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Diss.

Dendrimers are branched macromolecules having a treelike structural shape.
Their symmetrical compact structure gives them unique properties as
compared to irregularly branched polymers. In this thesis four generations of
dansylated poly(propylene amine) (POPAM) dendrimers and their host-guest
complexes with xanthene dyes are studied in order to obtain new experimental
information on photophysical properties of dendrimers.

The internal dynamics of the dendrimers were investigated by time-
resolved fluorescence anisotropy measurements at various temperatures. The
time scales of the overall rotation and the local motions of the studied den-
drimers were resolved and the volumes of the dendrimers were evaluated from
the rotational correlation times. Surprisingly the volume of generation three
and four dendrimers were observed to shrink when the temperature was in-
creased. With the support of the results from molecular dynamics simulations
the contraction was concluded to originate from the balance of intra- and inter-
molecular interactions.

The study of host-guest complexes concentrated to the intermolecular ex-
citation energy transfer process from a dendrimer host to a xanthene dye guest.
Femtosecond transient absorption spectroscopy was used to obtain EET rates
for various host-guest combinations. EET rates were found to be practically in-
dependent on the dendrimer generation and the guest dye. The insensitivity of
the EET rates to involved molecules was concluded to originate from almost
identical average donor-acceptor distances. Further, guest to guest EET was
observed in complexes having multiple guests.

New experimental information on dendrimers may help to develop novel
dendrimer based applications in the future. Applications developed for artifi-
cial light harvesting or host-guest applications, e.g. drug delivery, may benefit
from the studies presented in this thesis.

Keywords: dendrimers, internal dynamics, rotational correlation, excitation
energy transfer (EET), light harvesting, host-guest complexes, time-resolved
spectroscopy, transient absorption, fluorescence, time-correlated single photon
counting, streak camera, anisotropy
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1 INTRODUCTION

Symunetrically branched macromolecules, dendrimers, are a relative new group
of organic molecules with their history reaching back to the end of the 1970’s.
The beginning of the synthesis of dendrimers was a cascade method to produce
hyperbranched molecules developed by Vogtle et al.! The first synthesis and
characterization of dendrimers was introduced by Tomalia et al.2 followed by
another type of dendrimer by Newkome et al.3 Since these pioneering works set
the beginning of the dendrimer era, the research of the dendrimers has ex-
ploded and thousands of scientific articles on the subject have been published
to date. At first the focus was on the synthesis to produce these structurally
beautiful and fascinating molecules. Later the unique properties of the novel
molecules attracted more attention and the ideas of the possible applications
saw the light of the day. As dendrimers can be functionalized by attaching vari-
ous molecular groups to a dendrimer core or periphery, dendrimers with de-
sired properties have been designed. A high number of light absorbing chro-
mophores in a single dendrimer form an effective light harvesting unit and a
dendrimer hosting smaller molecules in its interior can function as a molecular
drug delivery system. Producing molecular applications requires, however, ba-
sic knowledge of the properties of the molecules in question. The aim of this
thesis is to study the dynamics of dendrimers in a timescale of molecular mo-
tions and to investigate dendritic light harvesting system that is effectively
transferring harvested light energy to an encapsulated guest molecule.

1.1 Properties of dendrimers

The name “dendrimer” derives from the Greek word for tree, “dendron”, ow-
ing to their symmetrical branched structure that is suggestive of trees. The
anatomy of a dendrimer is presented in Figure 1.1. Dendrimer is composed of
monomer units that are branched symmetrically from the centre of a den-
drimer “the core”. The number of branching points before an end group defines
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the generation of the dendrimer. Each fragment from the core to the end groups
is called “a dendron” and the pack of end groups “the periphery”.

weansnsnss COre

Generation one
--------- Generation two Interior

--------- Generation three
Dendron "t Reiphary

Figure 1.1: Anatomy of a dendrimer.# Reprinted by permission from Macmillan Publishers
Ltd: Nat. Biotechnol.,23, 1517 © 2005

The symmetric structure gives dendrimers unique properties as compared to
traditional polymers. Unlike polydisperse polymers, the molecular weight and
structure of dendrimers are well-defined. The symmetrical branching from the
core compress end groups close to each other isolating interior parts from the
surroundings. The consequence is that the chemical and physical properties of
dendrimers are mostly determined by the periphery.> The higher the generation
of dendrimer the higher is the number of end groups and the tighter they are
packed allowing multiplication of the features of the end groups in a single
molecule. Besides to the periphery, functional units can be attached to the
branching points or to the core making dendrimers versatile platform to de-
velop potential applications. On top of that, dendrimers’ versatility is increased
even more by the ability to encapsulate smaller molecules into their interior to
form host-guest complexes.

A review of all research concerning dendrimers, their properties and ap-
plications would be, if not impossible, at least impractical in the introduction of
this thesis. Therefore the focus of the following chapters is to briefly introduce
the dendrimer properties appropriate to this particular research, such as light
harvesting, energy transfer and host-guest complexation. Further viewpoints to
dendrimers can be found from many extensive review articles that have been
published 418
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1.1.1 Structure and dynamics

The beautiful symmetrical two-dimensional structures of dendrimers, as
presented by their structural formulae, may evoke a thought of highly ordered
circular molecules in solution. However, in reality the planar structures are
completely insufficient to describe the shape of dendrimers in solution. A few
reasonably stiff dendrimers, in which bending of the branches is restricted, have
been synthesized,'% 20 but most of the dendrimers are flexible and form compli-
cated three dimensional structures, like generation four dansylated POPAM
dendrimer shown in Figure 1.2. The freedom of the inner motions raises a ques-
tion whether the end groups really lie in the periphery of a dendrimer or are the

Figure 1.2: Three dimensional structure of generation four dansylated POPAM dendrimer
in solution. The naphthalene rings of dansyls are coloured in yellow to illustrate the distri-
bution of the end groups. The structure is obtained from MD simulations performed for
Paper II.
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branches folded back towards the centre. The first theoretical work on the sub-
ject by de Gennes and Hervet?! predicted a “dense shell” model with all the end
groups located at the periphery. Later the work by Lescanec and Muthukumar22
stated a contradictory opinion and after that most of the theoretical studies have
supported the ”“dense core” model, which predicts that the branches of flexible
dendrimers tend to fold back and the atom density increases towards the centre
of a molecule. The underlying reason for back-folding is entropy that drives
dendrimer branches to fill all the available space whenever the mobility of den-
drons is sufficient.2 2¢ Therefore back-folding of the end groups is also genera-
tion dependent, as the short branches of the low generations do not have the
required flexibility to fold back towards centre. On the other hand, the molecu-
lar weight increases exponentially with generation and without back-folding
the lack of space for the end groups at the periphery would prevent the exis-
tence of the higher dendrimer generations.?> Consequently the shape of den-
drimers is usually generation dependent and higher generations take more
spherical shape in solution than the lower ones.26-2% Effective back-folding nota-
bly diminishes the size of the molecule and the growth of the volume of a den-
drimer with the generation is clearly smaller than could be expected on the ba-
sis of the molecular masses.

Switching the dendrimer conformation from ”dense shell” to “dense core”
structure and vice versa have been suggested to be possible by altering solvent
properties such as pH.3.31 Changing pH affects the strength of intradendrimer
and dendrimer-solvent hydrogen bonding, and electrostatic repulsion and den-
drimer is pushed to find the most energetically favourable conformation under
new solvent conditions.32 Though some early theoretical studies?3-35 predicted
remarkable changes in size and shape of dendrimers with varying properties of
solvent, most experimental3 37 and theoretical3?32 studies have found only
small changes in the volume or the sphericity of a dendrimer as a function of
pH. Variation in pH has been discovered to change mostly the mass distribu-
tion and also the number of solvent molecules inside the dendrimer,3!. 32 but not
the overall volume. The volume of dendrimer may, however, be affected by the
choice of solvent. A collapse of the volume in poor solvents has been observed
in experimental® 3 and in theoretical4-42 studies. The studies showed only mi-
nor changes of a volume in good or medium solvents, but a poor solvent in-
duced significant shrinking of a dendrimer minimizing the amount of unfa-
vourable solute-solvent interactions.

