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Chapter 1  
 
Introduction 

I. MOTIVATION 

The combination of efficiency, reliability, and ubiquity of biological systems continues to 
inspire new branches of fundamental and technological research in all possible aspects, 
ranging from molecular electronics to bio-inspired solar cells [1-6]. One of the most 
fascinating processes in nature is photosynthesis. This is the process where sunlight, the 
energy source for the biosphere, is converted into the chemical energy so vital for life on 
earth. The light-harvesting, transfer, and conversion processes in various natural systems 
might look different, but the key mechanisms stay the same – the optical energy is harvested 
in a light harvesting antenna complex, composed of a set of pigments, then the excitation 
energy is transferred down a cascade of chromophores to the reaction center where it is used 
for charge separation needed for the biochemical reactions. Although in general terms the 
process sounds rather simple, the detailed understanding of the whole picture is quite 
complicated. This is primarily due to the complexity of natural photosynthetic units. For a 
“proof of principle”, however, it suffices to mimic certain parts of the photosynthesis process 
in an artificial device. This does not require using the same components and arrangements as 
found in natural systems. Much simpler model systems can be used to explore or to employ a 
very specific function, which would be difficult to access in for example a living cell. 
Processes as complicated as self-replication in biological systems can, for instance, be 
replaced with self-assembly in artificial molecule-based devices. However, these simplified 
systems sacrifice versatility and robustness, and generally have a more limited functionality. 

This thesis focuses on artificial bio-inspired model systems for energy harvesting, energy 
transport, and energy conversion. The first system discussed is a dendrimer consisting of 
several donor chromophores covalently linked to a single acceptor chromophore. Such 
dendrimer could be considered as a simple model of a biological light-harvesting unit, as an 
artificial light-harvester for organic solar-cells, or as a model system to study fundamental 
excitations, their interactions and their energy transport properties [7-14]. The main 
advantage of these structures is that they are relatively simple, and completely chemically 
synthesized, which makes it easier to control their properties than in for instance self-
assembled supramolecular systems. However, the complexity of the synthesis increases with 
the size of the systems synthesized. When energy has to be transferred over longer distances, 
self-assembly of large structures from many smaller constituents becomes the most viable 
construction method. In such, so called supramolecular, systems the chromophores are held 
together by non-covalent interactions, i.e., hydrogen bonds, van der Waals forces or 
electrostatic forces. Therefore, the second type of systems, explored in this thesis, is 
molecular aggregates. The term aggregate is used to characterize a, usually self-assembled, 
highly ordered collection of molecules. Aggregates are of fundamental interest as model 
materials to study the nature of excitons in molecular systems of reduced dimensionality. The 
extraordinary optical properties of these molecular aggregates are to a large extent governed 
by exciton delocalization, transport and relaxation phenomena [15-21]. Moreover, the 
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aggregates resemble natural light harvesting and, in particular, energy transporting units. This 
makes them also attractive as model materials for studies of photo-physical processes 
occurring in biological systems as well as for practical applications as molecular wires for 
artificial light energy harvesting and transport systems [22-24]. The third type of structures, 
discussed in this thesis, is molecular motors. There are many examples of linear and rotary 
molecular motors in biological systems, such as kinesin-microtubule or myosin-actin 
systems, ATP-synthase, and bacterial flagellum motors [25-28]. The last couple of decades 
showed strong developments in the field of artificial molecular motors.[29-39] Synthesis of 
efficient, high speed full-rotary molecular motors proved to be the one of the most difficult 
goals. However, since the synthesis of the first light-driven rotary molecular motor [29] quite 
some progress was made in optimization of speed and efficiency. The understanding of the 
rotation mechanism, necessary for further improvements eventually enabling practical 
applications of the motors in nanotechnology, is still rather limited. 

