev et al. for DCS. [15] Interestingly, although for these three dyes 

a solvent effect on the band shape is evident, they all show an increase of the Stokes shift 

with solvent polarity. 

Although the two-state model in its extended form captures much of the essential 

features of the spectroscopy of push-pull systems, it is worthwhile to investigate the 

multidimensional potential energy surfaces using quantum chemical calculations. In the 

case of a typical cyanine, such a study revealed that the apparently simple vibrational 

structure in the absorption and emission spectra is not at all due to a single vibrational 

mode.[17] We expect that such calculations can also shed more light on the behavior of 

5PI. 

The unusual solvatochromic behavior of 5PI requires “strong” electron donor and 

acceptor units, and a strong interaction between the two. While our work was in 

progress, a number of papers appeared on perylene monoimides substituted with other 

electron donating groups, namely oligo-pentaphenyl bisfluorenes and oligothiophenes.[52-

57] The behavior of these compounds is markedly different from that of the amino-

substituted compounds we have studied. The oligothiophenes are stronger electron 

donating groups than the pyrrolidine group in 5PI, but in the perylene imide derivatives 
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with these donor groups the solvatochromic shift in absorption is much smaller than in 

5PI. Moreover, in more polar solvents non-emissive charge transfer states are formed in 

dynamical processes on the picosecond time scale. Because the oligothiophene donors 

have a HOMO that is delocalized over the donor group, the mixing with the orbitals of 

the imide is much smaller than in the case of 5PI, in which the electron donor is confined 

to the nitrogen lone pair orbital. 

The solvatochromic behavior of 5PI can be characterized as that of a push-pull 

aromatic system but tending strongly to merocyanine-like behavior. In contrast to most 

merocyanines, 5PI fluoresces strongly in all solvents, because the deactivation 

mechanisms by twisting bonds do not play a role. 

The combination of donor-acceptor strengths and interaction strengths required for 

the unusual behavior of 5PI could occur in other molecules as well, but it is difficult to 

search the literature for such cases, because the required experimental data are not 

indexed, often not reported, and sometimes even overlooked by the authors. For example, 

the Nile Red analogue introduced by Cohen et al.[58] shows a decreasing Stokes shift and 

narrowing of the emission spectra in increasingly polar solvents. Also in the earlier 

literature on Nile Red, it is treated as a conventional push-pull system.[59] 

 

3.4. Conclusion  

The solvatochromic behavior of 5PI was investigated using temperature change as a 

means to vary solvent polarity. Because specific interactions do not change much with 

temperature the scatter of the data points in the plot of the Stokes shift vs. f(ε)-f(n2) is 

much less than in experiments in which different solvents are used. The Stokes shift plot 

shows two distinct regions, both with a negative slope. Below the Tg there is a much 

steeper slope than in the liquid phase. This is due to the fact that below the Tg the 

emission spectrum abruptly shifts to the blue with decreasing temperature, while the 

excitation spectrum continues to shift to the red. 
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The fact that cooling down below the glass transition temperature results in a blue shift of 

the emission indicates that the mobility of the solvent plays a role in the stabilization of 

the excited state. From this we can conclude that, despite the paradoxical solvatochromic 

shifts, the excited state of 5PI is more polar than the ground state. At the lowest 

temperatures in liquid MTHF (that is, highest solvent polarities) the difference in dipole 

moments between the ground state and the excited state of 5PI, however, cannot be very 

large, as indicated by the moderate blue shift of the emission spectrum upon cooling 

down below the Tg. This agrees with the computational results which show that the 

dipole moment in the ground state can become rather large. According to the coupled 

states model, the excited state dipole moment should decrease as much as the ground state 

dipole moment increases in response to a solvent polarity change, although explicit 

quantum chemical calculations do not completely agree with this.[15]  We hope that 

extensive calculations of the charge distributions and potential energy surfaces of the 

ground and excited states will clarify the details of the solvent dependent photophysics of 

5PI, in particular its unusual solvatochromic behavior and dramatic solvent effects on the 

band shapes. 

Although other push-pull fluorophores have been identified which show similar 

features, 5PI is unique in the extent to which its molecular geometric and electronic 

structure responds to solvent polarity. 5PI maintains a high fluorescence quantum yield 

in all solvents,[26] making it a potentially interesting fluorescent probe in the near-infrared 

region.  
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3.6. Experimental Details 

Spectroscopic grade 2-methyltetrahydrofuran (Aldrich) was used straight from the bottle 

within one week of delivery. For later measurements it was distilled from sodium wire. 

All temperature dependent measurements were carried out in a nitrogen cooled optical 
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cryostat (DN1704, Oxford Instruments) with feedback controller unit (ITC4, Oxford 

Instruments). The fluorescence spectra were collected on a Spex Fluorolog 3. The sample 

concentrations were 10-5-10-6 M.  

Quantum chemical calculations were performed with Gaussian03,[60] using the default 

PCM model.[61] 
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4 
4. Solvatochromic probes with 
excellent single molecule detectability 
 
 

abstract 
The suitability of 5PI and 6PI as single molecule probes was studied. Both compounds can readily be 

detected at the single molecule level. They show competitive numbers of detected photons and survival 

times when compared with other (commercially) available probes. In polymer films the intersystem 

crossing rate to the triplet state is too low to be computed from autocorrelation curves. 

Incorporation of 6PI in dioleoylphosphatidylcholine (DOPC)and dipalmitoylphosphatidylcholine (DPPC) 

vesicles reveals that the probe resides near the polar head groups. The diffusion constant obtained from 

fluorescence correlation experiments is comparable with the theoretical value found with the Stokes-

Einstein equation for a particle with a hydrodynamic range of 200 nm.  

The commercially available fluorescent probe Perylene Red was studied at the single molecule level to 

investigate if pristine spincoated poly((methyl)methacrylate)) (PMMA) films or annealed PMMA films 

could give rise to single molecules with an anomalous fluorescence lifetime of around 3 ns, as was reported 

for related dyes. In neither sample such a species could be detected.  



 



Solvatochromic probes with excellent single molecule stability 

4.1. Introduction 

There are many problems in biology and material sciences that benefit from the insight 

gained from spectroscopic studies at the single molecule level.[1-3] In chapter 1 the 

stringent requirements needed to detect the fluorescence of a single molecule were 

discussed. The hardware solutions to efficiently excite and detect single molecules are 

commonly available nowadays. The number of different fluorescent probe molecules that 

can be imaged for a reasonable time at the single molecule level is still quite small though. 

The photobleaching quantum yield in many cases is too high. Moreover, most single 

molecule dyes are rather dull from an information perspective: they fluoresce with a high 

quantum yield and have a large absorption cross-section, but they are not real probes in 

the sense that the measured fluorescence allows to read-out some property of the sample, 

such as pH or micro-polarity. Hence, the need for new single molecule probes is still 

quite high; in particular new probes that emit in the red to far red part of the spectrum 

are useful.[4]  

The amino substituted perylene imides introduced in chapter 2 are interesting 

candidates to be tested for single molecule spectroscopy (SMS) suitability as they both 

emit in the red to far red of the spectrum. In particular, the strong solvatochromic 

property of these compounds makes them interesting candidates for applications of single 

molecule spectroscopy. The emission maximum gives direct information of the 

microenvironment of the probe and could for example be used to study protein folding 

processes in a less invasive way than with FRET, as only one label is needed. 

Theoretically the suitability of a fluorophore as single molecule probe depends on 

mainly two parameters: molecular brightness and photostability. Molecular brightness 

can be defined as the product of the molar absorption and fluorescence quantum yield 

and in essence determines if a single emitting molecule can be observed above its 

surrounding background. Strongly fluorescent dyes typically have a reasonable 

photostability because most of the absorbed photons are re-emitted as fluorescence. The 

quantum yield of the side reaction thus cannot be high. The requirements for SMS are 
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very stringent and the photobleaching quantum yield should be at most ∼ 10-5. In 

particular when fluorescence quantum yields are not very high, as in the present case, 

this becomes important. If the probe photobleaches before enough photons are collected, 

the information needed cannot be obtained. 

Many dyes with high brightness have the problem that their λem bands are very 

narrow with a very small Stokes shift. If one would excite them at the absorption 

maximum, most of the fluorescence photons would remain undetected, because they are 

not transmitted by the dichroic beam splitter and filters. For 5PI and 6PI the molecular 

brightness, with ε ≈ 30,000 L mol-1 cm-1 and φf ≈ 0.4, is quite low. An advantage on the 

other hand are the broad absorption bands and large Stokes shifts, which in principle 

allows one to detect the whole band of emitted photons.  

In this chapter the suitability for SMS of the dyes presented in Chapter 2 (Scheme 1), 

will be discussed and comparison will be made with commonly used single molecule 

probes. After this some preliminary FCS results of 6PI labeled vesicles are presented. 

Finally a single molecule lifetime analysis of the commercially available dye Perylene 

Red in two different spincoated polymer films is presented and the results are compared 

with a similar dye in which the bimodal distribution of the single molecule lifetimes 

histogram is assigned to different conformations of the probe molecule. 

 

4.2. Aminosubstituted Perylene Monoimides as Single 
Molecule Probes 

The survival times and the maximum numbers of detected photons of the amino-

substituted peryleneimides presented in Chapter 2, 5PI and 6PI, and the naphthalimide 

analogue 5NI (scheme 1) were measured at the single molecule level. 

In Figure 1 an example of results of a single molecule of 5PI can be seen. A more detailed 

analysis of the spectral and temporal behavior of single molecules of 5PI and 6PI will be 

presented in Chapter 5.  
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Scheme 1 Structures of compounds studied. R=2,5-di-tert-butylphenyl; R’=n-hexyl. 
 

 
Figure 1 Emission from a single molecule of 5PI embedded in a matrix of PMAN (poly(methacrylonitrile)). 
Top: the fluorescence intensity as function of the time shows a rather long survival time (≈170 s); 
occasional short term blinking can be seen. Bottom: the lifetime of the emission is stable around 3.1 ns (bins 
of 2500 photons) during the whole measurement period. (λexc = 520 nm; 540 dichroic long pass (dclp) and 
520 notch filter). 
 

A count rate of approximately 16 kHz can be observed during the whole measurement 

time, with some short off periods (top trace). At 170 s the intensity drops to the 

background in one step and does not come back after 30 s have past, indicating that 

irreversible photobleaching has occurred. 
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Figure 2 Histograms representing the distributions of the survival time (A) and the number of detected 
photons (B) of 5PI embedded in a PMAN matrix. Both distributions were fitted as mono-exponential 
functions. 

 

In the bottom trace, it can be seen that the lifetime trajectory stays stable during the 

measurement time and is centered at 3.1 ns. For the irreversible bleaching of single 

molecules several mechanisms have been proposed. Organic molecules in the (long-lived) 

triplet state can react with molecular oxygen, which has a ground state triplet state. This 

can result in photo-oxidation of the molecule. Alternatively, singlet oxygen can be 

produced, which undergoes a thermal reaction which destroys the chromophore, e.g. a 

cycloaddition[5] or ene reaction.[6-8] This scheme is particularly important in solution 

photochemistry. A second mechanism is absorption of another photon while the 

molecule is in its triplet state. This leads to an excitation to a meta-stable state with a 

potentially high reactivity.[9, 10]  

The photobleaching rate for single molecules is given by the inverse of the survival 

time and an exponential distribution should be found if the photobleaching is first 

order,[11] e.g. from the triplet state.[12, 13] 

In Figure 2 the histograms for the transient duration and the total number of photons 

detected for all single molecules measured of 5PI in PMAN (poly(methacrylonitrile)) is 

presented. The histograms are fitted with a mono-exponential function to yield the mean 

survival time of 78 s and the mean number of photons detected of 650,000. 

For 5PI in PS (poly(styrene)) and Zeonex™ (poly(norbornene)) and for 6PI in PS and 

PMMA (poly(methyl)methacrylate) the same analysis was applied. The data are shown in 
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Table 1 together with those of some well known and often used probes. For 6PI the actual 

transient duration and number of detected photons are greater than the numbers given in 

Table 1, because most molecules were not measured until (permanent) photobleaching 

occurred. The data presented in Table 1 show that 5PI and 6PI posses a respectable 

photostability and therefore can be used as single molecule probes. The numbers of 

detected photons are comparable to Rhodamine 6G, and are only surpassed by perylene 

diimides and terrylene diimides.  

The excited state of fluorescently solvatochromic molecules is usually a highly polar to 

zwitter-ionic one and therefore potentially rather reactive. Considering the strong 

solvatochromic properties of both dyes the number of detected photons and transient 

lifetime are no less then excellent. The stability of 5PI in non-polar Zeonex™ is a little less 

than in the other two polymers. The spectral and fluorescence lifetime characteristics of 

5PI and 6PI will be discussed in more detail in the next chapter. 

Usually the dark states visible on the fluorescence intensity traces in single molecule 

experiments are attributed to the formation of triplet states.[10] The lack of blinking on the 

millisecond timescale suggests that the ISC rates for both 5PI and 6PI are very low. 

Blinking on short time scale can be overlooked easily though, as the intensity in the 

transient trace is obtained by integrating 15 ms. To estimate the triplet lifetime of 5PI and 

6PI the  autocorrelation curves for the macrotime traces with a resolution of 500 μs[14] 

were computed. For both 5PI and 6PI, however, no autocorrelation signal could be found. 

From this, it can be concluded that the ISC rate for both compounds is indeed very low.  

Unfortunately, 5NI could not be measured at the single molecule level for a significant 

time. Samples that are more concentrated also showed a rapid decrease in fluorescence 

intensity, indicating that photobleaching relatively rapidly occurs with this amino-

naphthalene derivative. 

Both peryleneimide derivatives show a good potential to be used as single molecule 

probes, with survival times and numbers of collected photons that are better than or at 

least competitive with many known dyes.  
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Table 1 Survival time and number of detected photons of commonly used single molecule dyesa 

Dyeb Survival time No. of detected 
photons 

environment Excitation 
Power 

Ref 

5PI 110 s 620,000 PS 1.2 kW/cm-2  
 78 s 650,000 PMAN 1.2 kW/cm-2  
 69 s 390,000 Zeonex 1.2 kW/cm-2  
6PI 84 340,000 PS 1.2 kW/cm-2  
 48 400,000 PMMA 1.2 kW/cm-2  
WS-PI 94 s 750,000 PVA 1.4 kW/cm-2 [15] 
 35 s 277,500 PMMA 30 kW/cm-2 [16] 
DCDHF - 200,000 PMMA - [11, 17] 
Rh6G 15 s 500,000 Trehalose 0.4-1.4 kW/cm-2 [18] 
 11 s (air)  PVA 1.5 kW/cm-2 [19] 
 22 s (N2)  PVA   
 1000 s  PMMA 

(vacuum) 
0.7 kW/cm-2 [9] 

RhB - 92,000 Glass surface 1.4 kW/cm-2 [10] 
SRB 8 s 90,000 PVA  [16] 
SRh 101 - 560,000 PMMA 0.7 kW/cm-2 [10] 
Oxazine-1 1 s 300 PVA 30 kW/cm-2 [16] 
TDI 98 s 7,530,000 PMMA 30 kW/cm-2 [16] 
WS-TDI 40 s 1,592,500 PVA 30 kW/cm-2 [16] 
 61 s 2,747,500 PMMA 30 kW/cm-2 [16] 
TRITC 11 s  PVA 4.5 kW/cm-2 [20] 
Nile Red 12 s  PVA 1 kW/cm-2 [21] 
JA242 - 80,000 Glass surface 0.5 kW/cm-2 [22] 
Cy5 - 30,000 Glass surface 0.5 kW/cm-2 [22] 
 1.7 s 75,000 PVA  [23] 
Atto 647N 
(Alexa647) 

1.6 s 125,000 PVA  [23] 

JF9 - 80,000 Glass surface 0.5 kW/cm-2 [22] 
DsRed Few s 5000/s Agarose gel several kW/cm-2 [24] 
 10 s  PVA 0.35 kW/cm-2 [25] 
EGFP Few hundreds 

of ms 
25,000-150,000 per s Agarose gel several kW/cm-2 [24] 

 Few bursts (0.5-
2 s) 

 PVA 0.35 kW/cm-2 [25] 

Quantum dots 100 times more 
than Rh 
(>1000s) 

≈20 Rh molecules   [26] 

a)  Some values for number of detected photons in the literature are corrected for detection efficiency; values 
presented here are not corrected. 
 b) WS-PI = water soluble perylene diimide; DCDHF = dicyanodihydrofuran; Rh6G = rhodamine 6G; RhB = 
rhodamine B; sRh 101= sulforhodamine 101; SRB = sulforhodamine B; TDI = terrylene diimide; WS-TDI = 
water soluble terrylene diimide; TRITC = tetramethyl rhodamine isocyanate; JA242 = oxazine derivative; 
JF9 = rhodamine derivative; EGFP = enhanced green fluorescent protein; PS = polystyrene; PMAN = 
polymethacrylonitrile; PVA = polyvinylalcohol; PMMA = polymethylmethacrylate; Zeonex = 
polynorbornene 
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4.3. Fluorescence Correlation Spectroscopy of 6PI Labeled 
Phospholipid Vesicles  

In fluorescence correlation spectroscopy (FCS), the fluctuations of a fluorescence signal 

are analyzed. In Figure 3 part of a fluorescence signal of a freely diffusing fluorescent 

particle is shown. In Figure 4 some of the situations that can give rise to a fluctuation of a 

fluorescence signal are illustrated: a molecule can diffuse in and out of the confocal 

volume, react or bind to a protein. These molecular processes will give rise to fluctuations 

in fluorescence intensity and can therefore be studied by FCS.  

 

 
Figure 3 Fluorescence intensity fluctuation of a 200 nm DOPC vesicle labeled with 6PI. 
 

 

 
Figure 4 Schematical representation of FCS. Probe molecules diffuse in and out of the focal volume and can 
react, bleach or bind to a protein. These are some the sources that can give rise to fluctuations in the 
fluorescence intensity signal. Depending on the source of the fluctuation, diffusion constants or binding 
strengths can be calculated from the FCS curve. Image adapted from reference [27]. 
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FCS is a relatively old technique, originally introduced by Elson, Magde and Webb in the 

early seventies.[28] It took, however, nearly 20 years until lasers with a high quality beam 

profile, low-noise single photon detectors and high quality microscope objectives with a 

high numerical aperture allowed the technique to become as widely used as it is now.  

The detection volume is down to a few μm3 (≈1 fl) which makes the technique 

applicable to be used at reasonable concentrations (∼10-9 M) and short measurement times 

(minutes). As stated before, in FCS the detected fluorescence intensity at time t is 

correlated with a time-shifted copy of itself at different time shifts τ. The result is the 

autocorrelation function (second order correlation function) which is calculated 

according to Equation 4. 