In solution dendrimers, like all solutes, are in continuous motion. Various
motions of the dendrimers in solution can be divided to three categories: 1)
overall rotation of the whole dendrimer 2) bendings of the dendrimer branches
(dendrons) 3) local motions of the end groups.®3 Rotational motion of the whole
dendrimer is comparable to rotation of spherical particles in solution, since the
size of a dendrimer is usually order of magnitude bigger than the size of solvent
molecules. The latter two are the inner motions of dendrimers that give rise to
conformational changes. Freedom of the motions of the dendrons depends on
the stiffness of the structure and the length of the branch. In other words, high
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generation and flexible spacer units allow greater mobility for dendrons. End
groups may rotate locally depending on their size, and location within den-
drimer. The mobility of the terminal units that are back-folded towards centre
may be restricted by the spatial limitations. As a result of a different type of
mobility the motion of the core of a dendrimer may differ largely from the pe-
ripheral motions, because the former is experiencing only the rotation of the
whole molecule, whereas the latter is strongly affected by the bends of the
branches and the rotation of the terminal units.

Dynamics of dendrimers has been most often studied by theoretical ap-
proaches and computational simulations, while experimental methods have
been used less frequently. In such complicated systems as dendrimers the ex-
perimental results consist of ensemble averages of many different processes and
hence are anything but straightforward to interpret. In this thesis time-resolved
fluorescence anisotropy measurements have been performed to provide new
experimental information on internal dynamics of dendrimers. In addition the
results from molecular dynamics simulations have been used to interpret the
experimental findings.

1.1.2 Host-guest complexes

One of the most fascinating properties of dendrimers is their ability to encapsu-
late guests to their interiors. The first host-guest systems of dendrimers were
the “unimolecular micelles” by Newkome et al.# and Frechet et al.45 followed
by the “dendritic box” concept by Meijer et al.46:47 After that various different
host-guest systems involving dendrimers have been prepared. Although the
branches of dendrimers tend to fold back towards the core and fill all the avail-
able space of the interior, guest molecules can be complexed inside a dendrimer.
The flexibility of dendrimers can provide space for guests by forming ”cavities”
that a guest can enter when the host-guest interactions, mainly hydrogen and
ionic bonding, and van der Waals interactions, are energetically favourable.
Apart from binding small organic molecules,*-52 dendrimers can coordinate to
metal ions®55 and metal nanoparticles5®: 57 or have metals attached to the core,
the branching points or the periphery of a dendrimer.5® Dendrimers containing
metals have potential applications as e.g. light harvesting units,5 catalysts?. 60
and sensors, but as metallodendrimers are not the focus of this thesis they are
not discussed further herein.

The encapsulation of molecules inside a dendrimer enables guests to be
transported to environments that they are otherwise unwelcome,®! because the
solubility of the dendrimer, not the guest, determines the environment where a
host-guest complex can enter. The solubility of dendrimers can be tuned by
modifying end groups and therefore it is possible to carry smaller molecules
inside dendrimer to different environments. This is one of the reasons why
dendrimers can be potentially used in drug delivery applications.®? To effec-
tively transport a guest to a desired goal, a trigger to control encapsulation and
release processes would be needed. As the three dimensional structure of the
dendrimer affects to its ability to carry guests in the interior, the control over
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the structure would be useful for the purpose. Possible ways to control the
structure of a dendrimer have heen proposed to he, for example, pH of the solu-
tion3, 6 and an excitation with light.64 65

1.1.3 Light harvesting and excitation energy transfer

The ability to collect the energy of the sunlight is one of the main factors that
have made the life on earth such versatile and flourishing. Photosynthetic or-
ganisms have developed during millions of years to collect photons from sun
and transfer them to the reaction centre. Photosynthetic organisms have, at least
so far, been superior to artificial systems in light harvesting. Hence mimicking
Nature could help to develop molecular devices to harvest solar energy. Topol-
ogy of the dendrimers with peripheral antenna system around the centre sug-
gests the possibility to form effective light harvesting units.% In similar fashion
like in natural photosynthesis energy is collected by the light harvesting com-
plex and transferred to the reaction centre, in dendrimers energy absorbed by
the periphery can be transferred to an acceptor chromophore.

Excitation energy is transferred through space by long range dipole-dipole
interactions without involving a photon to supply the energy to an acceptor.
The rate of EET is defined by the Forster equation

8.8410 5k2dpJ
Tpnré

kgr(r) = (1.1)

where xis the orientation factor, @pand 7p are the quantum yield and the life-
time of the donor at the absence of the acceptor, respectively, n is the refractive
index of the solvent, /is the overlap integral of the donor emission and the ac-
ceptor absorption spectrum, and r is the distance between the donor and the
acceptor. Energy transfer between the donor and the acceptor chromophores
requires thus certain conditions to be fulfilled: The overlap between the fluores-
cence spectrum of a donor and the absorption spectrum of an acceptor has to be
sufficient, and the two chromophores have to be close enough each other that
the rate of EET is competitive with other excitation relaxation mechanisms.
Given that in dendritic light harvesting systems a donor and an acceptor are
located in a same dendrimer their separation cannot exceed the size of the den-
drimer. For this reason EET in dendrimers is usually very effective in case do-
nor and acceptor molecules are chosen to have a reasonable spectral overlap
and no other faster excitation relaxation channels exist. As dendrimers are usu-
ally possessing multiple identical light absorbing chromophores the excitation
energy may also migrate among them in case the spectral overlap of the absorp-
tion and emission bands is sufficient. Excitation energy hopping has been ob-
served, for instance, in dendrimers having porphyrin,&7-6 peryleneimide’ "'
and aminopyrene” chromophores in their periphery. In dendrimers with dif-
ferent acceptor and donor units energy may be transferred through several do-
nors before arriving to the acceptor. The route of EET depends always on the
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relative rates of the different processes and the fastest route is the most prob-
able.

A large number of dendritic light harvesting systems with efficient EET to
the energy sink have been designed to date.®® 73 Dendrimers can be designed to
possess chromophores in various locations to form desired functionality as il-
lustrated in Figure 1.3.74 The most common structure of light harvesting den-
drimers is a peripheral antenna system and an acceptor unit at the core.”. 76 Pe-
ripheral location allows high number of chromophores in a single molecule, as
the number of end groups increases exponentially with growing dendrimer
generation. This multiplies efficiently the absorption coefficient of the chromo-
phore in a single dendrimer molecule.®® Central location of the acceptor in the
core of a dendrimer ensures effective EET from the antenna system. Neverthe-
less an acceptor does not have to be covalently attached to the dendrimer back-
bone, but it can be the guest molecule of a host-guest complex.5% 77 Excitation
energy can also be transferred to opposite direction from a guest molecule to
the fluorescent labelled dendrimer depending on the chromophores in ques-
tion.”® All dendrimers do not require additional functionalization with chromo-
phores in order to absorb light, as certain dendrimers are capable to collect light
energy by their chromophoric backbone.”-82 Two-photon absorbing dendrimers
have also been synthesized and studied.83 8

Figure 1.3: Possible location of the functional units in a dendrimer.

Light harvesting and EET properties of dendrimers can be utilized for
sensing purposes, as the presence of external species can be indicated by the
quenching of dendrimer fluorescence.? One advantage of dendrimers as sensors
is the selectivity brought about by host-guest properties, and another is the am-
plification of the signal, as a single receptor can quench the fluorescence of all
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chromophores of the host dendrimer.84 85 One reported example of a potential
real life application, based on the fluorescence properties of dendrimers, is the
detection of explosives.84 8 Water soluble fluorescent dendrimers can be poten-
tially used in various biological applications.8” Apart from opening the way to
functional applications, light absorption and emission provide a possibility to
study the properties of dendrimers by spectroscopic methods. They offer an
indirect way to obtain information on the dynamics of a dendrimer and the
presence of the guest molecules. One of the main themes of this thesis is to
study intermolecular energy transfer process from a dendritic antenna to a fluo-
rescent guest molecule hosted by a dendrimer.