II. THESIS OVERVIEW 

The outline of this thesis is as follows. In chapter 2 the energy transfer (ET) properties in 
first-generation coumarin-perylene bisimide dendrimer are discussed [40, 41]. Time-resolved 
fluorescence and transient absorption techniques are used for determination of ET timescales 
and mechanisms. Creating multiple excitations offers the possibility to study interactions of 
excitations residing on the same dendrimer. For this purpose, high excitation density 
experiments are performed to explore the distinctive features of ET dynamics in the non-
linear regime. The experimental data are compared with the results of numerical simulations, 
which are based on a simple Förster energy transfer model with a certain degree of disorder 
in the dendrimer geometry. Finally, more sophisticated pre-pump – pump – probe 
experiments not only reveal the peculiarities of the ET mechanism, but also allow for the 
optical control of ET rate in the dendrimer [41]. 

Chapter 3 focuses on the general characterization of optical properties of cyanine 
derivative based tubular double-wall molecular aggregates [42], which are also used in the 
more detailed studies presented in chapters 4 and 5. The linear dichroism and absorption 
spectra have the same basic structure for all aggregates investigated essentially showing a set 
of narrow and highly polarized bands, though the exact positions and strengths of absorption 
bands are influenced by the choice of side groups and various additives. Absorption bands 
observed are assigned to certain excitonic transitions in the inner and outer tubules of the 
aggregate. Assignments are made by combining CW and time-resolved spectroscopy data. 
Finally, energy transfer form outer-to-inner tubule is observed on a sub-picosecond timescale.  
Inner-to-outer tubule ET is present as well, but in this case the transfer rate is slow – up to 
several picoseconds at room temperature. 

The exploration of energy transfer and relaxation processes in double-wall cylindrical 
aggregates is continued in chapter 4 [43]. The experiments presented here are performed at 
cryogenic temperatures, allowing observation of excitation relaxation within the excitonic 
manifold of mainly the inner cylinder. Time and spectrally resolved fluorescence data is 
nearly a straightforward indicator of the occupation of certain excitonic states at the given 
instance of time after the excitation. The experimental data reveals a fast (within several 
picoseconds) energy transfer and relaxation to the low lying states of the excitonic manifold 
of the inner tubule followed by a relatively slow (tens of picoseconds) relaxation within the 
tail of density of states. The observed relaxation dynamics closely matches the spectral 
dynamics data obtained by solving a Pauli master equation for the exciton populations. 
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Earlier studies of this type of aggregates by Didraga et al. significantly contribute to the 
understanding of the underlying processes [44-47]. 

Chapter 5 revisits the relaxation and energy transport phenomena discussed in chapter 4, 
using time and spectrally resolved transient absorption techniques to resolve the energy 
transport and relaxation steps within the very first picoseconds after excitation: outer-to-inner 
tubule ET within hundreds of femtoseconds, relaxation within the excitonic manifold of the 
inner tubule in a couple of picoseconds, and finally, relaxation to the ground state within tens 
of picoseconds [48]. 

After the extended discussion of the properties of the cyanine-derivative aggregates, 
chapters 6 and 7 discuss some of the properties of two other self-aggregated macromolecular 
systems. Chapter 6 is dedicated to an experimental study of the level statistics in pseudo-
isocyanine aggregates (PIC). The low-temperature aggregate fluorescence spectra obtained 
by selective excitation reveal a sharp intensive peak at the excitation energy and a red-shifted 
feature resulting from the exciton band relaxation which contains relevant information about 
the level statistics [49]. The experimental data is discussed in terms of a recent theoretical 
model, strongly indicating that level spacing has a Wigner-Dyson type distribution [50]. 

The last chapter on molecular aggregates, chapter 7, is devoted to the microscopic 
structure of the well known tubular single-wall porphyrin derivative (TPPS4) aggregates [51-
54] as determined by a combining of cryo-electron microscopy, linear spectroscopy, and 
theoretical modeling of the spectra [55]. 

After the extended discussion on the properties of model systems relevant to energy 
harvesting and transport, the last chapter of this thesis touches upon another important bio-
inspired research area: the intriguing world of molecular motors [29-35]. Chapter 8 presents 
optical pump-probe experiments on chiral molecular motors, which are discussed in terms of 
potential energy landscapes for the ground and excited states of the motor molecules, leading 
to the proposal of a detailed model of rotation mechanism [56, 57]. 
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