 
)()()( ττ += tItIg           (4) 

 

This autocorrelation function is proportional to the probability to detect a photon at time 

t + τ if there was a detection event at time t. This correlation is composed of two terms: 

two photons which are detected at time t and at time t + τ can originate from an 

uncorrelated event (such as background or another non-interacting molecule) or they 

will come from a correlated event, i.e. the same molecule. The uncorrelated photons will 

contribute to g(τ) as a constant offset, while the correlated photons will lead to a time 

dependent component of g(τ). In other words, the temporal behavior of the 

autocorrelation function is only determined by the correlations of single molecules. In 

that respect, FCS is a true single molecule spectroscopy technique, even though the 

analysis does not explicitly identify single molecule events. FCS is used to study dynamic 

events like diffusion, binding of a substrate to a protein, a protein binding to membrane[29] 

or to probe conformational changes. It is a powerful technique that finds many 

applications in biophysical and medical research.[30-35] 

One limitation of FCS is the limited concentration range in which it can be used: If the 

concentration of the fluorescent molecules become too large (>10-8 M), the contribution 

from correlated photons from individual molecules becomes too small, which scales with 
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N (the number of molecules in the detection volume) when compared with contributions 

of photons from uncorrelated photons from different molecules, scaling with N2. If the 

concentration gets too low (<10-13 M), the probability of finding a molecule within the 

detection volume becomes extremely small. In both cases, the measurement time for 

achieving proper correlation curves becomes too large. Recently a trick to overcome this 

has been published. By using a photoswitchable dye Eggeling et al. work at 

concentrations of 10-5 M.[36] By switching the dye off and on the effective concentration of 

the fluorescent form of the molecule is kept low.  

 

4.3.1. Labeled Phospholipid Vesicles 

When phospholipids are dissolved in water, they self assemble into bilayers (Figure 5) 

and these will then in turn form spherical particles called vesicles. These vesicles have an 

interior compartment which is effectively shielded from the outside environment and 

they will not break down under protein expression,[37] enzymatic reactions[38] or mRNA 

transcription.[39] This makes them excellent micro reactors in which to do (bio)catalysis as 

the nano-environment can be manipulated[40] and the environment mimics a real cell. By 

controlling the temperature[41] or electroporation[42] new reactants can be entered into the 

vesicle. Vesicles could also find application as medicine delivery systems.[38] 

 

 
Figure 5 Makeup of a phospholipids vesicle. The phospholipids self-assemble into a bilayer (right side) 
which will form a spherical particle in which the interior is separated from the outside by the 
phospholipids shell. Images adapted from references [43, 44]. 
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To make a fluorescently labeled bi-layer 6PI was added to the extrusion solution in CHCl-

3. The probe is not soluble in water, but after rehydration and subsequent formation of 

the vesicle the dye molecule could be trapped in the phospholipid bilayer. The emission 

and excitation spectra are shown in Figure 6. The spectra of 6PI in 

dioleoylphosphatidylcholine (DOPC) are very similar to those in 

dipalmitoylphosphatidylcholine (DPPC). This is an indication that the probe resides near 

the polar head groups of the lipid. This is further substantiated by comparing the 

excitation and emission maxima in the bilayer (λexc = 546 nm, λem = 720 nm) with those 

shown in Chapter 2. The polarity of the direct surroundings of 6PI is comparable with a 

solvent with a polarity similar to that of dichloromethane, in which the absorption and 

emission maxima are 547 nm and 715 nm, respectively. 

In a recent series of papers by Enderlein[45-47] it is shown that determining the diffusion 

coefficient quantitatively from FCS experiments is rather tricky. Significant deviations in 

the diffusion coefficient can be found if factors of refractive index matching, saturation, 

pinhole position, polarization and coverslide thickness are not taken into account. The 

figures in Enderlein’s papers show clearly that the main source of error is in the deviation 

of the molecular detection function (MDF) from the ideal 3D gaussian. As a new method 

to overcome all these problems Enderlein et al. have introduced a method which uses the 

cross-correlation between two foci (2fFCS) to quantitatively measure the diffusion 

coefficient.[48-51] A simple way to get reasonable diffusion coefficients is to assume two-

dimensional diffusion, or to leave the extension of the Gaussian MDF along the z-axis as a 

free parameter during fitting. Thus, an elongated 3D Gaussian MDF is assumed. In 

Equation 5 the correlation function for three-dimensional diffusion is given: 
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Figure 6 Excitation and emission spectra of 6PI in DOPC (A) and emission spectra of 6PI in DOPC and 
DPPC (B) λexc = 580 nm and λem =720 nm. 
 
 

 
Figure 7 Correlation curve of 200 nm diameter DPPC vesicles labeled with 6PI and a fit of the data with 
Equation 5 (λex c =  514 nm). 
 

In Equation 5, w2xy  is the xy radius of the MDF; wz the z-depth; c the number of particles 

in the excited volume; t the time in s and D the diffusion coefficient. The resulting fit of 

the FCS trace is shown in Figure 7. This yields a diffusion coefficient of 1.5 × 10-12 m2s-1. 

The diffusion coefficient for particles with a hydrodynamic radius of 200 nm can be 

calculated with the Stokes-Einstein equation: 

 

d
kTD
πη3

=            (6) 
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In Equation 6, d is the hydrodynamic radius of the particle, k Boltzmann’s constant, T the 

temperature in Kelvin, η the viscosity of the medium and D the diffusion constant. For a 

spherical particle of 200 nm in water the diffusion constant (D) is calculated to be 1.1 × 

10-12 m2 s-1. 

The experimental results from the FCS experiments are in very good agreement with the 

theoretical one. 

4.4. Single Molecule Lifetime of Perylene Red 

An advantage of single molecule spectroscopy is that a single molecule at any given time 

exists in a particular conformational state within a particular local environment. If it stays 

in this particular state for a sufficiently long time, it can be directly observed. Recent 

research about rotational and translational diffusion of a dye molecule embedded in a 

polymer matrix near the glass transition temperature show the heterogeneous dynamics 

in this region. In the glassy state, triplet lifetimes, intersystem crossing yields and 

fluorescence lifetimes of single molecules in a polymer film were shown to vary with 

time.[52, 53] It was also shown that the fluorescence lifetime fluctuations expose partial 

dynamics in polymers in relation with the Simha-Somcynsky free volume theory.[54] 

According to Vallée et al.[55] the tert-octyl substituted tetraphenoxy perylene 

tetracarboxydiimide (TPDI, Scheme 2) can appear in two different conformations: one in 

which the perylene core is twisted and one in which the perylene core is flat. These 

different conformations have significantly different lifetimes of 6.2 and 3.2 ns, 

respectively, when embedded in a poly n-butylmethacrylate matrix.[55] In view of these 

results, the commercially available dye Perylene Red (PR, Scheme 2) was embedded in a 

polymer film and studied at the single molecule level.  
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Scheme 2 Structures of the commercially available dye Perylene Red (left) and the TPDI dye studied in 
reference [55]. 
 

In view of the spectral and lifetime characteristics of 5PI and 6PI discussed in the next 

chapter, both a pristine spin coated film and an annealed film containing single molecules 

of PR were studied to investigate if there is a significant change in lifetime population. 

For this, 148 molecules were studied in the pristine sample and 127 in the annealed 

sample. For each individual molecule, a lifetime distribution histogram was created. The 

mean lifetime was then obtained fitting this histogram with a gaussian. In several cases, it 

was clear that the histogram contained two major lifetimes. In those cases, a bimodal fit 

was used. To provide equal contribution of each individual molecule to the overall 

lifetimes histogram, the two lifetimes were weighted by means of the (relative) area 

under their respective fits (e.g. 0.8 × 6.5 ns and 0.2 × 7.2 ns). The final histograms are 

shown in Figure 8. From this figure, it can be seen that there is no real difference in 

lifetimes for molecules found in a pristine film and molecules in an annealed film and that 

both lifetime distributions are rather asymmetrical. It is also strikingly clear that not a 

single molecule is found with a τ < 4 ns. 
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Figure 8 Lifetime analysis of Perylene Red in polystyrene matrix (A, 148 molecules) and in annealed 
polystyrene matrix (B, 127 molecules). 
 

The PR molecules embedded in the PS matrix have a mean lifetime of 6.5 ± 1.6 ns. In the 

case of the annealed sample, the mean lifetime is of 6.7 ± 1.4 ns. The TPDI dye studied in 

reference[55] had a lifetime of 6.2 ns in PMMA, which corresponds nicely with the value 

found here.  

According to Vallée et al. this long lived species is the most stable conformation in 

which the core or the perylene is twisted and has the smallest van der Waals volume.  

 

4.5. Conclusion 

5PI and 6PI rival many commercially available single molecule probes with a detected 

number of photons of ∼ 600,000 per molecule and a survival time of well over a minute 

for both probes. The relatively low brightness (ε ≈ 30,000 L mol-1 cm-1 and φf ≈ 0.4) is not 

an obstacle for their application in SMS. Both 5PI and 6PI are stable enough to be used as 

single molecule probes and show an ensemble emission in the red to far-red part of the 

spectrum. Only a few single molecule dyes are available in that region (TDI, Cy5, 

Atto680). The main advantage that 5PI and 6PI can have over these dyes is that they yield 

some additional information besides just an emitted photon that shows the location of the 

probe. What was not discussed yet: is it possible to study solvatochromism at the single 

molecule level? Neither was a single molecule fluorescence lifetime analysis performed 
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for 5PI and 6PI. Both single molecule emission spectra and fluorescence lifetimes will be 

present in the next chapter. The spectral information shown there brings quite some 

surprises that would remain hidden if one only measures the fluorescence intensity traces 

and the lifetimes. [11, 17] 

The inclusion of 6PI in vesicles is easily achieved. From the emission maximum of 720 

nm we conclude that the probe must be located close to the polar headgroups. Fitting of 

the FCS curves with the z length of the MDF as free fitting parameter yields a diffusion 

constant of 1.5 × 10-12 m2s-1. This is in reasonable agreement with the theoretically 

calculated value of 1.1 × 10-12 m2 s-1 with the Stokes-Einstein equation.  

The single molecule lifetime analysis of Perylene Red in polystyrene shows that 

according to the interpretation of Vallée et al.[55] there are no occurrences of molecules 

containing a “flat” perylene core, as the lifetime for this species would be around 3.2 ns. 

These measurements also show that there is no influence of annealing on the ratio 

between the two conformations.  
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4.7. Experimental Details 

The steady state fluorescence spectra were obtained as described in Chapter 2. 
 

4.7.1. Single Molecule Sample Preparation 

To avoid fluorescence contaminations, the solvent, toluene (spectroscopic grade, Sigma-

Aldrich) was checked for fluorescence and if no significant signal was found the solvent 

was used to prepare the polymer solution. A stock solution of 2 % ww polymer (Zeonex 

Z620s, Zeonor Chemicals; PMAN Mw 250,000 Scientific Polymer; PS secondary standard 

Mw 240,000, Sigma-Aldrich; PMMA Mw 350,000, Sigma-Aldrich) in toluene was made 
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and left to fully dissolve for at least 24 hours. The coverslides were sonicated for 2 × 10 

min in acetone (spectroscopic grade Sigma-Aldrich), followed by 10 min in 2 % KOH 

solution (spectroscopic grade Sigma-Aldrich) and finally sonicated for 30 min with 

Millipore water (18 MΩ) after which they were dried with Argon and placed in a UV-

Ozone cleaner for a minimum of 60 minutes.  

Alternatively the coverslides were cleaned by sonication in a 10 % Helmanex™ water 

solution (Nanopore, 18 MΩ) for 60 minutes followed by 3 times 30 minutes in water after 

which they were dried with N2 and put in the UV-Ozone cleaner for 60 min. In both 

procedures, the coverslides were rigorously rinsed with water between the following 

sonication steps. Of each batch, one blank coverslide was checked for auto-fluorescence. 

The polymer solution was then spincoated (2500 rpm, 30 s) onto the coverslide and 

checked for fluorescence. When no fluorescence was detected from the polymer film the 

polymer solution was used to make sample solutions of 10-10 M which were then spin 

coated and measured at the confocal setup (see below). 

4.7.2. Vesicles  

DOPC and DPPC were obtained from Avanti Polar lipids and stored at -18 °C. The lipid 

(9 mg) was dissolved in 10 ml CHCl3, to this solution 1 ml of 10-4 M solution of 6PI in 

CHCl3 was added. The solvent was then removed on the rotary evaporator to yield a thin 

film of lipid and dye on the wall of the roundbottom flask. This was hydrated with 18 

MΩ water (NanoPore) and kept above the Tm (20 °C DOPPC and 40 °C DPPC) during the 

hydration and the following extrusion. The extrusion was then done with 200 nm 

extrusion filters and was given a total of 20 passes through the membrane. The white 

starting suspension became clear in the end and had a slightly bluish haze. The vesicle 

solution was then allowed to cool down to room temperature and stored at 4 °C. 

Experiments were preformed within 4 days after preparing the vesicle solution.  

For the FCS experiments the vesicle solution was diluted to 10-10 M 6PI. A droplet of the 

vesicle solution was put on a coverslide and the emission was collected 10 μm above the 

surface of the glass with the confocal setup described in the next section. 
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4.7.3. Confocal Setup 

In Figure 9 a schematic representation is given of the confocal setup at the UvA, used in 

the FCS and PR experiments. The confocal microscope used was a Microtime 200 from 

PicoQuant Gmbh, Berlin, Germany. As excitation source, a pulsed Argon-Ion laser (75.6 

MHz) at 514 nm was used. The laser beam (FWHM 100 ps) was collimated into a 

polarization maintaining single-mode fiber. The light was guided into an inverted 

microscope (Olympus IX-71) by a dichroic mirror (540 dlcp) with a high aperture oil-

immersion objective (100×, NA 1.3, Olympus). The coverslide sample was mounted on an 

xy piezo driven scanning stage (PI P-733). The emitted light was guided via the pinhole to 

one of the two single photon avalanche photodiodes (Perkin-Elmer SPCM CD2801, 

response time of 500 ps) through an emission filter (650/115). Data acquisition was 

performed with a PC equipped with a TimeHarp 200 TCSPC counting card (PicoQuant). 

 

 

 
Figure 9 Confocal setup used at the University of Amsterdam, Picoquant MT200 
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A schematic representation of the confocal setup at KU Leuven, used in the 5PI and 6PI 

single molecule experiments is shown in Figure 10. As excitation source a Ti:Sapphire 

laser (Spectra Physics) pumped an optical parametrical oscillator to obtain the excitation 

wavelength 520 nm. The emission was detected with an avalanche photo-diode (APD) in 

single photon counting mode (SPCM AQ15, EG&G). The single photon timing was done 

with a single photon counting card (Becker & Hickl GmbH, SPC 630) operating in FIFO 

mode (first-in-first-out). Suitable filters were placed in the detection path to suppress 

residual excitation light (540 nm dichroic long pass mirror and a 520 nm notch filter, 

Figure 10). The microscope itself consists of an Olympus, 60 ×; 1.4 NA oil immersion 

objective equipped with a piezo controlled scanning stage. The single molecule 

fluorescence spectra were recorded with a liquid nitrogen cooled, back illuminated CCD 

camera (LN/CCD-512SB, Princeton Instruments) coupled to a 150 mm polychromator 

(SpectraPro 150, Acton Research Cooperation) using a 10 s integration time. The recorded 

spectra were corrected for the background, the response of the CCD camera and the 

optics used.  

 

 
Figure 10 Schematic representation of the confocal single molecule setup as used in the measurements 
performed at KU Leuven. 
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For the combined measurements (spectra, intensity and decays) the fluorescence signal 

was split with a hybrid beam splitter cube (Newport 05BC17MB.1), guiding 50 % of the 

light to the CCD camera and 50 % to the APD. The excitation power was measured 

directly before the entrance to the microscope and was at 1 μW. More details on this 

setup can be found in reference [56]. 
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5 
5. Single molecule spectra of amino-
substituted perylene imides 

abstract 

The single molecule spectra of 5PI and 6PI reveal three different types of emitters, two of which are not 

observed at the ensemble level. The nature of these two emitter types is not fully uncovered, but evidence 

is presented that one emitter type is most probably a result of photo-oxidation. Following a suggestion in 

the literature, the last emitter type may be attributed to twisted conformations in which the amino group is 

perpendicular to the perylene core. Computational estimation of such conformations, however, casts doubt 

on this explanation. 

The shape of the emission spectra that are observed in dropcast or spincoated films with a high dye 

concentration resembles that of the emission spectra in solution. The rigidity of the embedding polymer 

matrix limits the solvatochromic sensitivity, unfortunately, to the extent that the spectra in chemically 

different polymers are only slightly different. Finally, preliminary results of single molecule excited state 

deprotonation and reprotonation experiments are presented. 

 

 

 



 



Single molecule spectra of amino substituted peryleneimides 

5.1. Introduction 

In the early days of single molecule spectroscopy most measurements were performed at 

very low temperatures, but nowadays single molecule spectroscopy is becoming more and 

more a routinely used experiment at room temperature. It has been shown to be a 

valuable tool to directly probe the local nano-environment.[1-5] The most detailed 

information can be obtained from a collection of single molecules, which avoids the 

averaging effect from bulk experiments and allows one to investigate distributions of 

particular properties of dyes in solution,[6] gels,[7, 8] polymer matrix[9] etc. For routine 

experiments, single molecules are frequently encapsulated in thin polymer films. The 

polymer matrix is solely used as an encapsulating medium for the single molecules. In this 

way complex molecular systems, like multi-chromophoric molecules, can be studied.[10, 11]  

The effect of the polymer matrix on the properties studied is frequently ignored. That 

there can be a substantial influence of the polymer matrix is shown by some recent 

publications.[12-15] Vallée et al.[15] reported on the temporal fluctuations of the fluorescence 

lifetime of  DiD (1,1,-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine) embedded in 

polystyrene. The lifetime fluctuations were attributed to nanoheterogenous properties of 

the polymer and the fluctuating free volume around the probe. We used different 

polymer matrices to encapsulate single molecules of 5PI and 6PI to study if there are 

matrix specific effects. We used polystyrene (PS), polymethacrylonitrile (PMAN), 

polymethylmethacrylate (PMMA) and Zeonex™. These polymers were selected because 

of the differences in polarity of the repeating units. PS should be similar to toluene, 

PMMA a little more polar than toluene, PMAN is similar to butyronitrile and Zeonex™ is 

a polynorbornene matrix with a polarity similar to that of cyclohexane. The PS and 

PMMA films were spincoated from toluene, PMAN from acetonitrile and Zeonex™ from 

chloroform.  

From polymer chemistry it is known that the preparation method of the film strongly 

influences the thermodynamic state of the film.[16-19] Generally, the polymer films used in 

single molecule spectroscopy are made by spin coating a dilute solution of polymer and 
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thus letting the solvent evaporate quickly, within a few seconds. This preparation method 

leaves a considerable stress in the polymer, which can be relieved by annealing.[20-24] 

In this chapter we will show and discuss the single molecule spectra and lifetimes of 

5PI and 6PI. A remarkable difference is found between the ensemble spectra as shown in 

chapters 2 and 3 and the single molecule spectra.  