1.2 Dansylated POPAM dendrimers

The dendrimers used in this study belong to poly(propylene amine) (usually
called POPAM or PPI) family. The dendrimer backbone is built of propylene
amine blocks. In the beginning of the 1990’s de Brabander-van den Berg and
Meijer8® developed the large scale synthesis of these dendrimers that brought
POPAM dendrimers up to generation five commercially available. The periph-
ery of this commercial dendrimer can be functionalized with dansyl chromo-
phores by a reaction with dansyl chloride.8%-% The schematic structures of the
resulting dansylated POPAM dendrimers of generations one to four (G1-G4)
are presented in Figure 1.4. Dansyl chloride, or 5-(dimethylamino)naphthalene-
1-sulfonyl chloride, is a widely used fluorescent label in biological research for
its ability to react with the free amino groups of proteins.”® The resulting dansyl
sulphonamide is highly fluorescent and has a large Stokes shift absorbing in
UV-region and emitting in visible region around 500 nm. Dansy] fluorescence
wavelength and quantum yield are sensitive to local environment®? making it a
popular molecular probe. Besides dansylated POPAM’s, various other den-
drimers containing dansyl chromophores have been designed and studied.” %-
101

Dansylated POPAM dendrimers suit well as a model system for den-
drimer studies as they hold many of the fascinating properties of dendrimers: 1)
they have a flexible structure that allow them change their shape and volume in
solution 2) they absorb effectively UV light with multiple dansyl chromophores
3) they form host-guest complexes with xanthene dyes and transfer excitation
energy from dendrimer to the encapsulated dye5? Despite the sensitivity of dan-
syl chromophore to its environment, it has been observed to retain its absorp-
tion and emission properties when attached to POPAM dendrimers and the
absorption coefficient depends almost linearly on the number of dansyls of the
dendrimer.5% % The presence of the dansyl chromophores is also very important
from the practical point of view, as they make the spectroscopic studies possible
by absorbing and emitting visible and UV light. Without chromophores
POPAM dendrimers could be spectroscopically studied only in the vacuum UV
or infrared regions, which would require additional experimental efforts.
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Figure 1.4: Schematic 2D structures of the dansylated G1-G4 POPAM dendrimers
1.3 Motivation and aims of the study

The motivation of the work presented in this thesis is to achieve new dynamic
information on dendrimers in solution by using time-resolved spectroscopic
methods. The study has focused on several aspects of the dendrimers. First was
to get new insights to the structure and the internal dynamics of flexible den-
drimers in solution. Experiments provide information on the time scales of the
motions of the dendrimers, and this information can be used to make conclu-
sions about the structure and the size of dendrimers in solution. Repeating the
measurements at various temperatures enable estimation of the temperature
effects to the structure and dynamics, and a systematic study of four different
dendrimer generations reveal the size dependencies of the properties.

Another point of interest was host-guest complexes that POPAM den-
drimers from a second to higher generations form with xanthene dyes. In these
complexes effective EET from a dendrimer to an encapsulated dye have been
reported,® but time scales of the EET processes from host to guest have not
been studied before. Most of the time-resolved spectroscopic studies of EET in
dendrimers published so far have been related to intradendrimer EET, and the
host-guest aspect gives a new viewpoint to EET. Besides host-guest EET, also
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other EET processes, such as energy migration in dendrimers and EET between
the guest molecules in multiguest complexes, were examincd. From the scveral
xanthene dyes eosin was studied most detailed, and lesser attention was given
to rose bengal and fluorescein complexes. The reasons for the preference of eo-
sin are 1) higher fluorescence intensity than that of rose bengal, 2) better com-
plexation to dendrimers as compared to fluorescein, 3) better background in-
formation for time-resolved spectroscopy studies, as stcady statc spectroscopy®?
and MD simulations!® studies of POPAM-eosin complexes have been reported
previously.

Broadly speaking the main goal of this work is to broaden knowledge of
the fundamental nature of dendrimers. Deeper understanding of these mole-
cules may help to produce possible applications in the future. Potential applica-
tions that may benefit from these studies include all devices based on light har-
vesting and EET processes, and host-guest properties of the dendrimers. An
example of a potential host-guest application is drug delivery where den-
drimers can be used to transport drug molecules to a desired location, where
they are released in a controlled way.
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2 EXPERIMENTAL

In this chapter the spectroscopic methods that were employed in this work are
introduced. First the main principles of the ultrafast spectroscopy are shortly
presented followed by the sections that describe the time-resolved experimental
methods that were used in this work. Finally, at the end of the chapter the
specifications of the laser systems are given as well as the description of the
sample preparation.

21 Femtosecond spectroscopy

At molecular level many chemical events take place in time domain from femto-
to picoseconds. The periods of various motions of the molecules, such as rota-
tions and vibrations, are typically in the ultrafast region. Similar time scales ap-
ply to many chemical reactions and, in particular, transition states and reaction
intermediates.103 104 Without methods to observe ultrafast events understanding
of chemistry at molecular level would be limited. To detect these fast processes
experimentally the time resolution of the experiment needs to be shorter than
the investigated phenomena. The impulse to manipulate or measure the state of
molecules should be short enough that the nuclei of the atoms can be consid-
ered to be practically motionless during the measurement. Otherwise all the
obtained information would be more or less a time average of the event, pre-
venting observation of the details of the processes involved. Such short im-
pulses to manipulate molecules can be produced most conveniently by using
femtosecond lasers. Historically femtosecond laser pulses were first generated
with dye-lasers and a lot of effort has been devoted in the past to even produce
the pulses for femtosecond experiments. Nowadays the development of the ti-
tanium sapphire lasers has brought commercial ready-to-use femtosecond la-
sers available and opened up the opportunities to take full advantage of short
laser pulses in chemistry research.
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Though titanium sapphire lasers can provide laser pulses shorter than 100
fs, which is short enough for most of the experiments, the wavelength range of
the pulses is limited around 800 nm, restricting their use to the study of samples
absorbing in this particular spectral region. To influence the sample, the wave-
length of the excitation pulse has to match the energy of a transition in the
molecule under study. The wavelength of laser pulses can be tuned by using
nonlinear optical effects in birefringent crystals. Nonlinear optical effects allow
generation of sum and difference frequencies of two photons as well as transfer
of the energy from high energy pulse to the weaker one. In the simplest process,
second harmonic generation, two original photons are combined to a single
photon, when they propagate through a birefringent crystal.1% Since energy of
the photons is conserved, the frequency of a new photon is twice that of the
original photons, allowing generation of 400 nm pulses from the 800 nm fun-
damental. To really tune the wavelength of the pulses over broad range, para-
metric amplifiers can be utilized, as was done in the transient absorption ex-
periments of this thesis. With a non-collinear parametric amplifier (NOPA) the
wavelength of femtosecond pulses can be tuned in the range between 460 nm
and 1600 nm.1% In a NOPA an energelic pump pulse and a weaker seed pulse
are guided to have a spatial and temporal overlap in a birefringent crystal. A
photon from the pump pulse is divided to two photons, signal and idler, with
total energy and momentum conserved. If the frequencies of the created signal
photon and the seed photon are equivalent, the seed pulse is amplified. This
requires that the phase matching conditions are fulfilled, i.e. momentum is con-
served. Phase matching can be adjusted for different frequencies by turning the
crystal relative to incoming laser beams. As in non-collinear configuration sig-
nal and idler are travelling to different directions, the signal beam of NOPA can
be separated spatially from pump and idler beams.

The wavelength range can be expanded to UV-region below 400 nm by
sum-frequency generation of NOPA output and 800 nm fundamental, or by
frequency doubling the output of NOPA. Sum-frequency generation provides
higher UV pulse energies as energy can be taken from the fundamental,
whereas frequency doubling is simpler to use. The choice of the method de-
pends on the pulse energy that is needed to excite the sample. Also the pulse
durations affect the usability of the two methods, as the conversion efficiency in
the nonlinear processes is proportional to the energy density of the pulses, i.e.
pulse duration. In this study both methods to produce UV pulses were used.

