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CHAPTER 1

Introduction: Energy Transfer Systems
and Molecular-Scale Devices

Q: It’s an unknown — isn’t that enough?
Picard: If you’d earned that uniform you’re

wearing, you know it’s the unknown
that brings us out here

Star Trek: TNG

In the last few years the first realizations of single-molecule transistors have started
to appear,1–4 following the theoretical description of organic electronic devices in the
seventies.5 Other recent examples of single-molecule devices are molecular wires (see for
instance )6–9 and the bisthienylcyclopentene-based photoswitchable resistor investigated
by Dulic et al.10 and He et al.11 Although molecular-scale devices are still ‘proofs of
principle’ rather than practical appliances, their study drives advancements in the fields
of organic synthesis, solid-state physics and most of all the investigation and manipulation
of matter at the molecular level.

Such devices, in particular the ones that produce specific (nonrandom) motion or
perform logical operations, usually consume energy. Therefore in building functional
molecular systems an important task is the efficient and site-specific delivery of the energy
needed to perform these tasks.

Many functions at the (supra)molecular level have been effectively realized in nature,
and energy delivery is no exception. Clear examples are therefore available to developers
of synthetic energy transport systems.

In plants and animals, the energy consumed by cellular functions and growth is stored
chemically. Green plants and some bacteria ‘harvest’ this energy from sunlight by means
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of their photosynthetic systems.12–14 The light harvesting process starts with the absorp-
tion of sunlight by an extensive antenna system consisting of many chromophores, usually
a combination of chlorophylls and carotenes with matching absorption bands. The col-
lected energy is transferred to the so-called reaction center and used there to drive an
electron transfer reaction. This in turn initiates a series of slower chemical reactions that
store the solar energy.

In order to drive the electron transfer reaction in the reaction center continually, the
total absorption cross section of the antenna system surrounding it needs to be large,
and delivery of the absorbed energy should be efficient. One way in which the first
requirement can be met is to pack hydrocarbon chromophores at a high density. This
is realized in nature by binding to immobilized proteins, for instance in the LH2/LH1
system of purple photosynthetic bacteria, or via the formation of large aggregates (in the
chlorosomes of green photosynthetic bacteria). Efficient delivery is ensured in both cases
by a so-called ‘energy funnel’, which consists of a series of chromophores arranged in
order of decreasing excitation energy. The resulting energy gradient directs the absorbed
energy to the chromophore of lowest energy, which is located at the reaction center itself.

Naturally, synthetic light harvesting antennas are built on the same principles of high
chromophore density and energy funneling, but the resulting structures are necessarily
more simple. One important class of accessible architectures is formed by dendrimers,
large treelike molecules consisting of many arms that branch out from a central point.15,16

A high local density of chromophores can be realized by attaching them to the terminal
points of the dendrimer branches, while an energy funnel can be created by placing a
low-energy chromophore at the central point. An advantage of these structures is that
they are completely chemically synthesized, which makes them easier to design compared
to self-assembled supramolecular systems.

However, synthesized dendritic systems are of limited size. When energy has to be
transferred over longer distances, self-assembly of large structures from many smaller con-
stituents as seen in green bacteria becomes the most viable construction method. More-
over, reversible aggregation offers the possibility to replace photodamaged components
without the need to replace a complete antenna system. Aggregation in such systems is
based on hydrogen bonding, π-stacking and hydrophobic interactions.17,18

In this thesis, two relatively simple synthetic energy collecting systems are investigated
using steady-state and time-resolved electronic spectroscopy. The first tool yields insight
into the nature of the excited states on the systems, the latter into the nature of the
energy transfer processes and interactions among excitations. The same methods are
used to study the dynamics of a molecular photochromic switch, with the goal in mind
of incorporating them into energy collecting systems to regulate energy transfer.

The thesis is organized as follows. Chapter 2 covers the main experimental methods:
time-resolved pump-probe and fluorescence spectroscopy, which are used to probe the ul-
trafast dynamics of the investigated systems, and steady-state linear dichroism. Technical
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details of the experimental setups are given, as well as an overview of the experimental
concepts. A description of energy transfer processes (not our work), needed to interpret
our experimental results, is then provided in chapter 3. Here we focus on the assumptions
that lead to expressions for the Förster energy transfer rate and Frenkel exciton states.

This provides the background for the three main chapters covering the experimental
results obtained by us. First, a study of cylindrical J-aggregates is presented in chapter
4. As indicated, these huge (104–105 monomers) structures resemble the light harvesting
antennas found in green photosynthetic bacteria.19 The strong coupling between the
molecules that make up these aggregates results in excitonic states that are delocalized
over a few to tens of molecules. The cylindrical geometry of the system then produces
a multiple-band excitonic spectrum, which is analyzed in section 4.2.3 using a Frenkel
exciton model developed by Didraga et al.20–22 Subpicosecond energy transfer is found to
occur from the outer to the inner wall, which explains the observed fluorescence spectrum.
In addition, annihilation-assisted backtransfer is observed at high irradiation doses.

Then an example of a dendritic light harvesting system is studied in chapter 5. One
reason for selecting such a multiple-donor/single acceptor architecture is that it allows
to investigate interactions between multiple excitations on a single system. The studied
molecule is a typical example of a weakly coupled system, in which the energy transfer
process can be described using the Förster equation. The energy transfer rate is deter-
mined at low excitation power, and the effects of multiple-donor excitation on the transfer
behavior are extensively investigated.

Finally, chapter 6 details the reaction pathways and ultrafast reaction dynamics of
a bisthienylcyclopentene-based photochromic switch, which closely resembles the sys-
tems that were used as single-molecule resistor.10,11 Perfluoro and perhydrocyclopentene
analogs are compared in order to establish the effects of electronegative groups at the
bridging unit.

These three studies will each be introduced further at the beginnings of the respective
chapters.
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