 

5.2. Preparation and Characterization of Spincoated 
Polymer Films 

As mentioned in the introduction in many cases a thin spincoated polymer film is used as 

encapsulating medium for single molecules. In this section we will have a look at the 

polymer film itself and investigate the thickness of the film and how it depends on the 

polymer concentration. The thickness of the film is known to have a strong influence on 

the emissive properties of the embedded single molecules, especially when reaching 

values of 50 nm or less. The electric field of the glass and the acidic SiOH groups on the 

surface of the glass will play a big role in the detected emission if relatively many 

molecules are close to them. The boundaries between media with different dielectric 

properties (refractive index) also effects the radiative process.[25] 

The thickness of a polymer film is measured by means of the surface profiling method. In 

this method a scratch is made in the polymer film. With a needle a thin line is scratched 

in the polymer. The needle does not damage the glass surface, but does remove all 

polymer down to the glass. The coverslide is then placed in the surface profiling 

apparatus and the profiling needle is positioned before the scratch. The profiling needle 

will move along the surface of the film and through the scratch. The needle measures 

differences in height of the surface. A typical surface profile (as measured for one scratch) 

can be seen in Figure 1. The increased height at 300 μm is typical for these measurements 

and is the leftover polymer that was scratched away. 
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Figure 1 Film thickness is determined by surface profiling. A) Schematic representation of a spincoated film 
on a glass surface and the profiling needle moving along the surface at 3 different positions and 3 different 
scratches. B) Typical surface profile of a scratch made in a spincoated film of 2% polystyrene in toluene. 
Thickness of the film is 100 nm. 
 
For each sample several scratches were made along the surface and each scratch was 

measured at several points. We found that a film spincoated out of a 2 % w/w polystyrene 

in toluene yields a thickness of approximately 100 nm, when spincoated for 30 s at 2500 

rpm. All films were spincoated on a Delta 10TT spincoater (BLE Laboratory Equipment 

GmbH). For more volatile solvents like chloroform, the thickness is not so much 

determined by the rotation speed and the time, but more by the acceleration speed. Most 

of the solvent is already evaporated before the spinner reaches its designated maximum 

rpm. 

To get a better understanding of how the film thickness is related to the percentage of 

the polymer used several solutions were made and measured. This yields a linear 

relationship between the weight percentage polymer and the film thickness, when the 

films are prepared at 2500 rpm for 30 s. The data presented in Figure 2 show that the 

variation in the film thickness for the films prepared in the same way is 10 – 20 %. There 

are several factors that influence the final thickness of a spincoated polymer film, such as 

concentration in the solution from which the cast is made, spinning speed, molecular 

weight and chain length.[26, 27] The main deviations in the data presented here are due to 

variations in laboratory conditions like ambient humidity and temperature.  
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Figure 2 Film thickness as a function of the weight percentage polystyrene used. 
 

5.3. Single Molecule Spectra 

The absorption and ensemble fluorescence spectra of 5PI and 6PI in toluene are shown in 

Figure 3A. 5PI is shifted to the red in comparison with 6PI which is related to a stronger 

coupling of the amine donor to the perylene imide core. Both probe molecules exhibit 

strong fluorescence, with an approximate quantum yield of 0.4 and solvatochromic shift 

towards the red with increasing solvent polarity. 5PI also shows strong solvatochromic 

behavior in absorbance, which is caused by an increasing ground state dipole moment 

induced by the (polar) solvent. This has been discussed in detail in Chapters 2 and 3. 

The ensemble spectra in polymer films resemble the spectra found in toluene, but the 

shoulder on the red side of the emission band is less pronounced. The emission spectra are 

a little blue shifted as the rigidity of the matrix effectively decreases the polarity a bit. As 

a result the excited state cannot be stabilized as well as by a solvent of low viscosity 

(Figures 3B and 3C). The excitation and emission maxima are listed in Table 1. 

Of both compounds ca. 100 individual molecules were measured. Emission spectra, 

intensity and fluorescence decay traces were measured simultaneously. At the single 

molecule level we found three distinct types of different emitters. We classify these 

emitters as type 1, type 2 and type 3 based on their spectral shapes and emission maxima 

(see Figure 4).  
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Figure 3 Absorbance and fluorescence spectra of 5PI (grey line) and 6PI (black line) in toluene (A, λexc = 580 
nm). B) Excitation and emission spectra of 5PI in PS (solid line) and PMMA films (dashed line). C) 
Excitation and emission spectra of 6PI in PS (solid line) and PMMA (dashed line). The samples were drop-
cast from a solution containing 2% w/w polymer. The thickness is estimated to be several tens of μm. 
 

Table 1 Excitation and emission maxima of 5PI and 6PI in dropcast polymer films and toluene. 
 Toluene PS PMMA 

5PI 
λexc : 576 nm 

λem  : 688 nm 

λexc : 582 nm 

λem  : 666 nm 

λexc : 602 nm 

λem  : 681 nm 

6PI 
λexc : 527 nm 

λem  : 668 nm 

λexc : 536 nm 

λem  : 646 nm 

λexc : 536 nm 

λem  : 662 nm 

 

Emitter type 1 shows a moderately intense emission with an approximately gaussian 

shaped band, which resembles the ensemble spectrum. Type 2 emitters are shifted to the 

blue with respect to type 1 and show a very intense and highly structured spectrum.  
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Figure 4 Different emitter types found for 5PI at the single molecule level. Type 2 and type 3 emitters are 
shifted so much to the blue that a part of the band is blocked by the dichroic mirror of the setup (540 
dichroic long pass mirror (dclp); see Figure 28 for transmission spectra of the filters used). For 6PI similar 
types are found. 
 

Type 3 shows an emission comparable to that of type 2 in intensity, but is very much blue 

shifted.  

Type 1 emitters show a broad, structureless emission band centered around 650 nm. 

An example of a type 1 emitter is shown in Figure 5. This particular molecule has a total 

observation time of > 300 seconds and has a fluorescence lifetime that shows a bimodal 

distribution. In Figure 5C the evolution of the lifetime during the observation time can be 

seen. After 130 s the intensity increases (Figure 5B) and accompanying this, the lifetime 

increases from 3.6 to 3.9 ns. No change in the spectrum is observed for this jump in 

lifetime. The intensity trace is made by binning the collected photons to a 20 ms window 

and plotting this versus the elapsed experiment time. The fluorescence lifetime is 

obtained by fitting the data with a mono-exponential decay function and deconvolution 

of the instrument response. The instrument response was determined by measuring a 

drop of Erythrosine B solution in water. Erythrosine B has a fluorescence lifetime of 89 

ps,[28] which is considerably shorter than the expected instrument response of ∼ 0.5 ns.  

The fit was performed on bins of 104 photons, with a 5000 photon overlap per bin. The 

bins are then plotted against the elapsed experiment time (Figure 5C) and an occurrence 

histogram is made to form the lifetimes distribution histogram.  
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Figure 5 Type 1 emitter of 5PI in PS. A)  Emission spectra (10 s integration time), B) the intensity trace 
(photons / 20 ms), C) the fluorescence lifetime as a function of the observation time and D) the lifetimes 
distributions histogram. 
 

Note that whereas in ensemble measurements the quality of these fits is assessed by a 

minimization of a least-squares penalty function of Gaussian distributed data, this 

approximation is not valid for low intensity measurements (as typical for single molecule 

measurements). The lifetimes that make up these single molecule histograms (not to be 

confused with the lifetime distribution over the whole data set) are obtained with a 

maximum likelihood estimator, which correctly accounts for Poissonian counting 

statistics. 

An example of a type 2 emitter can be seen in Figure 6. Type 2 emitters have a highly 

structured emission band consisting of three maxima. The first one occurs around 540 

nm, but this is hard to resolve because a part of the band is blocked by the dichroic mirror 

(540 nm DCLP, see Figure 28 for spectrum). A second maximum is found near 580 nm 

and the third maximum at ∼ 620 nm. Type 2 emitters are also characterized by a very 

high brightness. For the example shown in Figure 6 the intensity drops after an 

observation time of 110 s and the molecule is permanently photo bleached. This 

particular molecule has a lifetime of 4.0 ns.  
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Figure 6 Type 2 emitter of 5PI in PMAN. A)  Emission spectrum (10 s integration time), B) the intensity 
trace (photons / 20 ms), C) the fluorescence lifetime as a function of the observation time and D) the 
lifetimes distributions histogram. 

 
Figure 7 Type 3 emitter of 5PI in PS. A)  Emission spectrum (10 s integration time), B) the intensity trace 
(photons / 20 ms), C) the fluorescence lifetime as a function of the observation time and D) the lifetimes 
distributions histogram. 
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A third type of emitter can be seen in Figure 7. The fluorescence of type 3 emitters is very 

much blue shifted. With the dichroic mirror and emission filters used we can only see a 

part of the emission spectrum. This makes it hard to accurately determine the emission 

maximum. Probably it lies around 530 nm. The example type 3 emitter shown in Figure 7 

has a total observation time that is a little over 70 s. The average fluorescence lifetime is 

2.6 ns, but some fluctuations are present during the observation period.  

The emitters shown in Figures 5 to 7 are examples; there is some variation in lifetime 

per different molecule. There were some differences per matrix both in occurrence of 

emitter type as in lifetime per emitter type. 

To calculate the mean lifetime each molecule has been given a contribution of one to 

the overall lifetimes histogram. To ensure that each individual molecule had the same 

weight in this histogram, molecules with a clearly bimodal distribution have fractional 

contributions for both lifetimes depending on the relative contributions of the two 

lifetimes. The histograms below (Figure 8) show the variation in lifetimes found for 

different single molecules, sorted according to emitter type and embedding matrix. 

Whereas most lifetime distribution histograms in Figure 8 show a reasonable gaussian 

profile, there are some exceptions. Type 3 in Zeonex shows a hint of a bimodal 

distribution, but an accompanying change in the emission spectra was not found. Type 2 

in Zeonex shows an awkward shape that seems to stand on its own; no correlation of 

spectral response with lifetime could be made. No histogram was constructed for type 2 

emitters in PS because not enough single molecules showed this behavior to construct a 

proper histogram. 
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Single molecule spectra of amino substituted peryleneimides 

Table 2 Lifetimes of the different types of 5PI emitters 

 Type 1 Type 2   Type 3 

PS 3.5 ns - 2.7 ns 

PMAN 3.5 ns 4.3 ns 4.0 ns 

Zeonex 2.7 ns 2.8 ns 3.2 ns 

 

The average lifetimes of the different emitter types in three polymer matrices are given in 

Table 2. The differences in lifetimes between the emitter types are rather small. In PMAN 

the average fluorescence lifetimes are significantly longer for type 2 and type 3 than in PS 

or Zeonex. PMAN is the most polar of these three matrices. For charge transfer 

compounds in general the lifetime usually decreases with increasing solvent polarity, but 

in solution we did not observe an increase in fluorescence lifetime of 5PI with increasing 

solvent polarity.  

To summarize for 5PI, all different emitter types and their occurrences as fraction of 

the total number of molecules studied are listed in Table 3. In some cases we could see the 

emitter type changing during the measurement. These occurrences are listed in the 

column “changing”.  

 

Table 3 Overview of the abundance of the different types of 5PI emitters per polymer matrix 

 Type 1 Type 2 Type 3 Changinga 

PS 34 % 5 % 53 % 8 % 

PMAN 9 % 33 % 48 % 10 % 

Zeonex 12% 27 % 55 % 6 % 
a During the measurement some emitters changed from one type to another, this is their contribution to 
the total 
 

Remarkably, the abundance of type 2 and type 3 emitters makes up for 50 – 80 % of the 

total population, but these types were not found at the ensemble level (see below). 

Evidence that type 2 and 3 emitters are coming from the same probe molecule as type 1 

(and are not a contamination) is found in the fact that in some cases a change in emitter 
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type is observed during the measurement In Figure 9 such a change in spectrum is shown. 

The initial type 3 spectrum (which is distorted by the use of a 540 nm dclp) is present 

during the first frame, but changes near the end of the recording time of the second 

frame. The third and subsequent frames then only show the spectrum of a type 1 emitter. 

For 6PI essentially the same behavior is observed as for 5PI: three distinct types of 

different emitters are found at the single molecule level. Two of these are not present at 

the ensemble level. In Figure 10 an example of a 6PI type 1 emitter is shown (λmax = 650 

nm). This molecule has an observation time of 50 s, before it permanently photobleaches. 

The average lifetime is 3.3 ns, the small decrease in fluorescence intensity at t = 28 s 

(Figure 9B) is matched by a decrease in lifetime as can be seen in Figure 9C. The cause for 

the change in intensity and lifetime is probably a change of conformation or a change in 

the local polymer environment. 

An example of a 6PI type 2 emitter can be seen in Figure 11. This molecule has an 

observation time of over 80 s. The emission spectrum is very intense and highly 

structured as is characteristic for type 2 emitters, with a maximum at 615 nm and a 

second maximum at 690 nm . The average lifetime is 5.1 ns and fluctuation in the lifetime 

is small for this molecule as can be seen from both the time evolution trace as well as the 

histogram. (Figure 11C and D). The blue shift is smaller than in the case of 5PI. 

 

 
Figure 9 Single molecule jump of 5PI in PMAN excited at 520 nm. During the first 20 s only type 3 is 
present, after that only type 1 is present. 
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Figure 10 Type 1 emitter of 6PI in PS. A)  Emission spectrum (10 s integration time) after 53 s this molecule 
is permanently photo bleached. B) the intensity trace (photons / 20 ms), C) the fluorescence lifetime as a 
function of the observation time and D) the lifetimes distributions histogram. 
 

 

Figure 11 Type 2 emitter of 6PI in PMMA. A)  Emission spectrum (10 s integration time), B) the intensity 
trace (photons / 20 ms), C) the fluorescence lifetime as a function of the observation time and D) the 
lifetimes distributions histogram. 
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Type 3 emitters are found less frequently than in the case of 5PI and the blue shift is a 

little less compared with that of 5PI. Figure 12 shows an example of a type 3 emitter of 

6PI encapsulated in PS. Type 3 emitters are characterized by a more strongly blue shifted 

emission, with an emission maximum of ∼ 530 nm and relative intensity that is higher 

than for the type 1 emitters. The example shown in Figure 12 has an observation time of 

8 s, after that it is permanently photobleached.  

Since photobleaching occurred quite rapidly for this molecule the histogram (Figure 11 

D) has only very few occurrences. The fluorescence lifetime during the observation is 3.0 

ns. For 6PI also the lifetime distribution histograms were made and sorted according to 

matrix and emitter type (Figure 13). 

 

 

 
Figure 12 Type 3 emitter of 6PI in PS. A)  Emission spectrum (10 s integration time). After 14 s this 
molecule is permanently photobleached. B) The intensity trace (photons / 20 ms), C) the fluorescence 
lifetime as a function of the observation time and D) the lifetimes distributions histogram. 
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Figure 13 Lifetime distribution histograms of the emitter types of 6PI embedded in polystyrene (PS), 
polymethylmethacrylate (PMMA). Type 3 in PMMA is not shown because not enough different single 
molecules with this emitter type were observed to construct a proper histogram. 
 

Table 4 Lifetimes of the different types of 5PI emitters 

 Type 1 Type 2 Type 3a 

PS 3.2 ns 4 ns - 

PMMA 3.5 ns 3.8 ns - 
a No average lifetime is listed for type 3 as the behavior is erratic in PS 
and in PMMA not enough molecules with this emitter type were 
observed to construct a histogram 
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For 5PI the lifetimes of the different species are similar in PS and Zeonex, in PMAN all 

lifetimes are longer. For 6PI the lifetime of type 2 is longer than that of type 1. The 

behavior of type 2 emitters is clearly more erratic than that of type 1 emitters. For type 2 

the histograms have shapes that do not resemble the expected gaussian shape. The shape 

of the type 3 emitter lifetimes distribution histogram is even more unsymmetrical than 

that of type 2. The construction of this histogram is hampered by the fact that only a very 

small percentage of the molecules studied show this behavior. Table 5 shows the relative 

abundance of the different emitter types. In Figure 13 no lifetime distribution histograms 

are shown for Zeonex because these measurements were performed with continuous 

excitation. Like in the case of 5PI, a significant part of the 6PI population is made up from 

type 2 and type 3 emitters which were not found at the ensemble level. In the case of 6PI, 

however, the type 1 is dominant. 

 

Table 5 Relative abundance of the different types of 6PI emitters per polymer matrix 

 Type 1 Type 2 Type 3 Changinga 

PS 64 % 17 % 12 % 7% 

PMMA 76 % 16 % 5 % 2 % 

Zeonexb 54 % (52 %) 20 % (35 %) 24 % (13 %) 2 % 
a During the measurement some emitters changed from one type to another this is their contribution to 
the total 
b Values in brackets are for a small set of measurements with λexc 560 nm instead of 520 nm.  
 

Evidence that type 2 and 3 emitters are coming from the same molecule as type 1 (and are 

not a contamination) is found in the fact that in some cases a change in emitter type is 

observed during the measurement (‘changing’ column in Table 5). In Figure 14 such a 

change in spectrum is shown. The initial type 3 spectrum (which is distorted by the use of 

a 560 nm long-pass filter) is present during the first frame, but changes during the 

recording of the second frame. This results in a combination spectrum of type 3 and type 

1 for the second frame. The third and subsequent frames then only show the spectrum of 

a type 1 emitter. 
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Figure 14 Single molecule jump of 6PI in PMMA excited at 543 nm. During the first 5 s only type 3 is 
present, between 5 and 10 s a mixture of both types is recorded and after 10 s only type 1 is present. 
 

5.4. Solvatochromism of Single Molecule Probes in 
Polymer Films 

From the literature it is known that some mixed polymer films give phase separation 

upon dewetting. The phase separation leads to the formation of micro domains; small 

micrometer sized regions containing only one kind of polymer. Micro domain formation 

has also been observed for block copolymers[29] where the different blocks of a polymer 

fold in such a way that they are grouped together. 

One of the reasons behind the design of 5PI and 6PI was that their solvatochromic 

properties would be able to distinguish these micro domains based upon the probe’s 

emission maximum. The fact that 3 different emitter types are found at the single 

molecule level does not change that. However, only type 1 emitters show the same 

emission spectrum as the solvatochromic solution spectrum. To investigate the 

solvatochromic determination power a detailed analysis of type 1 emitters in the different 

matrices was made. In Figure 3 the ensemble emission spectra of 5PI and 6PI in PS and 

PMMA are shown. The differences in emission maxima are small. The sensitivity at the 
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single molecule level may be better though as ensemble averaging is no longer present. 

Furthermore the spectra shown in Figure 3 are drop cast films and may still contain 

residual toluene. Therefore, they could show a strong resemblance with the toluene 

emission spectrum (see Figure 2). The amount of solvent present in the polymer film also 

changes the polymer volume and thus the density of the film changes. Hence, the 

refractive index of the film is increased substantially as has been shown in several studies 

with Nile Red.[30] In Figure 15 the emission maxima of type 1 emitters are histogrammed. 