Besides wavelenglh also the duration of the pulses has to be manipulated
before they are guided to the sample in an experiment. Different frequencies
have a different velocity as they propagate through a transparent medium such
as glass, causing temporal lengthening of the pulse as it travels through the op-
tics needed to guide the laser beams. Femtosecond pulses have fairly wide spec-
trum, which increases the effect of the group velocity dispersion. To achieve the
best possible time resolution and to avoid harmful incoherent effects, the group
velocity dispersion has to be compensated. This can be done with a prism com-
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pressor that induces negative group velocity dispersion to the pulse by making
different frequencies to travel different distances through the compressor.

2.2 Transient absorption

In transient absorption spectroscopy the changes of absorption in time after ex-
citation are investigated. A sample is excited with a pump pulse and the ab-
sorption is measured with a probe pulse overlapping spatially the excitation
spot. The excitation of the sample can either increase or decrease the initial ab-
sorption at a specific wavelength. When part of the molecules in the excitation
volume is excited, the population on the molecular ground state decreases lead-
ing to bleaching of the absorption band. Another source for a negative transient
absorption signal is stimulated emission, which amplifies the intensity of the
probe beam. The increase of the optical density, i.e. a positive signal, can origi-
nate from excited state absorption or from the absorption of a photoproduct.
When time evolutions of these signals are followed, the rates of the changes of
populations of electronic states can be observed. However, in practise, various
signals may overlap each other making the interpretation of the data often
complicated.

The relative time separation of the pump and the probe pulse is adjusted
by an optical delay line, which changes the path distance that a pulse travels
before reaching the sample. The intensity of the probe pulse after the sample is
then monitored step by step with a photodiode. If accurate spectral resolution is
desired then the probe pulse can be guided through a monochromator to select
only a part of the spectral bandwidth of the pulse to be monitored. Usually the
data is not presented as absolute absorption values, but as a change of absorp-
tion compared to that without excitation. This can be done by opening and
blocking the pump beam periodically with an optical chopper. As the intensity
of the probe pulse is sensitive to fluctuations of the laser system, an additional
probe pulse, so called reference pulse that passes the sample next to the excita-
tion volume, is used to improve the sensitivity of the measurement. The tran-
sient absorption at each time delay is then calculated from recorded probe (P)
and reference (R) intensities as1%5

- IR(W —log ROV
AA(U' At) - log p(u,At)  with log Ip(v,At) without (2'1)
excitation excitation

Transient absorption method allows the study of phenomena that are
faster than 100 fs. On the other hand the method is much more demanding than
fluorescence methods that have been used in this study. For instance changing
of the wavelength of the beams requires a significant amount of adjusting be-
fore the setup is optimized. The length of the optical delay line also restricts
extending the measurements beyond nanosecond time scales. In this work tran-
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sient absorption was the main tool to study the energy transfer processes of the
host-guest complexes.

2.3 Streak camera

A streak camera is an efficient device to measure the time evolution of fluores-
cence spectra. The fluorescence induced by a short laser pulse is collected to a
spectrograph where wavelengths are spatially separated. Photons are guided to
a photocathode, where electrons are released proportionally to the intensity of
the light. Formed electrons are accelerated and guided between a pair of sweep
electrodes with a high speed sweeping voltage. The sweeping voltage deflects
the electrons according to their arrival time converting temporal separation into
spatial separation. This deflection is recorded in perpendicular direction with
respect to wavelength dispersion produced by the spectrograph. The electrons
are then multiplied in a microchannel plate before hitting a phosphor screen.
When hitting the phosphor screen the clectrons create a visible image which is
recorded with a CCD camera. Consequently, the location of an electron on the
screen is determined by the wavelength and the arrival time of the original pho-
ton. The intensity of light signal at each CCD pixel is thus proportional to the
amount of fluorescence photons with same wavelength and time separation
after excitation pulse.

Fluorescence intensity (a.u.)
>

0 200 400 €00 600 1000 1200 1400 1600
Time (ps)

Fluorescence intensily (a.u.!

480 500 520 540 560
Waveleagth (nm)

Figure 2.1: Streak camera image of fluorescence of dansylated G4 POPAM-eosin complex
(left panel). Panels on the right show vertical (kinetics, top) and horizontal (spectra, bottom)
cross-sections taken from the image at the positions marked with correspondingly coloured
lines.

An example of a streak image is shown in Figure 2.1 together with the
cross-sections taken from the image. As seen in the figure, streak camera can
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collect the time evolution of the fluorescence spectrum, and kinetic traces at
each wavelength at a same time. This ability to collect a large amount of data in
a single measurement is a real strength of streak camera techniques. Time reso-
lution of a streak camera is reasonably good, with the best models reaching sub-
picosecond resolutions. The drawback is a limited signal-to-noise ratio, a lim-
ited streak length and a poor sensitivity as compared to single photon counting
methods.

2.4 Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) is an experimental method to
observe fluorescence decay times. The method is based on a measurement of
the time separation between the excitation of a sample and the first emitted
photon observed by a detector. A sample is excited repeatedly with laser pulses
and each time the photon is observed, one count is registered to a multichannel
analyzer to a channel that corresponds the time delay between the excitation
and the photon observation. This is repeated usually until the peak channel has
collected 10000 counts. The number of counted photons at each channel form a
histogram that represents the decay of the fluorescence, since the probability to
collect an emitted photon is proportional to emitting state population. However,
to get the histogram to represent the true fluorescence decay, observing several
photons after a single excitation pulse has to be avoided by keeping the photon
counting rate relatively low. Every time when two photons are collected from
the same excitation pulse, only the first one is counted and the histogram be-
comes distorted to shorter times. Therefore the photon collection rate has to be
kept around one hundredth of the rate of the excitation pulses. Then the prob-
ability of more than one registered photons after a single excitation pulse is sta-
tistically low enough and the histogram can be considered to be undistorted.
The disadvantage of the lowering of a collection rate is longer measurement
times as 99 out of hundred excitation pulses do not add counts to the histogram.

The time resolution of TCSPC is typically from tens to hundreds of pico-
seconds depending on the response time of the detector and the timing elec-
tronics, and the pulse duration of the excitation laser. The time resolution falls
short of that of streak camera, not to mention that of transient absorption spec-
troscopy, but on the other hand longer lifetimes up to the microseconds can be
easily reached. Another advantage of TCSPC is the relative easiness of use, as
complicated optical setups are unnecessary and almost ready to use commercial
systems are available. In this thesis TCSPC showed its strengths in studies re-
lated to rotation of the dendrimers, especially at lower temperatures where
longer fluorescence times had to be recorded.
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2.5 Anisotropy

The concept of anisotropy can be exploited to obtain information about depo-
larization of excited molecules. Excitation of molecules with polarized light is
selective, preferring the molecules that have their transition moment aligned
parallel to the electric vector of the excitation photon. Therefore immediately
after excitation of an isotropic sample, the excited molecules are not randomly
oriented and signals measured parallel and perpendicular to cxcitation polari-
zation are different. Monitoring time-dependent changes in orientations of mo-
lecular transition moments gives information about depolarization processes in
the sample. Anisotropy is calculated from the parallel and perpendicular signal
intensities as follows!%7

_ n®-1.0
= Iy (&)+21,.(8) (22)

The orientational probability distribution gives rise to an initial anisotropy
value of 0.4 in an isotropic sample, providing that the orientation of the transi-
tion moment is retained in the molecule. After excitation the anisotropy may
diminish by depolarization processes, such as rotational motions or excitation
energy transfer. Rotation times of relatively small molecules are usually clearly
faster than fluorescence decay times preventing the observation of anisotropy in
steady state fluorescence measurements, as orientations of the molecules are
almost randomized before light is emitted. Though steady state anisotropies can
be observed for large molecules and solid samples, the real connection to mo-
lecular dynamics can be obtained only by time-resolved measurements. By fol-
lowing the anisotropy decay in time the progress of the depolarization proc-
esses can be observed. An example of formation of the anisotropy signal is pre-
sented in Figure 2.2, where parallel and perpendicular TCSPC signals are
shown together with the calculated anisotropy decay signal.

If the rotational motion of a molecule can be extracted from the time-
resolved anisotropy decay information, the volume of the molecule in solution
can be estimated by using Stokes-Einstein-Debye equation

v
0="" (2.3)

The equation states that the rotation correlation time (0) depends on the
volume of the molecule (V), the viscosity of the solvent () and the temperature
(T). In this form the equation is valid for spherical particles larger than the sol-
vent molecules, whereas modified versions of this equation are needed to de-
scribe the rotation of non-spherical or small molecules.!?” In addition to rota-
tional motions, depolarization can be a consequence of excitation energy trans-
fer to randomly oriented acceptors.
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Figure 2.2: Time evolution of fluorescence of dansylated G4 POPAM dendrimer detected in
parallel and perpendicular polarization with respect to excitation polarization (upper
panel). The corresponding anisotropy signal is shown in the lower panel.

In this work anisotropy measurements were carried out by making use of
the three spectroscopic methods introduced in the previous sections. Anisot-
ropy decay proved to be helpful in determining the various motions of the den-
drimers and provided a way to estimate the volumes of the dendrimers by
Stokes-Einstein-Debye equation, as well as excitation energy transfer rates in
the host-guest complexes.

2.6 Experimental setups used in this work

Home-built transient absorption setups were used in the experiments of Papers
[ and IV. In Paper I amplified femtosecond laser pulses were obtained from
Quantronix Odin multipass amplifier, which was seeded with pulses from Co-
herent Mira 900 Ti:Sapphire oscillator pumped with Coherent Verdi Nd:YVO,
laser. In paper IV femtosecond pulses were provided by Coherent Libra inte-
grated one-box femtosecond laser. Both femtosecond setups provided pulses at
~800 nm wavelength with 1 kHz repetition rate and pulse energies around 0.9
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mJ. Two home-built NOPA’s were used to tune the wavelength of the pump
and probe pulses. Streak camera measurements reported in Paper II were per-
formed in co-operation with Professor Villy Sundstém’s group in the depart-
ment of Chemical Physics at the University of Lund, Sweden. Excitation pulses
were provided by a Spectra-Physics Tsunami Ti:Sapphire oscillator. The output
pulses of the oscillator were frequency doubled and the pulse repetition rate
was decreased from 82 MHz to 4 MHz by a pulse picker. Time-resolved fluo-
rescence spectra were recorded by Hamamatsu C 4742-95 streak camera. Time-
correlated single photon counting measurements presented in Papers IIl and IV
were performed with PicoQuant HydraHarp 400 data acquisition system using
pulsed picosecond diode lasers with 10 MHz repetition rate from the same
manufacturer as excitation sources, and MCP-PMT detector to observe fluores-
cence photons.

2.7 Sample preparation

POPAM dendrimers were functionalized with dansyl chromophores by Profes-
sor Fritz Vogtle’s group of the University of Bonn. Synthesis and purification
along with the spectroscopic methods to control the purity of the prepared
dendrimers have been described previously.®® For the spectroscopic measure-
ments dendrimers were dissolved in chloroform. Due to small amount of den-
drimers available, the samples were not made by weighing and diluting, but
the concentration was controlled mainly by recording the absorption spectra of
the prepared solutions. For fluorescence measurements optical density was set
to about 0.1 at the excitation wavelength. For transient absorption measure-
ments higher absorbance of the sample is needed and the optical density of the
sample was set between 0.5 - 0.7 at the excitation wavelength.

The dendrimer-dye complexes were formed by adding a droplet of highly
concentrated ethanolic dye solution into the prepared dendrimer chloroform
solution and mixed vigorously. As xanthene dyes are not soluble in chloroform,
ethanol was used as solvent. This procedure adds ethanol impurity to chloro-
form solution, but as the concentration of the dye in ethanol was almost satu-
rated, only very small amounts of ethanol were left in chloroform solutions of
the complexes.

2.8 Molecular dynamics simulations

Molecular dynamics simulations were used to help to interpret the experimen-
tal results. MD simulations were performed in cooperation with Dr. Gilberto
Teobaldi (Univ. of Bologna and Univ. of Liverpool) and Prof. Francesco Zer-
betto (Univ. of Bologna) and the details of the simulations can be found in the
original papers (Papers II and III)
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3 RESULTS AND DISCUSSION

This chapter summarizes the central results of the studies included in this thesis.
The chapter is divided in two main sections; the first section sums up the results
related to dansylated POPAM dendrimers in solution, while the second section
discusses photophysical properties of the host-guest complexes of the den-
drimers studied. The discussion of pristine dendrimers is focused on their dy-
namics, and size and shape aspects, while the results from the complexes are
mostly handling the intermolecular energy transfer processes. The details of the
studies are presented in the original Papers I-IV.

3.1 Internal dynamics in dansylated POPAM dendrimers

The dynamics of dansylated POPAM dendrimers were experimentally studied
by observing the time-resolved anisotropies of dansyl fluorescence. In Paper Il a
streak camera and in Paper III TCSPC method was used for time-resolved fluo-
rescence detection. In both papers MD simulations were combined with the ex-
periments to help to interpret the experimental results.

3.1.1 Fluorescence properties of dansylated POPAM’s

Several studies on basic steady state absorption and fluorescence properties of
dansylated POPAM dendrimers have been published0 53 &, 9% and therefore
these properties were not the focus of this thesis. All the measured spectra and
the observed fluorescence lifetimes were in agreement with previous studies
and practically independent of the dendrimer generation (Paper III).
Time-resolved fluorescence spectra revealed that for all dendrimer genera-
tions fluorescence maximum shifts towards red in time (Paper II), as is illus-
trated in Figure 3.1. The spectral shift was concluded to be induced by excited
state solvation process. The 15-30 ps solvation component resolved for the sol-
vation correlation function was considered to be the reorganization of the first
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solvent layer around dansyl chromophores, whereas the interpretation for the
longer, around 400 ps, solvation component remained slightly uncertain. Such
long solvation component is commonly met in proteins or micelles where sol-
vent molecules are trapped inside larger molecules.??. 108 [t can be speculated
that the solvent molecules “frozen” inside the dendrimer would be the origin of
the slow solvation. On the other hand the independency of the solvation com-
ponent on a dendrimer generation and the high mobility of the solvent inside
the dendrimer, as predicted by MD simulations, are against this suggestion. The
true character of this slow solvation remained therefore more or less an open
question.

—O0—8ps
—0—30 ps
——600 ps
—»—1200 ps

Fluorescence intensity (a.u.)

460 470 480 490 500 510 520 530
Wavelength (nm)

Figure 3.1: Time evolution of the fluorescence spectra of the G1 dansylated POPAM den-
drimer

3.1.2 The dynamics of dansylated POPAM dendrimers

Fluorescence anisotropy decay was found to be strongly dependent on the den-
drimer generation, as can be expected if it was to be connected to the rotational
motions of the molecule. An example of the generation dependency observed in
streak camera measurements is displayed in the left panel of Figure 3.2. How-
ever, the observed anisotropy decay was not just lengthening with increasing
size of the molecule, but the resolved fast decay component became shorter for
larger dendrimers going from 140 ps of G1 to 60 ps of G4. This component was
concluded to be connected to the local motions of the peripheral dansyl chro-
mophores and is thus not directly dependent on a size of a molecule. In large
dendrimers simultaneous motions of the dendrons are likely to affect the ob-
served decay times.
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Figure 3.2: Fluorescence anisotropy decays of G1-G4 dansylated POPAM dendrimers and
monodansyl reference compound N-propyldansylamine. The left panel shows sub-
nanosecond decays obtained by streak camera measurements and the right panel nanosec-
ond decays from TCSPC studies.