PMAN is not included in the comparison, because not enough type 1 emitters were found 

to construct a proper emission maxima histogram (also see Table 3). Although there is a 

difference in the most probable emission maximum between 5PI in PS (λmax = 650 nm) 

and Zeonex (λmax = 670 nm) of ∼20 nm, the overlap between both histograms is 

considerable.  The difference between PS and Zeonex was expected to be larger and of 

opposite sign, when taking into account the molecular structure of the repetitive unit. PS 

resembles toluene (λem = 685 nm) and Zeonex resembles cyclohexane (λem = 642 nm). The 

rigidity of the polymer matrix prevents adequate stabilization of the excited state during 

its ns lifetime and thus the solvatochromic effect is practically absent. This behavior is 

quite similar to the effects observed in frozen solvent matrices, which has been discussed 

in Chapter 3. 

 

 
Figure 15 Histograms of the emission maxima type 1 emitters of 5PI embedded in PS (A) and Zeonex (B). 

 128



Single molecule spectra of amino substituted peryleneimides 

 
Figure 16 Histograms of the emission maxima type 1 emitters 6PI embedded in PS (A) and PMMA (B). 
 

 
Figure 17 Histogram of the emission maxima type 1 emitters 6PI embedded in Zeonex. 
 

6PI was measured in PS, Zeonex and PMMA. Based on the results of 5PI, we expect the 

differences between emission maxima to be small. The difference in emission maxima 

found for 6PI in PS and PMMA is similar to the difference found for 5PI in ensemble 

spectra; around 20 nm (Figure 16). The average emission of 6PI in Zeonex is blue-shifted 

with respect to the other two polymers, but the data are scattered rather dramatically as 

can be seen in Figure 17. At this moment we have no explanation why the scattering of 

the emission maxima of 6PI in Zeonex is so much larger than in the case of 5PI. 

To summarize: whereas the solvatochromic sensitivity in solution is rather strong, it is 

much less in films, due to the rigidity of the matrix. The solvatochromic effect gains its 
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power by the difference in stabilization of the excited state with respect to the ground 

state. These measurements do, however, show that it is possible to measure a strongly 

solvatochromic probe at the single molecule level and opens the possibilities for use as 

reporter of nanoscopic polarity if the environment is fluidic enough.  

Interestingly, the increased rigidity does not result in enhanced luminescence; the 

fluorescence lifetimes found in polymer matrices are similar to those found in liquid 

solvents. Assuming that the radiative rates do not change much, this implies that the non-

radiative decay rates are not strongly affected either, and thus the emission quantum 

yields are similar.  

 

5.5. Single Molecule Spectra vs. Ensemble Spectra 

From the literature it is known that compounds similar to 5PI and 6PI show at least two 

types of emission at the single molecule level.[31-33] The molecules studied by Stracke et al. 

are a little different from 5PI and 6PI (Scheme 1). API resembles 5PI and 6PI the most, 

although a primary amine is not as efficient an electron donor as the pyrrolidine or the 

piperidine of 5PI and 6PI, respectively. The lack of steric hindrance, on the other hand, 

allows for a better interaction between the amino group and the aromatic rings.  

 

 
Scheme 1 Amino-substituted peryleneimides studied by Stracke et al.[31-33] 
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Figure 18 Absorption and emission spectra of API and DAPI in toluene as studied by Stracke and co-
workers. Reproduced with permission from reference [32]. 

 
Figure 19 Ensemble absorption and emission spectra (λexc = 488 nm) of the unsubstituted perylene 
monoimide N-(2,6-diisopropylphenyl)-perylene-3,4-dicarboximide (PI) studied by Stracke and co-workers. 
Reproduced with permission from reference [31]. 
 

Table 6 Absorption and emission maxima of 5PI, 6PI and API in toluene.  

 λabs λem 

5PI 576 nm 688 nm 

6PI 527 nm 668 nm 

API 550 nm 650 nm 

PI 480; 505 nm 530; 560 nm 

 

The absorption and emission spectra of API and DAPI in toluene are shown in Figure 18. 

To compare the emission and excitation maxima with those of 5PI and 6PI, the maxima 
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are listed in Table 6. DAPI is hardly a push-pull system. The nitrogen lone pair is strongly 

delocalized over the carbonyl groups. The emission spectrum is very similar to that of the 

unsubstitued peryleneimide (PI, Figure 19). 

Stracke et al. noticed that there were several different emission types in their single 

molecule sample, whereas the ensemble measurements only showed one type of 

spectrum. API showed three distinct emitter types: one similar to the broad and 

unstructured ensemble spectrum and two intense and structured emitters. The two 

structured emitters are very similar, with three different emission maxima, but differ in 

precise position of the emission maximum. Clearly this situation closely resembles the 

case of 5PI and 6PI. 

The transitions between type I and type II (not be confused with 1 and 2 from 5PI and 

6PI) were attributed to a conformational change within the probe molecule itself. Type 

III was thought to be due to extrinsic changes, like local nano environment. For API all 

three different species are found, although the relative contribution of type II is rather 

low. For DAPI, the broad and unstructured emitter type II, which resembles the 

ensemble spectrum, is not found at the single molecule level. Characteristic single 

molecule emission spectra for API and DAPI are shown in Figure 20. 

Both in the work of Stracke et al. on API and in our experiments on 5PI and 6PI, there 

is a remarkable difference between the spectra observed at the ensemble level and those 

found at the single molecule level.‡ Obviously, single molecules can show spectra that are 

very different from the bulk spectrum. This is the great benefit of the very nature of 

single molecule techniques, which allow us to observe rare and unusual emitters. But one 

would expect the average of the single molecule spectra to resemble the ensemble 

spectrum closely. In view of these results two questions arise: (1) why do so many single 

molecules show emission spectra that are very different from the ensemble spectra and 

(2) what is the nature of these species?  

                                                 
‡ From the experimental data presented in the paper of Hou et al. very similar observations can be made for 
Nile Red in polyvinylalcohol, but these were not discussed by the authors as being unusual.[30] 
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Figure 20 Structures and the observed types of single molecule fluorescence spectra of the dyes investigated 
by Stracke et al. The respective ensemble spectra in toluene are displayed in arbitrary units in the back. 
Reproduced with permission from reference [33]. 
 
According to Stracke et al. the reason why so many type I molecules are observed and so 

few type II can be the difference in brightness. This is related to the fact that single 

molecules are studied after selecting relative bright spots in a scanned area. The 

experimentalist will tend to look at the brightest spots first and the less bright molecules 

might be lost in the background. To clarify this “picking-molecules” method a little more 

Figure 21 shows an area scan (10×10 μm) of a typical single molecule sample. The spots 

that rise above the background are single molecules (marked with a white circle). It is 

hard to clearly identify single molecules upfront from an area scan. Some molecules are 

very bright and have an intensity of ten times the background whereas others only have 

an intensity of three or four times that of the background. The focus (excitation volume) 

needs to be moved to the spot of interest. The emission spectrum and the fluorescence 

lifetime will then show if the spot actually constitutes a single molecule emitter or just a 

local increase in background due to contaminants in the polymer itself. If the 

experimentalist only picks the very bright spots and ignores the lesser ones as 

background, then the population will be unevenly sampled. Hence, the very bright 

molecules will be overrepresented in the total dataset. 

Type I of API has a higher molecular brightness than type II and thus can be over-

represented. The quantum yield of the type II emission of API is only around 0.2.  
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Figure 21 Typical area scan used to find single molecule emitters. The bright spots marked in this 10 × 10 
μm area are single molecules. 
 
This gives a low brightness which makes it difficult to distinguish these emitters from the 

background. The apparent brightness also depends on the excitation wavelength and the 

filters used in the detection path (dichroic and bandpass filters). In Table 3 and Table 5 

the results of the single molecule measurements on 5PI and 6PI were given. Depending 

on the probe and the polymer matrix 30 % to 80 % of all emission is caused by type 2 and 

type 3 emitters. 

Stracke et al attributed the structured type I emission to twisted conformations of the 

probe, in which the conjugation between the amino group and the aromatic ring system 

is disrupted. This was supposed to lead to species that emit similarly to the unsubsititued 

perylene imide (Figure 19).[34] 

The likelihood of the hypothesis that multiple conformations are available for API, 5PI 

and 6PI was assessed by means of molecular computation at the B3LYP/6-31G(d) level. 

Such calculations are sufficiently accurate and reliable to provide useful information. The 

structures found are shown in Figure 22 and relevant numerical data are listed in Table 7. 

Calculations were performed for isolated molecules. Vibrational frequencies were 

calculated (harmonic approximation). In the case of 5PI, solvent effects were also 

considered (see Chapter 2 and 3).  
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Figure 22 Computed conformations for PI, API, 5PI and 6PI. 
 
 
Table 7. Selected computed data (B3LYP/6-31G(d)) for PI, API, 5PI and 6PI. 
Structure Erel 

(kcal/mol)a 
μ  

(D)b 
Eexc  
(eV)c 

λmax  

(nm)d 
f e 

PI  6.8 2.62 473 0.50 
API 0 9.6 2.44 509 0.51 
API (twisted) 6.1 7.6 2.59 578 0.52 
      
6PI (eq) 0 9.2 2.43 510 0.60 
6PI (ax) 2.1 10.0 2.35 528 0.58 
6PI (twisted, eq) 5.0 7.5 2.58 481 0.59 
6PI (twisted, ax) 5.6 7.8 2.58 481 0.58 
      
5PI 0 11.5 2.35 528 0.60 
5PI (conf 2) 0.7 9.5 2.43 510 0.59 
a relative energy of the conformation. b dipole moment. c vertical excitation energy 
(of the lowest allowed absorption), TD-DFT. d absorption maximum. e oscillator 
strength 

 
API has a single stable conformation, in which the nitrogen lone pair is effectively 

conjugated with the aromatic system. The amino group is not planar, but slightly 

pyramidalized. A twisted conformation, with a symmetry plane containing the PI part 
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and the nitrogen atom is 6.1 kcal/mol higher in energy. This structure corresponds to a 

transition state for rotation about the C-N bond. 

For 6PI, four low-energy conformations were found, which can be distinguished by the 

orientation of the perylene imide with respect to the piperidine ring (equatorial vs. axial) 

and by the dihedral angle between the piperidine ring and the perylene imide 

(conjugated vs. non-conjugated (twisted, Cs symmetry)). Only the twisted axial form had 

one imaginary vibrational frequency, characterizing it formally as a transition structure, 

but the magnitude of the force constant was very small, and the other three species also 

had very low vibrational frequencies. 

Placing the perylene imide in an axial position with respect to the piperidine ring 

favors the electronic interaction, as shown by the large dipole moment and the low 

excitation energy of this form, but it is sterically unfavorable.  

For 5PI, two low energy conformations were found. The lowest-energy one (conf 1) 

has a much larger dipole moment and is more favored as the solvent polarity is increased. 

The twisted conformations of API and 6PI have excitation energies close to that of the 

unsubstituted PI. Their energies, however, are too high for a significant population to be 

expected under normal experimental conditions. Because the twisted forms have smaller 

dipole moments, they will be further disfavored in dielectric media. On this basis, it 

seems very unlikely that such species are responsible for the blue-shifted emission bands 

observed in SMS. The second conformations of 5PI and 6PI might be thermally accessible, 

but they do not show strongly blue-shifted spectra.  

That no type 2 and type 3 emission was observed at the ensemble level (for 5PI and 

6PI) is in our opinion quite strange. The quantum yield of 5PI and 6PI is on average 0.4 in 

regular solvents (Table 1, Chapter 2). If we assume that the quantum yield does not 

dramatically change for any of the three species when going from solvent to the polymer 

matrix, which is reasonable since the fluorescence lifetimes found are similar to those in 

solution, then all species should easily be detected. During our previously described 

measurements special care was taken not to select only the brightest molecules. For 5PI 

 136



Single molecule spectra of amino substituted peryleneimides 

and 6PI the quantum yield of type 2 cannot be much more than twice that of type 1, 

because it cannot exceed unity. Since the brightness of the different species is not very 

different, it is unlikely that biased sampling is the reason for the discrepancy between 

ensemble and single molecule experiments.  

Another reason for differences between experimental results obtained for individual 

molecules in spincoated films and from ensemble measurements in dropcast films could 

be that the local environments of the molecules are different. Interactions between the 

polymer host matrix and the embedded molecules can influence their conformation. This 

is the basis for probing the free volume with single molecule probes.[13] However the 

molecular volumes of both conformations are not expected to be very different and the 

TPDI dye studied in reference [13] was substantially larger. The commercially available 

Perylene Red also has a larger molecular volume than 5PI and 6PI, but no free volume 

effect could be found for it (see previous chapter). The difference between the single 

molecule films and the films shown in Figure 3 is besides the concentration also the way 

they were prepared. The single molecule films were spincoated, whereas the ensemble 

films were drop cast. To see if this has an effect on the emission spectrum, spincoated 5PI 

films were made with high concentration (solution 10-5 M). In initial measurements it 

seemed that the spincoated films showed a significantly blue shifted emission in 

comparison with the drop cast films (Figure 24). It is well known that spincoated polymer 

films are not at a thermodynamic equilibrium and that to remove the stress and strain 

induced by the rapid spin coating and fast evaporation of the solvent the films should be 

annealed. Therefore a spincoated film was put in the oven and heated above the Tg for 

four hours (140 °C) under inert atmosphere. The resulting spectrum after annealing 

shows a much higher intensity of the long wavelength band with respect to the short 

wavelength band. 
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Figure 23 Effect of  polymer film preparation on fluorescence spectrum of  5PI encapsulated in PS (A) and 
PMMA (B). Dropcast films (solid line), freshly spincoated films (dotted line) and spincoated films after 4 
hours annealing (dashed line) at 150 C under argon. 
 
This would indicate that the blue band at the ensemble level might be caused by the 

stress introduced by the spin coating. Unfortunately, reproducibility of these annealing 

effects turned out to be rather difficult. Later measurements showed that there are 

multiple factors that influence the emission spectra in these (high probe concentration) 

spincoated films. The age of the film is a very important factor. Also the conditions under 

which the film was kept during the period prior to measuring have an influence. In 

Figure 24, the evolution of the emission spectrum of 5PI in a freshly spincoated PS film is 

shown. The first spectrum was measured less than 5 minutes after spincoating. The 

subsequent spectra were recorded at increasing intervals of 15 min in the beginning to 2 

hours at the end of the 72 hours measurement window. During the observation period of 

72 hours the blue band comes up in intensity but the red band also increases in intensity. 

A possible explanation for the time dependent rise of the blue band could be a 

(photo)reaction of the dye (e.g. oxidation). If the blue band would be due to such a 

process then one would expect the blue band to increase at the expense of the red one. 

However, selective excitation may favor the 550 nm band and thus less effectively reduce 

the intensity of the red band. It is also known that spincoated films still contain a 

substantial fraction of solvent directly after spin coating. 
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Figure 24 Emission of 5PI in a freshly spincoated film monitored over a 72 hour period (A). Both the band 
at 550 nm and the red band at 660 nm increase with time (λexc = 490nm). B) Fit of the rise of the 550 nm 
band as function of the time; the band has a rise time of 2273 s. 
 

 So the rise in intensity of the red band could also be due to the evaporation of the solvent 

and the subsequent rise in matrix rigidity may slightly increase the fluorescence quantum 

yield. In an attempt to rule out the effect of the polymer matrix itself, a polymer film only 

showing the blue emission band was redissolved in as little as possible toluene (∼2 ml), 

but unfortunately the concentration of the resulting solution was too low to measure an 

emission spectrum. 

To investigate if rise of the blue band is due to a photoreaction, a sample of 5PI in 2 % 

w/w PS in toluene was put in front of a xenon lamp and irradiated for several hours. Prior 

to irradiation the absorption and emission spectrum look identical to the ones showed in 

Figure 3A. When most of the original absorbance had disappeared an emission spectrum 

was measured. The sample was excited at the same wavelength as at which the films were 

excited (490 nm) and an emission spectrum was recorded (Figure 25). Clearly a strong 

emission maximum is present at 560 nm, which was not present prior to irradiation.  

What complicates the interpretation of these measurements is the fact that the 

decomposition of the films seems to be related to temperature and relative humidity. The 

spectra shown in Figure 24 were measured in the summer over a period over 72 hours in 

a particularly hot and humid period. Later some more films were spincoated and stored 

under different conditions (Figure 26). These were prepared and measured in autumn, 
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and after a period of 5 days only a very small rise of the blue band is visible. The sample 

kept under argon does not show a blue band at all. This strengthens the evidence that 

oxidation may play a part in the rise of the blue band. On the other hand a sample stored 

in an air tight capped vial under normal atmospheric conditions (identical to how the 

single molecule samples are stored) also does not show a rise of the blue band The blue 

band is probably responsible for type 3 emitters.  

 
Figure 25 Emission spectrum of 5PI in a 2 % w/w polystyrene in toluene solution after being irradiated for 
several hours with a xenon lamp (λexc = 490 nm). 
 

 
Figure 26 Spincoated PS films of 5PI (10-5 M) kept for 5 days under different, dark, conditions. Two sets of 
films were stored in the presence of oxygen: “Air”, films kept in a small container left open to air and 
“Capped Vial”, films kept in a small container of which the air was not removed, but the container was 
sealed so that no extra air could enter (λexc = 490 nm). 
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Type 2 spectra are so structured and intense one would expect to see them at the 

ensemble level and also see some of the structure in the emission spectrum. The bands 

would broaden somewhat at the ensemble level as not all type 2 emitters have their 

maximum at exactly the same position. But the spreading is not so large that all the 

spectral features would be obscured by the ensemble averaging. The only explanation that 

remains for the lack of type 2 emitters on the ensemble level is a site specific interaction. 

With this we mean that every polymer chain has one (or a few sites) that give rise to type 

2 emitters. This would mean each film has a maximum number of type 2 emitters that 

could be present. If the maximum is low it would never be visible at the ensemble level as 

it is being hidden by the bulk of type 1 emitters. Chapter 6 contains a more detailed 

analysis of the photo-products formed after irradiation of a solution of 5PI in toluene.  

Another difference between spincoated and dropcast films is their thickness. In the 

much thinner spincoated films a larger fraction of the entrapped molecules is close to an 

interface (glass or air). Molecules attached to the glass surface could be hydrogen bonded 

via the amino group, which is thereby deactivated as electron donor. If the interface areas 

can be saturated this would also explain why spincoated films with higher probe 

concentration show the same behavior as dropcast films. 

 

5.6. Protonated 5PI 

The amino group of the class of dyes discussed here is an electron donor, but also a base. 

At low pH it can be protonated, as was shown in Chapter 2. After excitation of the 

protonated dye the ammonium group becomes a strong acid. There is a strong driving 

force for the charge shift from the amino moiety to the imide part of the molecule that 

will cause the proton to split off in the excited state. In the literature only a few examples 

of single molecule pH experiments have been described: Mason et al. used dual color 

detection to distinguish coumarin-4[35] and coumarin-6[36] from its protonated counterpart. 

Higgins used carboxy-SNARF to study the different pH regions in silicate films.[37]  
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Figure 27 A) Emission spectrum of a single molecule of 5PI-H+ (10 s integration time), B) fluorescence 
lifetime as function of the observation time, C)  Intensity trace (photons / 20 ms) and D) the lifetimes 
distributions histogram. (λexc = 520 nm) 
 

In this section we will show some preliminary results of single molecule experiments 

performed on protonated 5PI-H+. These results are preliminary as not enough molecules 

were studied to perform a good statistical analysis. Nevertheless these measurements yield 

very interesting results concerning excited state deprotonation of a single molecule.  

After protonation of 5PI by trifluoroacetic acid (noticeable by the color change from blue 

to red) the polymer solution is diluted down to the single molecule level (10-10 M) and 

spincoated onto a coverslide. From a batch of 35 molecules only 8 show a single molecule 

spectrum with a shape that was not observed for any of previous single molecule 

experiments. The single molecule spectrum of the protonated species resembles the non-

protonated spectrum, with the exception of the additional blue band around 570 nm 

(marked with an arrow in Figure 27). 

This spectrum looks like a combination of protonated and unprotonated 5PI emission. 

This is not surprising, considering that the spectral acquisition time is 10 s. Within this 

window several million excitation cycles have passed. So apparently some excitation 

cycles will yield excited state deprotonation whereas others do not. 

These measurements show that it is possible to use single molecule spectroscopy to get 

more insight into the interesting topic of excited state deprotonation of 5PI. These 

measurements also show that the proton is not able to diffuse away in the polymer film, 
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otherwise no subsequent emission spectrum of 5PI-H+ should have been found. But more 

measurements are necessary to achieve proper statistics. Varying the pH of the 

encapsulating medium combined with shorter spectral acquisition and splitting the 

respective spectral regions onto it own lifetime detector will give better insight into the 

ratio between protonated and non-protonated emission. 

 

5.7. Conclusion 

The rigidity of the polymer matrices limits the use of solvatochromic single molecule 

probes to report on the nature of the micro-environment in rigid matrices. Our 

experiments show, however, that applicability of solvatochromic probe molecules is 

possible at the single molecule level and they may have a future use as membrane probes 

and or as a less invasive probe than a FRET pair to study protein folding and unfolding. 

The nature and the origin of the different emitter types remains a matter for further 

investigations. The highly structured emitter type 2 is in the literature attributed to a 

twisted conformation. It is unlikely though that this is a valid claim. Our modeling 

studies confirm the existence of these conformations, but the energies at which these 

conformations are found, are high above the global minimum. Type 3 emitters are 

probably due to a photo-product. Factors leading to the formation of this species remain 

unclear for the time being; climate controlled measurements may prove valuable to 

resolve this problem. A different explanation for finding so many type 2 and 3 emitters at 

the single molecule level and not at the ensemble level could be that they are induced by 

interface effects. The spincoated films are much thinner than the dropcast films used to 

measure the ensemble spectra. If the interface areas can be saturated this would explain 

why spincoated films with higher probe concentration also do not show the same 

distribution among the types as found at the single molecule level. 

The next chapter will have a more detailed analysis of the photostability of 5PI in 

comparison with its bay substituted analogue 5PI-b. 
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Although preliminary in nature, the protonation and deprotonation experiments show 

that it is possible to follow protonation and deprotonation at the single molecule level. 
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5.9. Experimental Details 

5.9.1. Confocal Setup Leuven 

The confocal setup used in these measurements has been described in the previous 

chapter. In Figure 28 the transmission spectra of the filters used are shown. 

 

 
Figure 28 Transmission spectra of the 540 nm dichroic longpass mirror and the 520 nm notch filter used in 
the confocal microscope. 
 

5.9.2. Ensemble Fluorescence Spectra 

The steady state fluorescence ensemble spectra were recorded as described in Chapter 2. 
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5.9.3. Polymer Films 

Ensemble films were made either by dropcasting a 10-5 M dye, 2 % w/w polymer solution 

on an object glass or by spincasting. In the latter preparation of the dye solution 50 μl was 

put on a coverslide and spincoating for 30 s at a speed of 2500 rpm followed by 10 s at 300 

rpm. Polystyrene (Sigma Aldrich secondary standard, Mw 240,000), 

polymethylmethacrylate (Acros, Mw 35,000) and Zeonex (Z620s, Zeon Corp.) were 

dissolved in spectroscopic grade toluene. Polymethacrylonitrile (Scientific Polymer) was 

dissolved in spectroscopic grade acetonitrile. Prior to dissolving the polymer, the purity of 

the solvents was checked for single molecule suitability, by letting a droplet of solvent 

evaporate on a coverslide and measuring the fluorescence intensity at the confocal setup.  

Single molecule films were prepared by spincasting ∼10-10 M solutions the dye in 2 % w/w 

solutions in either toluene (PS, PMMA, Zeonex) or acetonitrile (PMAN) on carefully 

cleaned coverslides. All single molecule measurements were carried out in ambient 

conditions. The thickness of the polymer films was measured with surface profilometry 

on a Sloan Dektak 3030.  
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6 
6. Effects of bay substituents on the 
molecular photophysics of 5PI  
 
 
 

abstract 
The effects of phenoxy substituents on the bay positions on the molecular photophysics of donor 

substituted peryleneimides are studied by comparison of 5PI and the bay substituted compound 5PI-b. The 

photophysics of 5PI-b at first seem very similar to those of 5PI, but a closer look reveals that the subtle 

change of adding the phenoxy substituents has a substantial impact on the solvatochromic behavior. The 

Stokes shift is still relatively independent of solvent polarity. The plot of the Stokes shift vs. solvent 

polarity, however, shows a small positive slope, whereas for 5PI the slope was slightly negative. Irradiation 

experiments with a xenon lamp show that the photostability of 5PI-b is approximately half of that for 5PI. 

Fluorescence analysis of the photobleached solution of 5PI, gives us an indication that the type 3 emitters 

found at the single molecule level might be a photoproduct. 

 



 



Effects of bay substituents on the molecular photophysics of 5PI 

6.1. Introduction 

The solvatochromic amino substituted perylene imides, discussed in the preceding 

chapters, have been considered for several applications. In one of them the 5PI 

chromophore was incorporated in a rotaxane (1, Scheme 1).[1] Rotaxanes are molecules 

that consist of mechanically interlocked ring(s) and thread(s).[2, 3] The ring cannot slip off 

the thread because two bulky groups (stoppers) are attached to its ends. The ring is 

generally template synthesized around the thread by interactions such as hydrogen 

bonding[4-7] or π-stacking.[8-11] In order to make sure that 5PI is a good stopper, the bay 

positions were substituted with tert-butyl phenoxy groups (Scheme 2). 

This type of chromophore has been extensively used in donor-bridge-acceptor systems 

by the Wasielewski group,[12-14] but in their works the solvatochromic properties were not 

explored. 

The purpose of this chapter is to investigate whether the introduction of the bay 

substituents has an effect on the photophysical properties of the chromophore. 

 

 
 

 
Scheme 1 Structure of a [2]-rotaxane with a 5PI-b based stopper/station on one side and a naphthalimide 
stopper/station on the other side.[1] 
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Scheme 2 Molecular structure of the modified amino-substituted perylene imide (5PI-b)  
 

 
Figure 1 Absorption  and emission spectra of 5PI-b  in cyclohexane (CH), 2-methyltetrahydrofuran (MTHF) 
and acetonitrile (ACN). 
 
 

6.2. Photophysics of Bay Substituted 5PI (5PI-b)  

To our surprise the addition of the phenoxy substituents has a much larger impact on the 

photophysical behavior than expected. As for 5PI,[15, 16] we found a shift in both 

absorption and emission for 5PI-b as function of the solvent polarity. The absorption 

maximum shifts from 553 nm in cyclohexane to 637 nm in methanol and the emission 

shifts from 643 nm in cyclohexane to 766 nm in methanol. The emission band is 

narrowing with increasing solvent polarity. The structure in the emission in low polarity 

solvents is much less pronounced for 5PI-b than for 5PI (Figure 1). Both the absorption 

and emission maxima are shifted to the red in comparison with 5PI, which is to be 
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expected as the overall conjugation of the system is increased by adding the phenoxy 

substituents. They make the molecule easier to oxidize by 0.12 V in THF compared with 

5PI (see Chapter 2). In Table 1 the absorption and emission maxima of 5PI-b are listed 

together with the Stokes shift and the molar absorption coefficient for a series of solvents 

with increasing solvent polarity. 

 

Table 1 Spectral properties of 5PI-b in a series of solvents with increasing polarity. 

Solvent Δf a Absmax 

(103 cm-1) 
Fluomax 

(103 cm-1) 
Stokes shift 
(103 cm-1) 

ε 
(L mol-1 cm-1) 

Cyclohexane 0 18.1 15.5 2.6  
Cyclooctane 0 18.1 15.4 2.7  
Methylcyclohexane 0.011 18.3 15.5 2.8  
Toluene 0.026 17.2 14.5 2.7 25,000 
Diisopropyl ether 0.290 17.8 14.6 3.2 25,000 
Chloroform 0.291 16.8 13.9 2.9 29,000 
Diethyl Ether 0.325 17.9 14.6 3.3  
Ethyl Acetate 0.399 17.3 13.9 3.4 30,000 
Tetrahydrofuran 0.419 17.1 13.9 3.2 30,000 
Dichloromethane 0.434 16.3 13.7 2.6 25,000 
Acetone 0.569 16.6 13.5 3.1 23,000 
Ethanol 0.577 15.8 13.2 2.6  
Methanol 0.617 16.2 13.0 3.2  
Acetonitrile 0.611 16.0 13.2 2.8  
a)  Δf= f(ε)-f(n2), with f(ε) = 2(ε-1)/(2ε+1) and f(n2) =2(n2-1)/(2n2+1).  
 

 

 

 
Figure 2 A) Full bandwidth at half maximum (emission) of 5PI, 6PI and 5PI-b plotted as function of the 
emission maximum. To guide the eye, the data are fitted with 3rd order polynomials. B) Stokes shift of 5PI, 
6PI, 5NI and 5PI-b as function of the solvent polarity. The values in brackets are the slopes of the 
corresponding fits.  
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Figure 3 Absorption and emission maxima of 5PI plotted as function of the absorption (A) and emission 
maxima (B) of 5PI-b. 
 
As is the case for 5PI, 5PI-b shows a decrease in emission bandwidth with increasing 

solvent polarity. This (as for 5PI) indicates that the excited state and the ground state 

resemble each other more when the polarity of the solvent increases. The bandwidths of 

5PI, 5PI-b and 6PI are plotted versus their respective emission maxima in Figure 2A. 

Going from alkanes to acetonitrile the bandwidth decreases from about 2400 cm-1 to 1600 

cm-1 for 5PI-b, which is much less than the decrease observed for 5PI or 6PI. 

So far 5PI-b still has quite similar behavior to 5PI, but a remarkable difference can be 

seen when the Stokes shift is plotted versus the polarity (expressed as Δf = f(n2)-f(ε)). 

Whereas 5PI clearly has a negative slope, for 5PI-b the slope is positive as is shown in 

Figure 2B. 5NI and 6PI both have a slope of nearly 2000 cm-1. 5PI has a slope of -410 cm-1. 

5PI-b has a small slope, but it is still positive at 410 cm-1.Thus with respect to the Stokes 

shift, the behavior of 5PI-b is in between that of 5PI and 6PI.  

To investigate the difference in behavior between 5PI and 5PI-b in more detail, the 

absorption and emission maxima of 5PI are plotted versus 5PI-b (Figure 3). Clearly there 

is a linear relationship between the maxima of both compounds in different solvents. In 

absorption the slope of the fit is greater than 1.This means that the absorption maximum 

of 5PI shifts more than that of 5PI-b. The y-axis cutoff of the fit is negative, which 

indicates that the extrapolated excitation energy in vacuo is lower for 5PI-b. In 

fluorescence the situation is a reversed: the slope of the fit is smaller than 1. This means 

that 5PI-b is more sensitive in emission than 5PI. The y-axis cutoff is positive, which 

means that 5PI-b shifts more to the red than 5PI (in emission). 
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To summarize, 5PI-b is shifting less in absorption and more in emission than 5PI and this 

is what causes the Stokes shift to have a small but positive dependency on the polarity of 

the solvent. The addition of the electron donating phenoxy substituents makes the 

perylene core less electron accepting. This results in weaker donor-acceptor interaction in 

5PI-b compared to 5PI. In Chapter 3, the behavior of 5PI was compared with that of 

other push-pull systems. Some compounds were identified with anomalously small 

solvent dependable Stokes shifts, but none was as extreme as 5PI. We discussed there that 

there have to be strong donor and acceptor units in the molecule as well as a strong 

interaction between the two to observe the unusual solvatochromic behavior of 5PI. The 

small increase in electron density of the perylene core effectively weakens the interaction 

between the donor and the acceptor to such an extent that the observed solvatochromic 

behavior is more that of a normal solvatochromic dye. 

 

6.2.1. Photostability 5PI-b 

When observing a solution of the rotaxane (compound 1), it was noticed that the color 

changed from blue to orange over a period of several days. A sample of 5PI, however, did 

not show a color change after even a period of months. This led to the idea that the 

addition of the phenoxy moieties at the bay position could have a significant influence on 

the photo-stability of the dye. The ultimate goal is to see the shuttling of a macrocycle at 

the single molecule level. If the addition of the phenoxy substituents lowers the 

photostability of this chromophore as much as this observation suggests, this might 

become a big problem. 

To study the photostability of 5PI-b and 5PI, we irradiated them with a xenon lamp. 

Wavelengths shorter than 300 nm were cut off by using a long-pass filter. Every 15 

minutes absorption spectra were taken to study the degradation of both compounds. By 

looking at the spectra in Figure 4 we observe that 5PI-b indeed degradates faster than 5PI. 

In the lower graph in Figure 4 the absorption maxima of both 5PI and 5PI-b are plotted as 

function of the irradiation time.  
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Figure 4 Photo-bleaching of 5PI-b (A) and 5PI (B) in toluene. Intervals between the recorded spectra are 15 
min. C) the absorption at the maximum of 5PI-b (▪, λmax = 580 nm) and 5PI (●, λmax = 577 nm) as function of 
the irradiation time. 
 

 
Figure 5 Emission spectra of an irradiated solution of 5PI excited at different wavelengths. 
 
After 3 hours of irradiating the initial absorption band of 5PI-b has completely 

disappeared. For 5PI after 4½ hours of irradiation approximately 38 % of the initial 

absorbance is still present. It seems that the photodestruction of 5PI-b is approximately 
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twice as fast as that of 5PI. Adding the phenoxy groups to the peryleneimide core reduces 

the photostability quite a lot. The shape of the photobleaching curve (λmax vs. Time, 

Figure 4C) is rather different for both compounds. This may indicate that the 

photodegradation process is not the same for both compounds.  

In Figure 5 emission spectra of an irradiated solution of 5PI, excited at different 

wavelengths, are shown. Excitation at shorter wavelengths clearly shows an additional 

short wavelenght component. Whereas it might seem that the relative intensity of the 

second maximum of the “blue band” increases with increasing excitation wavelength, the 

ratio between the first maximum at 549 nm and the second at 592 nm is in fact constant 

at 1.20. This species might offer an explanation for the type 3 emitter found at the single 

molecule level as this is very blue shifted, with respect to the original band at 685 nm, but 

lacks the distinct triple band emission of type 2 emittters. Excitation at the single 

molecule level was performed at 520 nm (Chapter 5), which will preferentially excite this 

photoproduct over the 5PI, which might explain the relatively high contribution to the 

single molecule population.  

In Figure 6 the emission spectrum of the photobleached 5PI solution (solid line) is 

shown together with the emission spectrum of protonated 5PI (dashed line), both excited 

at 490 nm, and a single molecule type 3 spectrum (dotted line, excited at 520 nm). The 

single molecule spectrum is cut on the blue side by the 540 nm dichroic mirror, but 

probably corresponds with that of the photoproduct. The photoproduct spectrum is 

similar to that of protonated 5PI, indicating that the electron donating property of the 

amino group is removed.  
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Figure 6 Comparison of different 5PI emission spectra excited at 490 nm. The fluorescence spectrum of a 
photobleached solution of 5PI in toluene (solid line) shows a maximum at 549 nm, which is attributed to 
the main photoproduct. Some residual 5PI is still in the solution and gives rise to the band at 680 nm. The 
emission spectrum of a solution of protonated 5PI (dashed line) shows resemblance with that of the 
photoproduct. The emission spectrum of a single molecule type 3 emitters (dotted line) is cut short by the 
540 dichroic longpass and an excitation wavelength of 520 nm, but probably correspond with that of the 
photoproduct. 
 

6.3. Conclusion 

5PI-b is shifting less in absorption and a little more in emission than 5PI. The smaller 

shift in absorption is what causes the Stokes shift to have a small but positive dependency 

on the polarity of the solvent. Addition of electron donating phenoxy groups changes the 

solvatochromic sensitivity.  

Some care has to be taken with the excitation power though as our experiments show 

that the photostability of 5PI-b is significantly decreased by the addition of the phenoxy 

substituents to the bay positions.  

The analysis of the photobleached solution offers a possible explanation for the type 3 

emitters found at the single molecule level (Chapter 5). Unfortunately, the irradiation 

experiments were all carried out under normal atmosphere and we can therefore draw no 

conclusion on whether oxidation is the main source of the photodestructive process. 

Further analysis should in the near future yield the absorption and emission spectra of the 

different individual components in the irradiated solutions and confirm if we can link the 

photobleaching product to the type 3 and maybe type 2 single molecule emitters. It 

remains unclear why type 1 emitters do not all bleach/decay into a species with a 
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spectrum like this. Some of them, in fact, have a very long single molecule survival time. 

Moreover in the single molecule experiments type 1 emitters usually show one-step 

photobleaching, not conversion to another type of emitter. 

The observed solvatochromic behavior of 5PI-b makes it a nice candidate to be used in 

a rotaxane that uses hydrogen bonding between the ring and the thread. The position of 

the macrocycle can be directly read out either by monitoring the absorption or emission 

maximum. Hydrogen bonding to the carboximide groups will decrease the electron 

density and thus cause a shift in the absorption and emission maxima.[1] 
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6.5. Experimental Details 

6.5.1. Steady-State Absorption and Fluorescence 

The steady state absorption and fluorescence measurements were performed as described 

in Chapter 2. 

 

6.5.2. Photostability Experiments 

Two quartz cuvets (1 cm) with an approximate absorption of 1.0 in toluene (spectroscopic 

grade) were placed in front of a 100 W Xenon lamp at a distance of approximately 25 cm. 