Whereas the relatively short time window (< 2 ns) of the streak camera
limited accurate determination of the overall rotation times of the dendrimers, a
TCSPC method provided reliable time constants. As dominated by the overall
rotation, the anisotropy decays obtained by TCSPC showed beautiful depend-
ency on the size of the dendrimer (Figure 3.2, right panel). The rotation times
1.5 ns for G3 and 2.6 ns for G4 from the TCSPC experiment do not match with
the values obtained from the streak camera measurements, but this is mainly a
consequence of the limited time-window of the streak camera experiment. Ac-
tually the streak data can be adequately fitted by using the values obtained
from the TCSPC experiments. On the other hand TCSPC confronted its limita-
tions when studying the local motions, which are too fast to be observed with
the method. With both methods accurate fit of the data requires also an inter-
mediate decay component of several hundred picoseconds. This is connected to
the motions of the dendrons. A first generation dendrimer (G1) makes an ex-
ception as its branches are too short to provide for distinguishable dendron mo-
tions. Local motions and overall rotation are the only notable motions for the
G1 to be considered and therefore the anisotropy decay of G1 was well fitted
with just one decay component as local motions were not resolved in TCSPC.
For this generation both streak camera and TCSPC gave the same overall rota-
tion time of 300 ps.

For the dendrimer generations higher than one the interpretation of ani-
sotropy decays becomes more complicated. An additional challenge is that the
observed signals are always averages from many different species. Each indi-
vidual dendrimer in solution is instantly slightly differently shaped; a phe-
nomenon brought about by the flexible nature of dendrimers. And not only the
shape of the molecules, but the location of the excited dansyls in a molecule,
contains a great deal of variety. Electronic excitation lands on a dansyl of a
dendrimer randomly and it is impossible to know whether fluorescence origi-
nates from a dansyl located at the outer parts of the dendrimer or from a back-
folded dansyl near the centre of the molecule. Hence the anisotropy decay
components are averages of rotational relaxation of variously located and ori-
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ented dansyls within the dendrimer. Molecular dynamics simulations in Paper
I demonstrated the variety of the dansyl rotation times in G4 dendrimer
(Figure 3.3).
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Figure 3.3: Rotational autocorrelation function of the dansyls in dansylated G4 POPAM
from MD simulations. Fast and slow components are averaged from dansyl that have
lower and higher Dgacr than the average of all 32 dansyls (dotted line). The calculated rota-
tion of the whole G4 dendrimer is shown for comparison (solid line).

To sum up, the observed anisotropy decays originate from the three dif-
ferent category motions of dansyl chromophores: local motions, dendron bend-
ings and dendrimer overall rotation. Furthermore the location of an individual
dansyl within the dendrimer affects its rate of orientational relaxation. Due to
the average nature of the signals the determined time constants should not be
taken literally, but more as time scales. On the other hand the overall rotation is
present in relaxation of each dansyl, given that for “free” peripheral dansyls
overall rotation is always a part of the total rotational relaxation and for the
back-folded dansyls that are almost “frozen” inside the dendrimer it is the only
rotational relaxation process. Rotation correlation time constant of 51 ps re-
solved for monodansyl reference compound N-propyldansylamine in chloro-
form solution can be considered as a limit of the time scale of unrestricted local
motions of dansyls. In dendrimers dansyl motions are, however, partially re-
stricted via spatial crowding, and bonding to the dendritic arms, which slows
down the motions as can be observed from the resolved time constants from 60
to 140 ps. The obtained results for dynamical processes give a full support to a
“dense core” model of the soft dendrimer as they systematically refer to back-
folding of some of the dendrons of the dendrimers.
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3.1.3 Temperature effects to the dynamics and the structure

Besides finding the generation dependency of the dynamics of POPAM den-
drimers, the motivation for Paper III was to study the effect of temperature to
the structure and motions.

Lowering the temperature reduces the thermal energy of a molecule and
increases the viscosity of the solvent, which predicts considerable slowing of
the motions of dendrimers, even if the structure of the molecule remains un-
changed. As predicted, the observed fluorescence anisotropy decays became
longer for all dendrimer generations as temperature was decreased. For G1 ro-
tational correlation time lengthened from 0.3 ns at 293 K to 1.58 ns at 213 K. The
analogous values for higher generations were from 1.17 ns to 4.26 ns for G2,
from 1.48 ns to 9.24 ns for G3 and from 2.61 ns to 19.1 ns for G4. In addition a
clear change of the relative amplitudes of the two decay components was ob-
served. The lower the temperature the higher was the proportion of the longer
anisotropy component indicating stiffening of the dendrimer structure. This is
not a particularly surprising result considering that thermal energy is needed to
overcome potential barriers to change the shape of a molecule. Although the
experiment confirmed the expected stiffening, more interesting question was to
inspect the temperature driven changes to the shape and the volume of den-
drimers.

The volumes of the dendrimers at various temperatures were calculated
by using Stokes-Einstein-Debye model (Equation 2.3). The measured anisotropy
decays were fitted by two exponentials and the longer component was assumed
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Figure 3.4: The volume of the G1-G4 dansylated POPAM dendrimers as a function of tem-
perature. The volumes were calculated from the experimental rotation correlation times
obtained by TCSPC measurements
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to describe the overall rotation. The volumes of the G3 and G4 POPAM den-
drimers were observed to shrink with rising temperature from 213 K to 293 K,
but the change in the G1 and G2 dendrimers was rather small or negligible
(Figure 3.4). Almost constant volume of the small G1 and G2 dendrimers is an
expected result considering the shorter dendrons of the molecules. Lower gen-
eration dendrimers are stiffer than the higher generations and short branches
do not allow considerable back-folding towards centre that would be needed to
alter the volume in a large extent. It has to be also noted that Equation 2.3 is
valid only for the spherical molecules and generation one and two dendrimers
are considered to be less spherical than the larger ones.?”.2 Therefore the esti-
mated volumes of the G1 and G2 should be taken as first approximations.
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of mass (CM) of the G4 dansylated POPAM dendrimer at several temperatures (upper
panel). The lower panel presents similar information for time-averaged dansyl-dansyl dis-
tances.
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The volumes of the generations three and four decreased gradually with
the rising temperature, which may be opposite to what would intuitively be
expected. Spectroscopic measurements revealed the behaviour of the molecule,
but they offered little to explain the reasons behind the phenomenon. In that
point molecular dynamic simulations for the G4 dansylated POPAM dendrimer
proved to be helpful. Simulations supported the experimental findings by pre-
dicting the volume shrinking, though the predicted change in volume was
clearly smaller than the experimental results indicated. Nevertheless qualita-
tively there was an agreement with the experiments and the simulations, and
the shrinking of the dendrimer can be observed also from the changes in dis-
tance distribution of the dansyl groups as presented in Figure 3.5. Simulations
predicted that the higher the temperature the closer to the centre of mass of the
dendrimer the dansyls are located, and at the same time dansyls pack also a bit
closer to each other. The direction of the changes in histograms as temperature
rises is illustrated with black arrows in Figure 3.5.

Simulations gave a possibility to estimate the shape of the G4 POPAM
dendrimer in chloroform. Calculated asphericity values (0.009-0.019) did not
suggest significant deviation from spherical shape anywhere in the studied
temperature range, which for its part justifies the use of the Equation 2.3 for
volume calculations of G4 dendrimer. The unchanged overall shape of the den-
drimer as a function of temperature can be considered to be an expected result,
on account of the symmetrical structure of the dendrimers. Even if the degree of
back-folding of the end groups changed, it would affect similarly to identical
dendrons on the opposite site of the molecule and thus not reduce the overall
sphericity.

In addition to giving qualitative support for the experimental findings,
MD simulations helped to find the explanations to the experimental observa-
tions. The shape of a dendrimer is largely determined by the balance of the in-
tra-dendrimer and dendrimer-solvent interactions that are temperature de-
pendent. The changes of the two interaction energies as a function of tempera-
ture are shown in Figure 3.6. The net result is that as temperature rises it be-
comes energetically favourable to increase intra-dendrimer interactions and
decrease dendrimer-solvent interactions leading to stronger back-folding and
thus smaller volume of the molecule. Besides the interaction energies the final
shape and volume are affected by steric hindrance that may prevent back-
folding, and the temperature dependent properties of the solvent. The entropy
gain that is achieved, when solvent molecules transfer from the interior of the
dendrimer to the bulk solvent, was concluded to be only a marginal factor in
volume shrinking.
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Figure 3.6: Total intra-dendrimer (intra-G4) and G4-CHCl; interaction energies (filled cir-
cles) are compared in upper panel. The dansyl (Dans)-Dans, propylene amine (PAM)-PAM
and Dans-PAM contributions (open circles) to the total (TOT) intra-G4 energy, and the con-
tribution of the solvent molecules less than 4 A away from G4 to the total G4-CHCls inter-
action energy are also shown. Lower panel compares the total intra-G4 energy to the con-
tribution from the solvent molecules less than 4 A away from G4.

From the view of applications, the observed temperature dependent vol-
ume shrinking is potentially promising. Particularly in host-guest applications
controlling the volume of a dendrimer may open up the way to control the
hosting capability of a dendrimer. Forcing guest molecules out from the interior
of a dendrimer in a controlled way would potentially be very useful for in-
stance in drug delivery applications. Though the relatively broad temperature
range, i.e. tens of Kelvins, would definitely be impractical for most of the appli-
cations, the understanding of the factors behind the volume changes may allow
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development of the dendrimers with stronger tendency to react to the tempera-
ture. However, as the simulations indicate, the structural changes result from
the delicate balance of various interaction energies related to dendrimer and
solvent, and therefore the prediction of the behaviour on the basis of a molecu-
lar structure is anything but straightforward.

3.14 Dansyl-dansyl energy transfer

Whenever the absorption and the fluorescence spectra have a reasonable over-
lap, excitation energy transfer between closely packed chromophores of a den-
drimer becomes probable. It follows that the fluorescence anisotropy can decay
not only by the motions of the chromophores, but also by EET between identi-
cal chromophores in the same dendrimer. However, in case of dansyl the spec-
tral overlap of the absorption and fluorescence spectra is almost negligible due
to large Stokes shift of the dansyl resulting from the formation of the TICT
state.10? In Paper II the possibility of the anisotropy loss to originate from dan-
syl-dansyl EET was speculated, but as the internal motions of the dansyl units
(50 -140 ps) are supposed to be much faster than dansyl-dansyl EET (> 200 ps),
the EET could not be observed with the anisotropy experiments, even if it ex-
isted. Strong energy hopping from dansyl to dansyl would also change the ab-
sorption and fluorescence spectra of dansylated dendrimers compared to those
of a monomeric dansyl in solution. However, the shapes of the spectra are prac-
tically independent on the dendrimer generation and the absorption coefficient
corresponds to the number of dansyls in a dendrimer,? which refers to an ab-
sence of strong interactions between dansyls units. Dansyl-dansyl EET was
therefore concluded to be a negligible energy distribution pathway for dansy-
lated POPAM dendrimers.

3.2 Excitation energy transfer in host-guest complexes

The host-guest complexes formed by dansylated POPAM’s and xanthene dyes
were studied in all four original papers. Paper I focused on the excitation en-
ergy transfer from dendrimer to eosin guest and in Paper IV eosin acceptor was
replaced by rose bengal and fluorescein dyes. In addition fluorescence studies
of POPAM-eosin complexes were performed in parallel with the corresponding
studies of pristine dendrimers in Papers II and III.

3.2.1 Excitation energy transfer to encapsulated dye

Dansylated POPAM dendrimers are known to encapsulate xanthene dyes to
their interior and efficient energy transfer from the excited dansyl to the guest
dye(s) has been observed.®® The main motivation for Paper I was to find out the
time scales of the EET. Transient absorption experiments revealed a delayed
rise of the bleach of the eosin absorption after selective excitation of the dansyls
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in G2, G3 and G4 dendrimer-eosin complexes (Figure 3.7). Direct excitation of
the eosin(s) led to an instant instrument limited rise, instead. The rise of the eo-
sin signal after dansyl excitation was thus concluded to be connected to the EET
from dansyl to eosin.
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Figure 3.7: The rise of the transient absorption signals of G2-G4 dansylated POPAM-eosin
complexes after UV excitation compared to the corresponding signal from eosin in solution.

The rise signals were found to be multiexponential, i.e. they required more
than one exponential function to be fitted adequately. This is mainly a conse-
quence of the arbitrary nature of the excitation process. Low excitation energy
allows only a single dansyl in a dendrimer to be excited at a time and the excita-
tion probability is not affected by the location of the guest dye(s), but rather the
dansyl orientation in respect of the polarization of the excitation light. An ac-
ceptor may lie next to the excited dansyl or further away, hence a random exci-
tation of dansyls results into a distribution of distances between the excited
dansyl (donor) and the guest dye (acceptor). According to Forster model (Equa-
tion 1.1) this generates a variety of EET times that are observed in a measured
signal. An average defined by only one time constant would therefore be insuf-
ficient to describe the wide range of EET rates. In Paper I three exponentials
were used to fit the rise signals and the obtained rise times were between 100 fs
and 7 ps for all dendrimer generations. For eosin as an acceptor, 100 fs compo-
nent corresponds to the donor-acceptor distance of 6 A and 7 ps to 13 A dis-
tance. The distances sound reasonable separations for the excited dansyl and
the closest eosin, in view of the size of the POPAM dendrimers. The streak
camera measurements presented in Paper II allowed us to observe the dansyl-
eosin EET, not only from the rise of eosin fluorescence, but also from the fast
decay of dansyl fluorescence. The revealed 4-8 ps EET time constants can be
concluded to match those obtained by femtosecond transient absorption ex-
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periment, since the 3 ps time-resolution of the streak camera prevents the ob-
servation of the faster components.

Surprisingly the effect of the generation of a host dendrimer to EET rate
was rather small as can be seen from Figure 3.7. Intuitively the energy transfer
could have been expected to be somewhat faster in smaller dendrimers, as the
distance between chromophores may be thought to be shorter. But on the other
hand in the higher generations dansyls are more tightly packed and back-
folded towards the centre. Hence the generation independency to average do-
nor-acceptor distance can be explained by back-folding and the dye’s desire to
go to the interior of the dendrimer to avoid the contact with the solvent to
which it is not soluble. In addition we have to remember that in presence of
several guest dyes, as may be the case in G3 and G4 complexes, energy is trans-
ferred from excited dansyl to the closest guest dye and not to the one further
away. This makes the average EET distance smaller than the average distance of
all dansyls and guests. Furthermore no dansyl-dansyl hopping was observed to
occur prior to arrival of excitation to the guest, because the effectiveness of the
dansyl-eosin EET is superior to that between dansyls. The inefficiency of dan-
syl-dansyl EET is discussed in Section 3.1.4.

In Paper IV fluorescein and rose bengal dyes were used as guests. It
turned out that host-guest EET for these acceptors did not vary much from the
results obtained for eosin complexes. The closer look to the factors contributing
to EET rate (Equation 1.1), in particular overlap integral and donor-acceptor
distance, reveal that the observed insensitivity to acceptor is, in fact, predictable.
The limits of donor-acceptor distances are basically set by the size of a host
dendrimer, which, in turn, is unaffected by the choice of a guest. Therefore the
distribution of donor-acceptor distances remains more or less constant regard-
less of a guest. The variation of overlap integral from 1.5*10% M-lem(nm*) of
dansyl and rose bengal to 2.5*10 M-lcm”(nm?) of dansyl and eosin is not
enough to expose any notable differences, in particular in many component fits,
where the revealed time constants typically may vary depending on the given
initial values for the fit and the noise level of the signal.

The efficiency of EET from dendrimer to guest was a drawback for the
fluorescence studies of the complexes as EET quenches the dansyl fluorescence.
It was concluded that dansyl fluorescence seen after time scale of EET (> 10 ps)
originates almost exclusively from the dendrimers that do not possess any
guests inside them. Therefore true effect of the complexation to the dynamics of
the dendrimers could not be studied much further.