A 300 nm longpass filter was put directly in front of the lamp to block the UV-part of the 

spectrum. Every 15 minutes the absorption was measured. 
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The excitation/emission matrix was taken from 1.95 10-5 M solution 5PI that was 

irradiated for 166 hours with a HQ590/55 excitation filter that blocks all wavelengths 

shorter than 560 nm. The solutions were not degassed. 
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7 
7. Fast photoprocesses in triazole 
based push-pull systems 
 

abstract 
Electron donor-acceptor compounds 1 and 2 were studied in which one or two aniline 

units are connected to a biphenyl group via triazole linkers, made by “click” chemistry. 

Steady-state and time-resolved spectroscopies indicate that highly dipolar charge-

separated excited states are formed in moderately polar solvents. The polarity of the 

solvent determines the efficiency of formation of the charge separated state: in toluene it 

is very low, in acetonitrile it is very high. The bis-triazole substituted biphenyl unit in 2 is 

a better electron acceptor than the mono-triazole substituted biphenyl in 1, which leads 

to a more facile charge separation in 2. Rates of charge separation are of the order of 1011 

– 1012 s-1, and increase with solvent polarity. The very similar photophysical behavior of 

both compounds implies symmetry breaking in the excited state of 2.  

 



 



Fast photoprocesses in triazole based push-pull compounds 

7.1. Introduction 

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

optimal two photon absorption. 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.[1-4] 

Recently, Parent et al. described the spectroscopic properties of two new triazole push-

pull molecules 1 and 2 (Scheme 1).[5] To gain more insight into the nature of the excited 

states and the dynamics of their interconversion, in the present work we performed time-

resolved fluorescence and transient absorption experiments, and quantum-chemical 

calculations.   

The excited state charge transfer character is manifested in a shift of the fluorescence 

band with solvent polarity. When changing the solvent from toluene to acetonitrile 

(ACN) the emission maximum of 2 shifts from 385 nm to 545 nm, which is a rather large 

solvatochromic shift compared with that observed for other representative push-pull 

systems. For example, Nile Red shows a shift from 548 nm in n-hexane to 626 nm in 

ACN[6] and the emission maxima of pyrrolidine- and piperidine substituted 

peryleneimides which we studied before shift from about 630 nm to 740 nm.[7, 8] Still 

larger solvatochromic shifts are found in the fluoroprobe (donor-saturated-bridge-

acceptor) class of compounds (n-hexane 420 nm; ACN 650 nm).[9, 10]  

 

 

 

 
Scheme 1 Structures of the triazole push-pull molecules 1 and 2. 
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Given the fact that the absorption spectra of 1 and 2 do not shift substantially with 

solvent polarity, vertical excitation must produce a non-dipolar excited state, which we 

will denote as LE (locally excited). Formation of the solvatochromic fluorescent state 

requires charge separation, accompanied by structural and solvent relaxation. We will 

investigate the dynamics of these processes. 

 

7.2. Results and discussion 

7.2.1. Fluorescence Spectra 

In Table 1 we present the steady state absorption and emission maxima of 1 and 2 in a 

series of solvents representing low, medium, high and very high polarity.  

As noted before, the absorption spectra are almost solvent independent, but the 

emission shifts strongly. Both absorption and emission for 2 occur at longer wavelength 

than for 1 in the same solvent. From measurements with a streak camera the fluorescence 

lifetimes and emission spectra were acquired simultaneously. For analysis, the streak 

images were horizontally binned to 10 nm and for every bin the decay trace was 

abstracted and fitted with a convolution of a Gaussian system response and a mono-

exponential or bi-exponential decay function. The results from this analysis show that 

there is a clear difference between decay profiles extracted at different wavelengths in 

toluene for compound 1 (Figure 2). The decay extracted at 406 nm shows only a fast 

component of 0.19 ns. The decay trace extracted at 453 nm shows clear biexponential 

behavior, with the same fast component of 0.19 ns, but also a longer component that 

decays with a time constant of 3.0 ns.  

 
Table 1 Absorption and emission maxima (nm) of 1 and 2 in a series of solvents   

 1  2  
Solvent Absorption  Emission Absorption Emission  
Toluene 310  387 326 385 
Tetrahydrofuran 309  415 326 435 
Butyronitrile 310 471 325 514 
Acetonitrile 305 503 325 545 
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Figure 1 A. Streak camera image of 1 in toluene. Time on the vertical axis, wavelength on the horizontal 
axis and the color for the intensity. B. extracted decay trace (with fit) at 406 nm. C. extracted decay trace 
(with biexponential fit) at 453nm. 
 

The short lifetime in the blue part of the spectrum in toluene is an indication that 

there might be fast processes occurring. In an attempt to extract more information from 

the data, the streak images were globally fitted, in which the decays at all wavelengths 

were fitted simultaneously. To reach a satisfactory fit, two or three components were 

used.  
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Table 2 Global analysis results of the fluorescence decays of 1 and 2 in different solvents. Time constants in 
ns. In parentheses the maxima of the evolution associated spectra (nm). 
Solvent 1  2  

Toluene 
0.19 (430)  
3.0 (453) 

<0.05 (418 )  
0.50 (424) 
3.1 (453) 

Tetrahydrofuran 
1.0 (459)  
3.4 (488) 

0.47 (471) 
2.3 (471) 

Butyronitrile 
0.70 (494) 
3.0 (494) 

0.27 (450)  
2.3 (524) 
4.6 (520) 

Acetonitrile 
0.23 (440) 
0.57 (527) 
4.1 (527) 

0.17 (shoulder) 
3.4 (548) 
3.7 (548) 

 

In Table 2 the time constants are given that emerge from the global analysis of the streak 

images. The wavelength dependent amplitudes shown in Figure 3 represent evolution-

associated spectra,[11, 12] that is, a kinetic model A  B (  C) was assumed, in which the 

decay times of A, B, and C increase.  

The lifetimes found show that for all solvents a fast component is present at short 

wavelength. A clear trend can be seen upon increasing solvent polarity: the red-shifted 

longer lifetime components (dashed and solid black traces in Figure 3) become more 

important with increasing polarity. The time constants associated with the fast 

fluorescence components in PrCN and ACN are unreliable, because of the small 

amplitudes and the widths of the system response functions, which were ∼ 0.6 ns in these 

cases. The transient absorption experiments presented below show that the conversion 

from the LE state to the CS state occurs on a picosecond time scale. 

Unfortunately, the emission maxima obtained with this setup are not accurate because 

the wavelength dependent sensitivity of the detection system was not taken into account, 

and the wavelength scale was not properly calibrated. Comparison with the steady state 

emission measurements shows a difference in emission maxima of up to 25 nm; 

nevertheless, the solvatochromic trend is clearly visible.  
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Figure 3 Evolution associated spectra from the global analysis of the fluorescence data of 1 (A - D) and 2 (E 
- H) in four different solvents. Grey lines are components associated with LE emission, dashed and solid 
black lines show emission from charge separated states. 
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7.2.2. Femtosecond Transient Absorption Spectra 
The time-resolved fluorescence spectra are dominated by emission on the nanosecond 

timescale. In order to probe dynamics at shorter timescales, and in order to have 

independent spectroscopic data that can provide information on the nature of the excited 

states involved, transient absorption (TA) spectra were obtained with sub-picosecond 

time resolution. Figure 4 shows the spectral data obtained in the first 30 picoseconds after 

excitation of 2 in butyronitrile (PrCN).  

 

 
Figure 4 Femtosecond transient absorption matrix of 2 in PrCN. The color represents the absorbance 
difference. λexc = 320 nm. 
 
As can be seen from this figure on the very short time scale (< 10 ps) quite some changes 

occur. To fully comprehend this dataset a global analysis was performed, in which the 

decays at all wavelengths were fitted simultaneously. For a satisfactory fit, five kinetic 

components were required. In order to interpret the associated wavelength dependent 

amplitudes, a kinetic model is needed. A simple model that often turns out to allow a 

meaningful interpretation of the results assumes sequential processes, i.e. A  B  C  

D  E, with gradually increasing decay times.[11, 12] This leads to the “evolution associated 
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difference spectra” of 1 and 2 in toluene, tetrahydrofuran, butyronitrile and acetonitrile 

that are shown in Figure 5.  

Because the electronic absorption spectra of 1 and 2 are practically solvent 

independent, it is reasonable to assume that initial excitation produces a locally excited 

state (LE), which does not have a large dipole moment. The large solvatochromic shifts in 

the fluorescence spectra clearly show that the relaxed excited state, which has a 

nanosecond decay time, is very polar, i.e. it is a charge-separated state (CS). It is therefore 

natural to attribute the spectral evolution to the process LE  CS. The global analysis, 

however, reveals more than just these two expected components. There is a very fast 

decay in almost all cases, with a spectral maximum near 420 nm, and a time constant of < 

0.2 ps, which is beyond the time resolution of our set-up (ca. 0.2 ps). It is not certain what 

the significance of this component is. Perhaps due to the short excitation wavelength, 

which is relatively close to absorption bands of the solvent, it is a kind of “coherent 

artifact”.  

We will first look at 1 and 2 in butyronitrile, because in this solvent all relevant 

electronic excited states are most clearly visible. Subsequently we will look at the other 

solvents. 

For 1 in PrCN, a broad absorption band is seen (blue line in Figure 5C), extending from 

470 to 550 nm, which according to our working hypothesis is due to the LE state. This 

decays with a time constant of 1.2 ps to an intermediate (red line in Figure 5C) with a 

narrower band. We tentatively assign this as a relaxed LE state, in which excess 

vibrational energy has been dissipated. The clear “dip” in the band near 440 nm is due to 

stimulated LE emission, which shifts to the red upon vibrational and solvent relaxation. 

At the same time, vibrational cooling leads to a blue shift of the excited state absorption. 

Subsequently, the charge separation process takes place with a time constant of 5.3 ps, 

and leads to a CS species (green line in Figure 5C) with two absorption bands, a strong 

one at 450 nm, a weaker one at 750 nm. This species decays with a time constant of 0.20 

ns to the final one (black line in Figure 5C), which has an almost identical spectrum. Only 
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the relative intensity of the 750 nm band (vs. the 450 nm band) is lower. It is not obvious 

what kind of process is occurring on this time scale. Due to the presence of a number of 

single bonds in the molecule, in the initial state, different conformations will be 

populated. Possibly, the relatively slow but minor spectral evolution is caused by 

conformational relaxation processes or by different kinetics in the different conformers. 

The final CS state then has a lifetime of 1.8 ns, which is in acceptable agreement with the 

0.7 ns and 3.0 ns time constants found for the fluorescence decay. The transient 

absorption measurement window is only 1 ns wide, so the measurements of lifetimes 

longer than 250 ps are inaccurate. An overview of all the different components and their 

time constants is given in Table 3. 

For the two armed system (2) in PrCN, the overall picture is similar to that of 1 in the 

same solvent: after decay of a very short-lived component (magenta in Figure 5G), a 

broad band is found (blue, maximum 575 nm) that can be attributed to the hot LE state, 

which relaxes in 0.9 ps to an intermediate state (relaxed LE), with a maximum at 530 nm 

(red in Figure 5G). This is converted into the CS state with a time constant of 2.8 ps. The 

CS state formed (green line in Figure 5G) has its maximum at 510 m and it relaxes further 

in 40 ps. The final CS state (black), however, has the same spectral characteristics as its 

precursor, with a final lifetime of 2.8 ns. The fluorescence decays in a biexponential 

fashion, with time constants of 2.3 and 4.6 ns.  

In summary, the data in PrCN reveal the expected LE and CS species, but also some 

additional complexity. The spectra of the relaxed LE and CS states of 1 and 2 are quite 

similar, although somewhat shifted in wavelength.  

Turning to toluene, we see a rather different behavior. In this case the data indicate 

that a CS state is not formed. This is perhaps not surprising, because the solvent is rather 

non-polar, and unable to stabilize a very polar excited state.  
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Figure 5 Normalized evolution associated decay spectra of 1 (A - D) and 2 (E - H) in four different solvents. 
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In toluene there are two fast components (magenta and blue, respectively, in Figure 5A; 

both 1 ps) for 1, spectrally almost identical, with a maximum around 420 nm. These 

probably originate from the solvent. The hot LE state is formed with a maximum at 570 

nm and a decay time of 1 ps. The errors on the decay times are large, and the fitted 

system response width is unusually small, so the reliability of the model in this early time 

range is poor. The third species evolves into a relaxed LE state that is a little more blue-

shifted (λmax = 550 nm, green line in Fig 5A) and has a decay constant of 0.21 ns. The 

spectral narrowing and simultaneous blue shift are probably due to vibrational relaxation. 

Then the final species is formed, which has an absorption maximum around 420 nm. The 

decay constant for this final species in toluene is 6 ns. When we compare the last two 

species with the fluorescence data we see that the intermediate species with an absorption 

maximum at 550 nm has a decay time in excellent agreement with the fluorescence decay 

of 0.19 ns. The final species found in the transient absorption decays with a time constant 

of 6 ns. In fluorescence, we find a second component of 3.0 ns with a very small 

amplitude (see Figure 4). It seems unlikely that the long-lived species in transient 

absorption is the same as the 3 ns fluorescence component. A reasonable hypothesis is 

that the 3 ns fluorescence component (red-shifted with respect to the LE emission, see 

Figure 5) is the CS state, produced in only low yield, while the long-lived TA component 

is due to a local triplet state.  

For the two-armed species 2 (Figure 5E) initially three very fast processes with decay 

constants of 0.1 ps follow each other. After this, we can see the LE state with a broad 

band from 520 to 620 nm. This species decays with a time constant of 2.6 ps to a state 

with an almost identical spectral signature but with a lifetime of 0.38 ns.  After this, a 

final state is formed showing a broad band ranging from 400 to 500 nm. The precise 

maximum is obscured by the stimulated emission at 440 nm, which matches the emission 

maximum of the fast component in the fluorescence data (Figure 3E, black line). This 

species decays with a fitted time constant of 1 ns. It is not certain how this final spectrum 

should be assigned. There may be two components, which are not resolved because of 
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low amplitudes and insufficient sampling time. The peak near 500 nm is probably due to 

the CS state, being formed with low efficiency. The band rising on the short-wavelength 

edge of the spectrum seems to correspond to the long-lived species detected in the case of 

1 in toluene. For the fluorescence we find a major component with a time constant of 

0.50 ns, which agrees well with the 0.38 ns found in TA, which is attributed to the LE 

state. The weak fluorescence component of 3.1 ns may be due to the CS state. This may 

also be responsible for the contribution near 500 nm in the weak 1 ns component in TA. 

To summarize, for toluene we can see that there are some processes occurring on a 

very fast time scale. The main bands are due to LE states, with decay times in agreement 

with those from fluorescence. Based on the fluorescence data, formation of the CS species 

in toluene does occur, but with much lower efficiency than in PrCN. In TA the CS 

species are not detected with certainty. 

In ACN, the situation is very different. In this case, the data indicate that an LE state is 

very short lived. This is not so surprising, because the solvent is very polar, so the 

formation of a CS state is favored. 

For 1, directly after excitation there is the commonly observed very fast component, 

which decays with a time constant of 0.1 ps. After this, the LE state is formed with a 

maximum at 520 nm and stimulated emission at 430 nm. With τ = 1.2 ps, this decays to 

the CS species, with an absorption maximum at 460 nm. In this case the relaxed LE state 

is not observed. For the CS species, we find three subsequent time constants of 5.2 ps, 

0.13 ns and 3.2 ns, with very little spectral evolution when going from the first CS species 

to the third.  

For the two-armed compound 2 directly after excitation we observe a species with a 

maximum at 570 nm and a decay constant of 0.3 ps. Based on the spectrum, this must be 

the LE state. This is the only case of the eight studied in which the short-lived component 

due to the coherent artifact is not seen, because it is overwhelmed by a TA band of the LE 

state in the same time window. After this, we see a state with a decay constant of 0.5 ps 

and an absorption maximum at 525 nm, which might be a vibrationally relaxed LE state, 
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with the characteristic dip at 450 nm due to stimulated emission. Then the final species is 

formed with a maximum at 500 nm, although also in this case we can see three 

subsequent time constants of 7.1 ps, 0.34 ns and 2.7 ns. However, as in the case of 1 

almost no spectral evolution occurs after the first of the CS states has been formed. The 

fluorescence decay times of 3.4 and 3.7 ns are again comparable with the 2.7 ns of the last 

species. 

To summarize, in ACN the formation of the CS state is much faster than in PrCN. For 

2 it is more rapid than for 1.  

THF is more polar than toluene, but less polar than PrCN. We expect that 1 and 2 will 

show “intermediate” behavior. For 1, after excitation there is a fast component of 0.2 ps 

similar to that in the other solvents. After this a broad band with maxima at 480 and 570 

nm appears (blue in Figure 5B) and this settles with τ = 0.9 ps into a narrower band (red 

in Figure 7-5B) with a single maximum at 550 nm and stimulated emission at ∼ 425 nm. 

Further narrowing and a shift of the maximum to 520 nm occur with a time constant of 

5.6 ps. This ‘relaxed’ LE state decays with a time constant of 0.60 ns towards the final 

species. This corresponds reasonably with the 1.0 ns observed in fluorescence. The final 

species is spectrally very similar to that found for 2 in toluene: two maxima at 420 nm and 

520 nm. The trough in between is ascribed to stimulated emission. In THF we could not 

fit a decay time constant for this last species; it is at least 0.5 ns. The 3.4 ns fluorescence 

decay component with small amplitude indicates that the transient species is a CS state, 

but there may be a contribution from a triplet state as well.  

For 2 in THF (Figure 5F), the final species is different than for 1. After excitation, the 

LE state (blue curve) is observed after decay of the 0.2 ps artifact, and has a maximum 

around 600 nm. This relaxes with a time constant of 0.7 ps to 570 nm. After another 4.4 

ps, the CS state is formed and this has its maximum at 540 nm (green spectrum). The CS 

state relaxes further with a time constant of 0.5 ns to the final excited state species. This 

also has its maximum at 540 nm and decays in 2.4 ns to the ground state. The final species 
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has a decay constant that is in agreement with the 2.3 ns found in the fluorescence 

measurements. 

To summarize, in THF the behavior of compounds 1 and 2 is qualitatively different. 

Compound 1 is showing little charge separation, but compound 2 behaves more like 1 in 

PrCN, showing rapid and efficient charge separation. Again, the difference in driving 

force for electron transfer, which is more favorable in 2, can explain the difference.  

  

Table 3 Time constants and maxima of the different species found for 1 and 2 from the global analysis of the 
transient absorption data. Time constants in brackets are the fluorescence lifetimes. 
 