The photochemical properties of dansylated POPAM dendrimers make
them efficient UV-light harvesters that can transfer absorbed energy effectively
to a guest molecule. Hence POPAM-xanthene complexes can be used as UV to
visible light converters, where the visible wavelength of the converter can be
adjusted by changing the guest dye. EET can also be used for sensing purposes
as the quenching of the donor fluorescence indicates the presence of an acceptor.
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3.2.2 Relaxation of the excitation of the guest molecule

Transient absorption and time-resolved fluorescence experiments suggested
that the higher the generation of the host dendrimer the shorter are the fluores-
cence and excited state lifetimes of the guest. This is consistent with the results
obtained by Balzani et al.’ Binding to a dendrimer, most likely via hydrogen
bonding, opens up new non-radiative relaxation channels to depopulate excited
states of the guest. The fluorescence lifetime of bound eosin was observed to
shorten more than the lifetime of bound rose bengal. Though fluorescence in-
tensity of dendrimers was quenched severely in complexes due to EET, their
lifetimes nevertheless seemed to remain intact. But as discussed in the previous
section, the observed dansyl fluorescence comes mainly from uncomplexed
dendrimers and consequently this emission tells practically nothing about the
behaviour of complexes.

0.0+
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Figure 3.8: Normalized transient absor}otion signals of G3 dansylated POPAM complexes
with three xanthene dyes. Probe wavelength was tuned to match the absorption band of
each dye.

Surprisingly in complexes the transient absorption decay signal of eosin
was insensitive to probe wavelength, despite whether the signal was measured
from the ground state absorption region (bleach) or from the fluorescence band
(stimulated emission). On the contrary in rose bengal complexes the stimulated
emission decay seemed to be faster than the bleach of absorption (Paper IV).
The difference was concluded to originate from the different probability of xan-
thene dyes to populate triplet states. Rose bengal that contains heavy iodine
atoms is expected to have a rapid intersystem crossing channel, whereas for
fluorescein the triplet quantum yield is negligible. Triplet populations were
seen in transient absorption signals as the ground state bleach did not recover
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to the initial level as shown in Figure 3.8. Part of the population is stuck at the
long living triplet excited states, which have relaxation times too long to be de-
termined in present experiments. When stimulated emission region was probed,
triplet state population was not observed, because the signal measures only the
population of the fluorescent singlet state.

3.2.3 Energy transfer from guest to guest

Dendrimers can bind several guest dyes at a time, which raises a question about
the possibility of EET between the guests. Each of the three xanthene dyes stud-
ied have a relatively large overlap of the absorption and fluorescence spectra
allowing for efficient EET. As the location of the dyes is restricted to the interior
of the host dendrimer, the intermolecular distances of the guests remain rela-
tively small suggesting fast EET. The hint of EET between the guests was seen
in the TCSPC studies of Paper III, where the instant anisotropy of eosin fluores-
cence after direct eosin excitation depended on the generation of a host den-
drimer. This suggests that the process that reduces anisotropy is faster than the
time resolution of the experiment and therefore the dynamics of the process
could not be resolved. Such fast anisotropy decay was speculated to be induced
by energy transfer between randomly oriented guest molecules, but experi-
ments with better time resolution were needed to study the details of proposed
guest-guest EET.

Transient absorption anisotropy measurements reported in Paper IV were
performed to confirm the existence of guest to guest EET in complexes. Straight
excitation of eosin led to 700 fs anisotropy decay in G3- and G4-eosin complexes
(Figure 3.9). This corresponds, according the Forster equation (Equation 1.1),
the donor-acceptor distance of 1.5 nm, which is within the dimensions of the
dendrimers. Experiments clearly showed the dependence between the ampli-
tude of the fast anisotropy decay and the relative amount of the dye and the
dendrimer. The addition of guest dyes increases the number of dendrimers that
host more than one guest at a time making guest-guest EET possible. In G2
complexes the fast anisotropy decay was missing, as G2 can act as a host only
for one eosin guest at a time. Overload of the dye led to a collapse of signal-to-
noise ratio in transient absorption measurements. This was concluded to be a
consequence of eosin aggregation in solution, giving a strong background scat-
tering and killing the transient absorption signal. Under overload conditions
guest molecules travel in and out from the dendrimer and form a dynamic equi-
librium in solution.!02

The longer anisotropy decay component observed in Paper IV was con-
cluded not to describe EET, but dynamics of the guest molecule inside a den-
drimer. This component became slower in higher generation dendrimers sug-
gesting that the guest is at least partly stuck to the dendrimer and rotating to-
gether with the host.
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Figure 3.9: Anisotropy decay of the transient absorption signal of eosin in dendrimer-eosin
complexes after selective excitation of eosin. Note the change of time scale after the break at
4 ps.

In light harvesting applications that base on chromophore containing
dendrimers EET between the guests may appear as a harmful side effect that
prevents collection of excitation energy to a single energy sink. Various
amounts of guest molecules bound to dendrimers make the behaviour of indi-
vidual complexes non-uniform because of differences in guest-guest interac-
tions. However, as guests are not covalently bound the number of guests in
each dendrimer cannot be controlled, and the host-guest solution consists al-
ways a distribution of different complexes.

3.3 Summary of the results

The time scales of dansylated POPAM dendrimer motions were found to vary
from < 100 ps local motions of the end groups to a nanosecond scale of overall
rotation. Dynamics were dependent on a dendrimer generation and tempera-
ture of the solution. EET processes in dendrimer-dye host-guest complexes
were observed to be much faster than intra-dendritic dynamics and ranged
from 100 fs to 8 ps. To sum up the main results from the time-resolved studies
the observed time scales for the internal dynamics of dansylated POPAM den-
drimers and the EET processes in POPAM-eosin complexes are collected to Fig-
ure 3.10. The presented time scales for the overall rotation of a dendrimer and
local motions of the dansyl groups are determined only for uncomplexed den-
drimers. The dynamical studies of the complexes were prevented by the effi-
cient quenching of dansyl fluorescence due to EET to the guest dyes.
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Figure 3.10: Schematic representation of the experimentally observed time scales of the
internal dynamics of G1-G4 dansylated POPAM dendrimers at room temperature and the
intramolecular EET processes in host-guest complexes formed by a dendrimer and xan-
thene dye(s). Two eosin guest molecules (red) are drawn inside the G3 dansylated POPAM
dendrimer (black).
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4 CONCLUSIONS

Dendrimers, a class of molecules with fascinating structural and functional
properties, have been the focus of this thesis. Four generations of dansylated
poly(propylene amine) dendrimers, and their host-guest complexes with xan-
thene dyes were studied primarily with various time-resolved spectroscopic
methods. The results from molecular dynamics simulations were used to inter-
pret experimental results.

The results offered new and quite general information on the dynamics of
soft dendrimers in solutions. The typical time scales of the various motions
were resolved for four dendrimer generations at various temperatures. One of
the most interesting findings was the observation of the reduction of dendrimer
volume with increasing temperature. This was shown to result from a delicate
balance between intradendrimer and dendrimer-solvent interactions. Knowing
the hydrodynamic volume of a dendrimer in solution would be important in
host-guest applications, in order to control the amount of guest molecules in the
dendrimer and release of the guest.

Dansyl chromophores in the periphery allow efficient UV-light harvesting
and when a dendrimer hosts a xanthene dye in its interior, the excitation energy
is effectively transferred to the guest. Such property has a potential to be used
in light harvesting and conversion applications, and in molecular sensors. Be-
sides a host-guest EET, a guest to guest EET was observed in this work. The
time scales of the EET processes in host-guest complexes were determined and
interpreted in view of Forster energy transfer.

Though studies were performed only with one particular family of den-
drimers, POPAM'’s, many of the results are valid for all “soft” dendrimers in
solution generally. The experimental results may serve as benchmarks to theo-
retical and computational studies, whereas theoretical and computational stud-
ies offer explanations to experimental results in atomistic scale. Several practical
applications of dendrimers have been developed and due to their unique prop-
erties the dendrimers are promising platforms to new molecular applications
that we may see in the future. The work presented in this thesis offered new
information on the properties of soft dendrimers and in that sense the work has
broadened the general knowledge of this interesting group of molecules.
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