  1 2 
Solvent Time constant  λmax (nm) Time constant λmax (nm) 

Toluene 

1.0 ps 
1.0 ps 
1.0 ps 

0.21 ns (0.19 ns) 
6 ns (3.0 ns) 

420  
420  
570  
550  
420   

0.1 ps 
0.1 ps 
0.1 ps 
2.6 ps 

0.38 ns (0.50 ns) 
1 ns (3.1 ns) 

420  
390  
400  

520-620 
520-620 
broad 

THF 

0.2 ps  
0.9 ps 
5.6 ps 

0.60 ns (1.0 ns) 
> 0.5 ns  (3.4 ns) 

400  
480, 570 

550  
520  

420, 520 

0.2 ps 
0.7 ps 
4.4 ps 

0.50 ns (0.47 ns)  
2.4 ns (2.3 ns) 

390  
600  
570  
540  
540  

PrCN 

0.2 ps 
1.2 ps 
5.3 ps 

0.20 ns (0.7 ns) 
1.8 ns (3.0 ns) 

420  
470(sh) 550 

520 
450, 750  
450, 750  

0.1 ps 
0.9 ps 

2.8 ps (0.27 ns)a 

40 ps 
2.8 ns (2.3, 4.6 ns) 

400-510 
575  
530  
510  
510  

ACN 

0.1 ps 
1.2 ps 

5.2 ps (0.23 ns)a 

0.13 ns (0.57 ns) 
3.2 ns (4.1 ns) 

500  
520  
460  
460  
460  

0.3 ps 
0.5 ps 

7.1 ps (0.17 ns)a 

0.34 ns 
2.7 ns (3.4 ns; 3.7 ns) 

570  
525  
500  
500  
500  

a fluorescence decay time very unreliable because of limited time resolution 
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7.2.3. Quantum Chemical Calculations 

The geometries and electronic structures of 1 and 2 were estimated using standard 

B3LYP/6-31G(d) calculations on model compounds 1’ and 2’ with in which the hexyl 

groups were replaced by methyl groups (Table 4). [13] Time-dependent density functional 

theory shows that the lowest excited states are essentially described by HOMO-LUMO 

excitations. As expected, the HOMO has a large contribution on the dialkylaniline donor, 

and the LUMO is more on the biphenyl acceptor fragment, but both are very strongly 

delocalized, as illustrated for (the models of) 1 and 2 in Figure 6.  

 

Table 4. Calculated excitation wavelengths (nm) and oscillator strength (in parentheses) for 1’ and 2’.a 

Compound λmax, f  
1’ 317 (0.88) 

285 (0.35) 
282 (0.055) 

2’ 338 (1.94) 
315 (0.0032) 
295 (0.0045) 

 a Compounds 1’ and 2’ are derived from 1 and 2 by replacing the n-hexyl groups by methyl groups 
 
The computed lowest excited state energies are slightly lower than what is found 

experimentally, but the agreement is satisfactory. Importantly, at energies that are only 

slightly higher additional states are found in both molecules. Mixing of the two or three 

low-energy states along a reaction coordinate for relaxation of the molecular geometry 

and the solvent coordinates can give rise to the two very different states that are 

experimentally observed. In this respect compounds 1 and 2 are similar to other push-pull 

systems, of which N,N-dimethylaminobenzonitrile is a prototype.[14-16] The nature of the 

reaction coordinate involved can be studied computationally, but this is beyond the scope 

of the present study. 
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A B 

C D

 
Figure 6 HOMO(C, D) and LUMO (A, B) of model systems 1’ (A, C) and 2’ (B, D) (B3LYP/6-31G(d), no 
solvent).  
 

7.3. Discussion 

To help with the interpretation of the TA data Figure 7 was constructed. In this figure the 

evolution associated difference spectra for both compounds are shown again, now only 

with representative spectra of the ‘important’ species LE*, LE(relaxed) and CS(relaxed) 

present. Lines have been added to guide the eye.  

For the two-armed compound (2), the final species (black line in Figure 7) with a 

maximum at 500 nm in acetonitrile is a CS species. A clear shift to longer wavelength can 

be observed when the polarity of the solvent is decreased. The band around 520 nm (red 

line) we attribute to the relaxed LE state. Finally, the broad band around 580 nm (blue 

line) is the (hot) LE state. This band does not shift with solvent polarity, but it changes 

shape, the contribution at shorter wavelength decreasing with increasing polarity. Similar 

transient spectral signatures can be recognized for 1. In this case the long-lived CS state 

shows a peak at shorter wavelength than for 2 in the same solvent. An additional band in 

the near-infrared range can be seen, of which the maximum seems to be near the edge of 

our spectral window. A similar band for 2 is red-shifted, and we can just see a small rise 

up to 750 nm. 
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Figure 7 Evolution associated difference spectra of 1 and 2 in a series of solvents. Only the important 
components are shown. Lines are drawn to guide the eye to compare the different spectra. For 2 the CS 
state is not detected clearly in toluene. For 1 it not observed in toluene and only weakly in THF.  
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Table 5 Time constants for formation of the CS state from transient absorption and (in parentheses) the 
decay of the CS state from fluorescence. 
 1 2 
Toluene a (3.0 ns) a (3.1 ns) 
THF a (3.4 ns) 4.4  ps (2.3 ns) 
PrCN 5.3 ps (3.0 ns) 2.8  ps (2.3, 4.6 ns) 
ACN 1.2 ps (4.1 ns) 0.5  ps (3.4, 3.7 ns) 
a because of the low yield of the CS state, the time constant for its formation could not be determined. 

 

The time constants associated with the formation and decay of the CS state are listed in 

Table 5. The results in Table 5 show a clear internal consistency: charge separation is 

more rapid in 2 than in 1, and more rapid in more polar solvents. This follows the trend 

in the driving force. Interestingly, the decays do not depend much on the solvent and the 

structure of the molecules. This does not conform with the normal behavior, which is 

that the nonradiative decay via charge recombination is faster when the energy gap is 

smaller, which leads to reduced emission quantum yields and lifetimes in more polar 

solvents.  

The quantum chemical calculations indicate that the LE state that is reached upon 

absorption of UV light can be characterized by a strongly allowed HOMO to LUMO 

excitation. Although the dipole moment of the LE state is somewhat larger than that of 

the ground state, the absorption spectrum shows no solvatochromicity. Fluorescence from 

the LE state is observed only in nonpolar solvents. The red-shifted emission for 1 in THF 

vs. toluene, which according to the TA experiments is an LE emission, is an indication 

that the LE fluorescence indeed is solvatochromic. In the TA experiments, LE emission is 

detected as stimulated emission. Unfortunately, due to the overlap with the excited state 

absorption band it is not possible to determine the emission maximum in a reliable and 

accurate way. 

The detailed nature of the CS state is not revealed by the experimental data. The TA 

results indicate that it is clearly different from the LE state. In one way or another, a large 

dipole must be formed, which leads to the strongly solvatochromic emission. In N,N-

dimethylaminobenzonitrile, twisting of the dimethylamino electron donor group with 
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respect to the benzene ring helps to localize the positive charge in the twisted 

intramolecular charge transfer state on the amino group, while the negative charge is 

delocalized over the benzonitrile fragment.[17-19] In 1 and 2 twisting could also occur about 

the C-N bond linking the phenyl ring to the triazole. The electron-accepting group 

comprises the biphenyl unit. Replacement of the biphenyl in 1 by a phenyl ring 

completely suppresses electron transfer.[5]  

The 1,2,3-triazole ring has recently been used as a linker between functional units in 

numerous molecular architectures. Active involvement of the triazole unit in the 

photophysical and redox properties of conjugated systems is not common.[20, 21] In the 

present case, the triazole ring(s) clearly help to enhance the electron affinity of the 

conjugated aromatic systems. Overall, the behavior of 1 and 2 is similar, indicating that 

symmetry breaking occurs in the excited state of 2. The differences in the behaviors of 1 

and 2 can be attributed to the enhanced electron accepting ability of the bis-triazole 

biphenyl unit in 2.  

In order to further characterize the charge separation process, studies in a larger range 

of solvents, including viscous ones, would be useful. For a characterization of the CS state, 

quantum chemical calculations will be helpful. 

 

7.4. Conclusion 

This work shows that with ‘click’ chemistry interesting photoactive compounds can be 

made in which the triazole linkers play a pivotal role as electron withdrawing units 

stabilizing charge separation. The exact localization of the charges in the charge separated 

states of 1 and 2 remains somewhat ambiguous. It is clear, however, that the state formed 

directly after excitation is of a “local” nature as can be seen by the lack of solvatochromic 

shift in absorption. In sufficiently polar solvents, the locally exited state decays into a 

highly dipolar one, as can be seen from the solvatochromic behavior in fluorescence and 

the changes in the transient absorption spectra. For 1 the emission is still mainly from the 

LE state in THF, but almost completely from the CS state in PrCN and ACN. For 2, charge 
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separation occurs efficiently already in THF. For both compounds a small extent of charge 

separation in toluene can be inferred from the fluorescence decays. When it occurs 

efficiently, charge separation takes place on a picosecond time scale. When it does not 

occur this is probably for a thermodynamic reason, not a kinetic one.  

The nature of the excited state can be tuned: non-polar solvents, like toluene, will 

predominantly give rise to the locally excited state; polar solvents, like acetonitrile, will 

yield the charge separated excited state. 

The addition of a second arm to compound 1 leads to symmetry breaking in the excited 

state of compound 2 as is apparent from the almost identical photophysical behavior of 

both compounds. 
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7.6. Experimental Details 
 

7.6.1. Steady-State Absorption and Fluorescence 

Details on the steady state absorption and fluorescence measurements can be found in 

Chapter 2. 

7.6.2. Time-Resolved Measurements 

Time resolved fluorescence was measured with a Hamamatsu streak camera system 

(details described elsewhere[22]). As excitation source a Spectra-Physics Hurricane 

Titanium:Sapphire regenerative amplifier system was used. The excitation wavelength of 

320 nm was made with an optical parametric amplifier (Spectra-Physics OPA 800). The 
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excitation light was imaged onto the cell with a mirror and the emission light was 

collected with a fiber coupled to the spectrograph of the streak setup. The streak camera 

was run in “dump mode”. In this mode, the sync signal from the Hurricane setup is 

combined with the trigger signal to form a triggering diode to gain optimal resolution. 

Unfortunately, there is still electronic jitter, which limits the instrument response width 

to ca. 0.2 ns, depending on the measurement time (longer measurements giving broader 

instrument response). The instrument responses (FWHM) used in the global analysis of 

the streak measurements were: 0.37, 0.26, 0.64 and 0.63 ns for 1 and 0.15, 0.56, 0.58 and 

0.61 ns for 2, respectively, in the series of solvents toluene-THF-PrCN-MeCN. 

For the transient absorption measurements, the same excitation source was used. The 

residual fundamental light from the Hurricane was used for the white light generation, 

which was transmitted through the sample and detected with a CCD spectrograph (Ocean 

Optics). Typical laser output was 5 μJ per pulse (130 fs FWHM) with a repetition rate of 1 

kHz. The samples were placed into 2 mm quartz cells and stirred with a ‘finger’. The 

sample used had a ground state absorbance of around 0.2. Steady state absorbance 

measurements were performed before and after the laser experiments, which showed that 

degradation of the sample during the measurements is insignificant.  

References 
 
[1] J. E. Ehrlich, X. L. Wu, I. Y. S. Lee, Z. Y. Hu, H. Rockel, S. R. Marder, J. W. Perry, Two-photon 

absorption and broadband optical limiting with bis-donor stilbenes, Opt. Lett. 1997, 22, 1843-1845. 
 
[2] S. Kato, T. Matsumoto, M. Shigeiwa, H. Gorohmaru, S. Maeda, T. Ishi-i, S. Mataka, Novel 2,1,3-

benzothiadiazole-based red-fluorescent dyes with enhanced two-photon absorption cross-sections, 
Chem.-Eur. J. 2006, 12, 2303-2317. 

 
[3] L. Porres, O. Mongin, C. Katan, M. Charlot, T. Pons, J. Mertz, M. Blanchard-Desce, Enhanced two-

photon absorption with novel octupolar propeller-shaped fluorophores derived from 
triphenylamine, Org. Lett. 2004, 6, 47-50. 

 
[4] B. A. Reinhardt, L. L. Brott, S. J. Clarson, A. G. Dillard, J. C. Bhatt, R. Kannan, L. X. Yuan, G. S. He, 

P. N. Prasad, Highly active two-photon dyes: Design, synthesis, and characterization toward 
application, Chem. Mat. 1998, 10, 1863-1874. 

 

 184



Fast photoprocesses in triazole based push-pull compounds 

[5] M. Parent, O. Mongin, K. Kamada, C. Katan, M. Blanchard-Desce, New chromophores from click 
chemistry for two-photon absorption and tuneable photoluminescence, Chem. Commun. 2005, 
2029-2031. 

 
[6] R. S. Moog, D. D. Kim, J. J. Oberle, S. G. Ostrowski, Solvent Effects on Electronic Transitions of 

Highly Dipolar Dyes: A Comparison of Three Approaches, J. Phys. Chem. A 2004, 108, 9294-9301. 
 
[7] P. D. Zoon, A. M. Brouwer, Paradoxical solvent effects on the absorption and emission spectra of 

amino-substituted perylene monoimides, ChemPhysChem 2005, 6, 1574-1580. 
 
[8] P. D. Zoon, A. M. Brouwer, A push-pull aromatic chromophore with a touch of merocyanine, 

Photochem. Photobiol. Sci. 2009, 8, 345-353. 
 
[9] R. M. Hermant, N. A. C. Bakker, T. Scherer, B. Krijnen, J. W. Verhoeven, Systematic study of a 

series of highly fluorescent rod-shaped donor-acceptor systems, J. Am. Chem. Soc. 1990, 112, 1214-
1221. 

 
[10] T. Scherer, W. Hielkema, B. Krijnen, R. M. Hermant, C. Eijckelhoff, F. Kerkhof, A. K. F. Ng, R. 

Verleg, E. B. v. d. Tol, A. M. Brouwer, J. W. Verhoeven, Synthesis and exploratory photophysical 
investigation of donor-bridge-acceptor systems derived from N-substituted 4-piperidones, Recl. 
Trav. Chim. Pays-Bas 1993, 112, 535. 

 
[11] I. H. M. van Stokkum, D. S. Larsen, R. van Grondelle, Global and target analysis of time-resolved 

spectra, Biochim. Biophys. Acta-Bioenerg. 2004, 1657, 82-104. 
 
[12] I. H. M. van Stokkum, D. S. Larsen, R. van Grondelle, Global and target analysis of time-resolved 

spectra (vol 1658, pg 82, 2004), Biochim. Biophys. Acta-Bioenerg. 2004, 1658, 262-262. 
 
[13] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, J. A. 

Montgomery, T. Vreven, K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. 
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M. Hada, M. 
Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, 
M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, C. Adamo, J. Jaramillo, R. Gomperts, R. E. 
Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. 
Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D. 
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. 
Ortiz, Q. Cui, A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. 
Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. 
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, J. 
A. Pople, Gaussian, Inc., Pittsburgh PA, USA, 2003. 

 
[14] Z. R. Grabowski, K. Rotkiewicz, W. Rettig, Structural Changes Accompanying Intramolecular 

Electron Transfer: Focus on Twisted Intramolecular Charge-Transfer States and Structures, Chem. 
Rev. 2003, 103, 3899-4032. 

 
[15] S. I. Druzhinin, N. P. Ernsting, S. A. Kovalenko, L. W. Lustres, T. A. Senyushkina, K. A. 

Zachariasse, Dynamics of ultrafast intramolecular charge transfer with 4-
(dimethylamino)benzonitrile in acetonitrile, J. Phys. Chem. A 2006, 110, 2955-2969. 

 

 185



Chapter 7 

 186

[16] W. Fuss, W. E. Schmid, K. K. Pushpa, S. A. Trushin, T. Yatsuhashi, Ultrafast relaxation and 
coherent oscillations in aminobenzonitriles in the gas phase probed by intense-field ionization, 
Phys. Chem. Chem. Phys. 2007, 9, 1151-1169. 

 
[17] S. Carlotto, A. Polimeno, C. Ferrante, C. Benzi, V. Barone, Integrated approach for modeling the 

emission fluorescence of 4-(N,N-dimethylamino)benzonitrile in polar environments, J. Phys. 
Chem. B 2008, 112, 8106-8113. 

 
[18] S. Cogan, S. Zilberg, Y. Haas, The electronic origin of the dual fluorescence in donor-acceptor 

substituted benzene derivatives, J. Am. Chem. Soc. 2006, 128, 3335-3345. 
 
[19] I. Gomez, M. Reguero, M. Boggio-Pasqua, M. A. Robb, Intramolecular charge transfer in 4-

aminobenzonitriles does not necessarily need the twist, J. Am. Chem. Soc. 2005, 127, 7119-7129. 
 
[20] P. D. Jarowski, Y. L. Wu, W. B. Schweizer, F. Diederich, 1,2,3-triazoles as conjugative pi-linkers in 

push-pull chromophores: Importance of substituent positioning on intramolecular charge-transfer, 
Org. Lett. 2008, 10, 3347-3350. 

 
[21] R. M. Meudtner, M. Ostermeier, R. Goddard, C. Limberg, S. Hecht, Multifunctional "Clickates" as 

versatile extended heteroaromatic building blocks: Efficient synthesis via click chemistry, 
conformational preferences, and metal coordination, Chem. Eur. J. 2007, 13, 9834-9840. 

 
[22] X. Y. Lauteslager, I. H. M. van Stokkum, H. J. van Ramesdonk, A. M. Brouwer, J. W. Verhoeven, 

Conformational Dynamics of Semiflexibly Bridged Donor-Acceptor Systems Studied with a Streak 
Camera and Spectrotemporal Parametrization of Fluorescence, J. Phys. Chem. A 1999, 103, 653-
659. 

 
 
 



Summary 
In this work we have synthesized two new solvatochromic fluorophores that can be used 

as single molecule nanoenvironmental 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 in solution, 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.  

The introductory Chapter 1 provides some of the background of molecular 

photophysical processes, molecular probes, solvent effects and single molecule 

techniques. 

Chapter 2 describes the solvatochromic behavior of 5PI and 6PI in a series of solvents. 

The paradoxical solvatochromic behavior of 5PI, in which the Stokes shift is almost 

independent of the polarity of the solvent, is explained by solvent-enhanced donor-

acceptor mixing, which reduces the HOMO-LUMO gap. In principle similar behavior 

should be possible for other compounds if they have a strong donor and acceptor and a 

strong coupling between the two combined with a large ground state dipole moment and 

a large polarizability. The naphthalimide analogue of 5PI (5NI) does not show this 

behavior, nor does 6PI. These two compounds show the typical behavior of push-pull 

conjugated systems, with a modest solvatochromic shift in absorption and a larger shift in 

fluorescence. 6PI, on the other hand, shows a large decrease in the width of the emission 

spectrum with increasing solvent polarity, an unusual property that it has in common 

with 5PI. We attributed this band narrowing to a decrease in the geometrical difference 

between the excited state and the ground state with increasing solvent polarity. The 

fluorescence of 5PI in THF is not quenched by water, as is often the case for charge 

transfer compounds. In fact, the fluorescence quantum yield slightly increases upon 
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addition of water. Addition of acid to a solution of 5PI in toluene leads to protonation of 

the amino group, which causes a drastic change of the absorption band. The 

accompanying emission band shows two maxima, corresponding to the protonated and 

the free 5PI. This indicates that rapid deprotonation can occur in the excited state. 

In Chapter 3 the solvatochromic behavior of 5PI is studied in more detail by varying 

the solvent polarity by changing the temperature. In this way the effects of specific 

solvent-solute interactions are largely eliminated. Decreasing the temperature leads to an 

increase of the polarity of the solvent. The absorption and emission spectra of 5PI both 

shift to longer wavelenght as a result of this increase in polarity. When cooling the 

solvent down below the Tg an abrupt blue shift occurs. This implies that solvent 

reorganization, which is strongly hampered by freezing of the solvent, still plays a role in 

stabilizing the excited state. This, then, means that the excited state is more polar than 

the ground state. At the lowest temperatures in liquid MTHF the difference in dipole 

moment between the excited state and ground state is not very large, however, the 

observed blue shift when the solvent is frozen is only moderate. In the literature some 

push-pull dyes with similar behavior have been described (e.g. merocyanines), but in 

none of them do the molecular geometric and electronic structure respond as strongly to 

solvent polarity as in 5PI. 

Chapter 4 describes the suitability of 5PI and 6PI for single molecule experiments and 

compares their use as single molecule probes with that of several other known dyes. Both 

probes can compete with the best commercially available single molecule probes with a 

detected number of photons of ∼ 600,000 per molecule and a survival time of well over a 

minute. Their stability is only surpassed by perylene- and terrylene bisimides and 

quantum dots. Fluorescence spectra of 6PI labeled phospholipid vesicles show that the 

probe is located near the polar headgroups. Fluorescence correlation experiments yield a 

diffusion constant of the vesicles that is similar to the one calculated with the Stokes-

Einstein equation. The fluorescence lifetime of the commercially available dye Perylene 

Red was studied at the single molecule level in polymer films. According to the 
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interpretation in the literature no flat conformations of the perylene core were present as 

not a single molecule with a fluorescence lifetime of < 4 ns was observed.  

In Chapter 5 the spectral characteristics of single molecules of 5PI and 6PI in several 

thin polymer films were studied. Remarkably, three distinctly different emitter types 

were found. Type 1 emitters resemble the approximately Gaussian shaped emission found 

at the ensemble level, type 2 emitters show a highly structured emission with three 

distinct emission maxima and type 3 emitters are blue-shifted and probably have an 

emission maximum around 530 nm. This spectrum is unfortunately cut off, on the short 

wavelength side, by the dichroic mirror used. The blue-shifted spectra of type 2 and type 

3 emitters do not fall within the band envelope of the ensemble spectrum. Thus, they are 

not observed in bulk samples. On the other hand, they represent a significant part of the 

single molecule population. The suggestion in the literature for 9-amino-PI that type 2 

emitters might be due to a rotation around the C-N bond is considered unlikely as 

molecular computations show the energies of these conformations to be so high above the 

global minimum that a significant population is unlikely to be present. Type 3 emitters 

are ascribed to a photoproduct after carefully monitoring the fluorescence evolution of 

several spin coated films, and taking into account results of photochemical experiments 

described in Chapter 6. The question then remains why not all single molecules are 

converted into a species with a spectrum similar to this. Furthermore, spectral jumps 

were observed in which a type 1 appeared from a type 3. Moreover, most single molecules 

show one-step photobleaching rather than being converted to type 3. A different 

explanation for finding so many type 2 and 3 emitters at the single molecule level and not 

at the ensemble level could be that they are induced by interface effects. The polymer 

films in single molecule studies are much thinner than the drop cast films used to 

measure the ensemble spectra. If the interface areas can be saturated this would also 

explain why spin coated films with higher probe concentration also do not show the same 

distribution among the types as found at the single molecule level. Analysis of the 

emission maxima of type 1 emitters showed that the rigidity of the polymer matrix limits 
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the solvatochromic response of the dye to such an extent that they are only slightly 

different in chemically different polymers. Although preliminary in nature, the 

protonation experiments on single molecules of 5PI showed that it is possible to follow 

protonation and deprotonation at the single molecule level. 

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

substituted amino perylenimide (5PI-b) that has been used as a stopper unit in a rotaxane. 

Comparison of the absorption and emission maxima with those of 5PI showed that the 

solvatochromic sensitivity is reduced by addition of the electron donating phenoxy 

substituents. The photostability of 5PI-b is significantly reduced in comparison to that of 

5PI. Analysis of the photoproduct solution of 5PI showed that a photoproduct might be 

the type 3 emitters observed at the single molecule level. The observed solvatochromic 

behavior of 5PI-b makes it a nice candidate to be used in a rotaxane that uses hydrogen 

bonding between the ring and the thread.  

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

the excited state of two new triazole push-pull systems, designed for two photon 

excitation, were studied with nanosecond fluorescence and femtosecond transient 

absorption spectroscopy. The triazole linkers play an important role as electron 

withdrawing units stabilizing charge separation. Directly after excitation a locally excited 

state is formed. If the solvent is sufficiently polar this decays into a charge-separated state 

on the picosecond timescale. 

 



Samenvatting 
Centraal in dit onderzoek staan twee nieuwe solvatochrome verbindingen die gebruikt 

kunnen worden als extreem gevoelige moleculaire probes. De verbindingen kunnen 

gemakkelijk worden gedetecteerd op single molecule niveau, en geven via hun 

fluorescentie informatie over hun nano-omgeving. De verbindingen bevatten een 

elektron arme peryleen imide chromofoor gekoppeld aan een cyclische amine 

elektrondonor. In 5PI dit is een vijfring (pyrrolidine), in 6PI is het een zesring 

(piperidine). De fotofysische eigenschappen van deze verbindingen bleken onverwacht 

interessant. Dit heeft geleid tot gedetailleerd onderzoek, dat beschreven is in 

hoofdstukken 2 en 3. De single molecule experimenten brachten ook wat verrassingen 

met zich mee, deze zijn beschreven in hoofdstukken 4 en 5. 

Het eerste inleidende hoofdstuk geeft achtergrondinformatie over fotofysische 

processen, moleculaire probes, oplosmiddeleffecten en single molecule technieken. 

Hoofdstuk 2 beschrijft het gedrag van 5PI en 6PI in een reeks oplosmiddelen. Het 

paradoxale solvatochrome gedrag van 5PI, waarbij de Stokes shift vrijwel onafhankelijk is 

van de oplosmiddelpolariteit, wordt verklaard door versterkte donor-acceptor menging in 

meer polaire oplosmiddelen. Deze verkleint het energieverschil tussen de HOMO en de 

LUMO. In principe is identiek gedrag mogelijk voor andere verbindingen als deze een 

sterke donor en acceptor hebben en een sterke koppeling tussen deze beiden 

gecombineerd met een groot dipoolmoment in de grondtoestand en een grote 

polariseerbaarheid. Het naftaalimide analoog van 5PI (5NI), vertoont dit gedrag echter 

niet, en 6PI evenmin. Deze twee verbindingen gedragen zich als typische push-pull 

geconjugeerde verbindingen: een kleine oplosmiddelafhankelijke verschuiving in het 

absorptiespectrum en een grotere verschuiving in het fluorescentiespectrum. 6PI vertoont 

overigens, net zoals 5PI, wel een opvallende afname van de bandbreedte in het emissie 

spectrum met toenemende oplosmiddelpolariteit. Het smaller worden van de band 
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schrijven we toe aan een verkleining van het verschil in geometrie tussen de aangeslagen 

toestand en de grondtoestand als gevolg van de toenemende oplosmiddelpolariteit.  

De fluorescentie van 5PI in THF wordt niet gedoofd door water. Een dergelijke doving 

door water treedt wel op bij veel andere charge transfer verbindingen. De fluorescentie 

kwantumopbrengst van 5PI neemt zelfs iets door de toevoeging van water. Door zuur toe 

te voegen aan een oplossing van 5PI in tolueen wordt de amino-groep geprotoneerd, met 

als gevolg een drastische verandering in de absorptie band. Het fluorescentiespectrum 

vertoont twee maxima, die overeenkomen met geprotoneerd en ‘vrij’ 5PI. Dit geeft aan 

dat snelle deprotonering kan plaatsvinden in de aangeslagen toestand. 

In hoofdstuk 3 is het solvatochrome gedrag van 5PI verder onderzocht. De 

oplosmiddelpolariteit werd veranderd door de temperatuur te verlagen. Op deze manier 

kunnen de effecten van specifieke oplosmiddel-molecuul interacties voor een groot deel 

vermeden worden. De absorptie- en emissiespectra van 5PI verschuiven beide naar 

langere golflengte bij lagere temperatuur als gevolg van de toenemende 

oplosmiddelpolariteit. Wanneer het oplosmiddel (2-methyltetrahydrofuran, MTHF) 

wordt afgekoeld tot onder het vriespunt treedt er een abrupte blauwverschuiving op in 

het emissiespectrum. De oorzaak hiervan is dat oplosmiddelreorganisatie, die grotendeels 

te niet gedaan wordt door bevriezing, van belang is voor de stabilisatie van de aangeslagen 

toestand. Hieruit kunnen we afleiden, dat de aangeslagen toestand meer polair is dan de 

grondtoestand. De verschuiving van het emissiemaximum bij de overgang van vloeibaar 

naar bevroren MTHF is echter klein. Hieruit blijkt dat het verschil in dipoolmoment 

tussen de aangeslagen toestand en de grondtoestand niet erg groot is. In de literatuur 

worden enkele push-pull systemen met soortgelijk gedrag beschreven (bijv. 

merocyanines), maar in geen van deze push-pull systemen zijn de moleculaire geometrie 

en de elektronische structuur zo afhankelijk van de oplosmiddelpolariteit als in 5PI. 

Hoofdstuk 4 beschrijft de kwaliteiten van 5PI en 6PI voor single molecule 

experimenten en vergelijkt hun geschiktheid als single molecule probes met die van 

verschillende bekende kleurstoffen. Beide probes kunnen, met een maximum aantal 
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gedetecteerde fotonen van ca. 600.000 per molecuul en een overlevingstijd van ruim een 

minuut, zich meten met de beste commercieel verkrijgbare single molecule probes. 

Alleen peryleen- en terryleendiimides en quantum dots zijn beter. Fluorescentiespectra 

van met 6PI gelabelde vesicles geven aan dat de probe zich bevindt in de buurt van de 

polaire kopgroepen van de lipide bilaag. Fluorescentie correlatie experimenten leiden tot 

een diffusieconstante voor deze vesicles die vergelijkbaar is met die berekend met behulp 

van de Stokes-Einstein vergelijking.  

De fluorescentie levensduur van het commercieel verkrijgbare Peryleen Rood is 

bestudeerd op single molecule niveau in polymeer films. Niet één van de waargenomen 

moleculen vertoonde een fluorescentie levensduur van < 4 ns. Volgens de interpretatie in 

de literatuur betekent dit dat zijn er geen moleculen waren met een vlakke conformatie 

van de peryleencore. 

In hoofdstuk 5 zijn de spectrale eigenschappen van single molecules van 5PI en 6PI 

beschreven. Opmerkelijk genoeg werden er drie verschillende typen van moleculen 

gevonden. De spectra van type 1 emitters lijken op de ongeveer Gaussische emissieband 

die we ook op ensemble niveau zien. Type 2 emitters hebben een gestructureerde emissie 

met drie maxima en type 3 emitters zijn erg verschoven naar het blauw en hebben 

waarschijnlijk een emissie maximum rond 530 nm. Dit spectrum is helaas nogal vervormd 

aan de korte golflengte kant, door de gebruikte dichroische spiegel. De naar het blauw 

verschoven spectra van type 2 en type 3 emitters vallen buiten de bandenvelop van het 

ensemble spectrum. Dit betekent dat deze typen moleculen niet worden waargenomen in 

bulk samples. Aan de andere kant vormen ze wel een belangrijk gedeelte van de single 

molecule populaties. De in de literatuur geopperde verklaring voor 9-amino-PI dat type 2 

emitters moleculen zijn waarin een rotatie om de C-N binding de donor en acceptor 

effectief ontkoppelt, is nogal onwaarschijnlijk. Moleculaire berekeningen tonen aan dat 

de energieën waarbij deze conformaties gevonden worden, zo hoog boven die van het 

globale minimum liggen dat een significante populatie onwaarschijnlijk is. Na zorgvuldig 

de verandering in de fluorescentie spectra van verscheidene gespincoate films te hebben 
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bestudeerd kennen we type 3 emitters toe aan een fotoproduct. Daarbij hebben we ook de 

resultaten van de fotochemische experimenten uit hoofdstuk 6 in acht genomen. De vraag 

blijft nog wel waarom dan niet alle single molecules omgezet worden in een deeltje met 

een spectrum als dit. Spectrale sprongen van type 3 naar type 1 zijn ook waargenomen. 

De meeste moleculen laten een één-staps fotobleking zien in plaats van een overgang naar 

type 3. Een andere verklaring waarom zo veel type 2 en type 3 emitters gevonden worden 

op single molecule niveau zou kunnen zijn dat ze geïnduceerd worden door interface 

effecten. De polymeer films in single molecule experimenten zijn vele malen dunner dan 

de dropcast films die gebruikt zijn in de ensemble experimenten. Als de interface lagen 

verzadigd kunnen worden zou dit ook verklaren waarom gespincoate films met hogere 

probe concentratie ook niet dezelfde type verdeling laten zien als de verdeling die we op 

single molecule niveau vonden.  

Analyse van de emissiemaxima van type 1 emitters laat zien dat de rigiditeit van de 

polymeermatrix de solvatochrome respons van de dye sterk beperkt. De posities van de 

emissiemaxima in chemisch verschillende polymeren verschillen maar een klein beetje.  

De voorlopige resultaten laten zien dat het mogelijk is om de protonering en 

deprotonering van 5PI te volgen op single molecule schaal. 

Hoofdstuk 6 beschrijft de solvatochrome eigenschappen van een fenoxy gesubstituuerd 

analoog van 5PI (5PI-b), dat gebruikt is als functionele stopper in een rotaxaan. 

Vergelijking van de absorptie- en emissiemaxima met die van 5PI laat zien dat de 

solvatochrome gevoeligheid is afgenomen door de toevoeging van de elektrondonerende 

fenoxy substituenten. De fotostabiliteit van 5PI-b is flink minder dan die van 5PI. 

Analyse van de fotoproductoplossing van 5PI geeft aan dat een fotoproduct wellicht de 

oorzaak van type 3 single molecule emitters zou kunnen zijn. Het waargenomen 

solvatochrome gedrag van 5PI-b maakt het een interessante kandidaat om gebruikt te 

worden als fluorofoor in rotaxanen.  

In hoofdstuk 7 worden de snelle fotofysica en de oplosmiddelinvloed op de aard van de 

aangeslagen toestand van twee nieuwe triazool push-pull systemen, ontworpen voor 
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twee-foton excitatie, bestudeerd met behulp van nanoseconde fluorescentie- en 

femtoseconde transient absorptiespectroscopie. De triazool linkers spelen een belangrijke 

rol als elektron zuigende groepen, die de ladingsscheiding stabiliseren. Direct na excitatie 

wordt een lokaal aangeslagen toestand gevormd. Als het oplosmiddel polair genoeg is kan 

deze op picoseconde tijdschaal vervallen in een ladingsgescheiden toestand. 
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onmogelijk lijkend inkoppelen van de argonlaser in fiber wist jij op te lossen. Het 

gezamenlijk opbouwen van de single molecule setup met de mooie Chameleon OPO 

setup was erg leuk. Dick door jouw toedoen draait de argonlaser nog steeds met 

picoseconde resolutie en konden Joanna en ik de eerste single molecule metingen in 

Amsterdam doen. Michiel, zonder jouw hulp waren de mooie femtoseconde metingen uit 

hoofdstuk 7 niet mogelijk geweest. Voor de technische ondersteuning hadden we 

natuurlijk Jan Geenevasen voor de NMR en Joep (“ach, die kromme remschijf vlakken we 

zo af, rijd die motor maar even naar binnen”) voor de elektronische ondersteuning. En 

natuurlijk wil ik alle andere collega’s die hebben bijgedragen fijne sfeer in de groep 

bedanken: René, Hong, Sander, Jurriaan, Natalia, Sandro, Dhiredj (wat een mooi 

congresbezoek hadden wij in Japan). Nathalie, Koos, Mirka, Emile, Tora, Joanna, Pablo, 

Sander en Allessandro. Ook fysisch chemici uit de groep van Wybren hebben hier 

natuurlijk aan bijgedragen: Anouk, Pavel, Sander, Gregor, Irina en Mattijs. Allen bedankt 

voor de fijne tijd. 

Mattijs en Jocelyne, jullie zijn niet zomaar mijn paranimfen geworden. Met jullie kan 

ik altijd over wetenschap praten, discussiëren en ruzie maken (wetenschapsquiz). Ik hoop 

dat deze inspirerende gesprekken nog vaak mogen plaatsvinden.  

Het thuisfront mag natuurlijk ook niet onbenoemd blijven. Mama, Ron, Oma Marijke, 

Guido en Elvira en natuurlijk papa (jij weet als geen ander wat er nodig is om een boek te 

schrijven). Inhoudelijk hebben jullie niet zoveel bijgedragen aan dit proefschrift. Toch 

 198



 199

hebben jullie moreel bijgedragen aan de totstandkoming van dit werk zoals alleen directe 

familie dat kan. Opa, je mocht het helaas niet meer meemaken, maar ik zal me onze 

discussies over scheikunde en de wetenschap in het algemeen altijd blijven herinneren. 

Het was mede dankzij jouw en Ruth's enthousiasme dat ik na de middelbare school 

besloot om scheikunde te gaan studeren. Anke en Jan, jullie vragen over de vorderingen 

van het proefschrift zorgde ervoor dat op momenten, dat de aandacht wat verslapt was, ik 

toch weer verder ging. 

Maarten, zonder jouw hulp was er beduidend meer werk in de omslag gaan zitten en 

was het eindresultaat vast niet zo mooi geweest als het nu is. 

Lieve Jessamijn, vele weekenden zijn opzij geschoven en veel plannetjes werden 

gesaboteerd omdat ik weer eens aan mijn proefschrift moest werken. Op de voor jouw 

lastigste momenten had ik weer eens de dwangmatige behoefte om wat te gaan schrijven. 

Nu is het eindelijk af en ik wil je hartelijk danken voor je geduld en steun gedurende het 

schrijfproces. 

Tenslotte is er nog één persoon of eigenlijk persoontje dat niet ongenoemd gelaten kan 

worden: Tessel, jouw komst was een goede stok achter de deur om het geheel af te 

ronden. Al was het alleen maar zodat jij nooit het zinnetje: "Papa wanneer is je 

proefschrift nou eens af?" zal leren uitspreken. 

 

Peter, 21 april 2009 
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