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Chapter 1

Supramolecular Chemistry:
From Molecule to Material

1.1 Supramolecular chemistry

In recent years supramolecular chemistry1 has established itself as one of the most active
fields of science. Pioneers in this field are Cram,2 Lehn3 and Pedersen4 and their work on
crown ethers and cryptands in the area of host-guest chemistry has been awarded with the
1987 Nobel prize for chemistry. An example of a guest system is crown ether 1.1 depicted in
Scheme 1.1. Early inspiration for the construction of supramolecular species was obtained
from nature and especially from biological aggregates like lipid bilayers, viral capsids, the
DNA double helix, and the tertiary and quaternary structure of proteins.5 Nowadays the area
of supramolecular chemistry stretches from molecular recognition in natural and artificial
complexes to applications in new materials, in biology, chemical technologies or medicine.

The most important feature of supramolecular chemistry is that the building blocks are
reversibly held together by intermolecular forces (non-covalent self-assembly). The
reversible formation under thermodynamic control and therefore the capacity of
supramolecular systems to correct errors that may occur during the self-assembly process is
advantageous, but the outcome may be difficult to control. The bond formation between
atoms in molecular chemistry is based on covalent assembly, which is kinetically or
thermodynamically controlled. Thus non-covalent synthesis enables one to build
supramolecular entities having architectures and features that are sometimes extremely
difficult to prepare by covalent synthesis.
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Scheme 1.1 Examples of structures designed in supramolecular chemistry.
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An example is the supramolecular square (1.2) reported by Fujita et al.,6 which is formed
by four rigid 4,4’-bipyridyl species held together with palladium and four ligands. This
square is able to function as host in a solution for aromatic guests such as naphthalene (Kassoc

= 1800M-1).7

This example of Fujita’s supramolecular square is typical for one side of supramolecular
chemistry, that is the area of the supramolecules. In this area well-defined discrete
oligomolecular species are designed and synthesized through non-covalent assembly of a few
components, leading to a variety of functions like recognition as in host-guest complexes,
supramolecular catalysis, and supramolecular devices. At the other extreme there is the area
of the supramolecular aggregates, i.e. polymolecular entities that result from the spontaneous
association of a large number of components. Well-known examples of such systems include
bilayer membranes, liquid crystals, micelles and self-assembled monolayers. A spectacular
example of a polymolecular entity with a limited aggregation number was constructed by
Stupp and coworkers, who created a molecular mushroom8 (Scheme 1.2) of about 200 kD by
self-assembly of 100 triblock polymers (1.3). These mushrooms can self-organize into films
containing 100 or more monolayers.
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Scheme 1.2 The mushroom shaped supramolecular nanostructure and its monomer.

The reversible nature of the supramolecular structures has also complicated their analysis and
characterization by conventional organic analytical and spectroscopic methods. The progress
in supramolecular chemistry would not have been possible without the development of new
analytical and spectroscopic techniques suitable for characterizing the structure and
properties of supramolecular systems.

One of the most important aspects of supramolecular chemistry is the understanding and
the ability to exploit non-covalent interactions for the controlled and reversible assembly of
functional entities. The term “non-covalent”9 contains an enormous range of intermolecular
interactions, which, however, originate from only a few attractive and repulsive forces. These
are in order of decreasing strength (a) electrostatic interactions (ion-ion, ion-dipole and
dipole-dipole interactions) and coordinative bonding (metal-ligand) (b) hydrogen bonding (c)

π-π stacking and (d) Van der Waals forces. The use of these interactions for the directed self-
assembly of a given structure requires knowledge of their strength and of their dependence on
distances and directionality. Although a single interaction is generally much weaker than a
covalent bond, the cooperative action of many of such interactions may lead to



Supramolecular Chemistry: From Molecule to Material

3

supramolecular species that are thermodynamically and kinetically stable under a variety of
conditions. In addition, hydrophobic or solvophobic effects often play a role. Less formally,
the water or solvent molecules are attracted strongly to one another resulting in a natural
assembly of other species such as nonpolar organic molecules as they are squeezed out of the
way of the strong intersolvent interactions.1b

The area of supramolecular chemistry is very broad and can therefore not be covered
completely in one chapter. Therefore in the light of part of the research carried out in this
thesis, photocontrolled self-assembly based on hydrogen bonding, this chapter will mainly
deal with self-assembly processes based on hydrogen bonding in order to provide a sufficient
literature background.

1.2 Hydrogen bonding

Hydrogen bonding occurs between a proton donor group A-H and a proton acceptor
group B, where A is an electronegative atom, O, N, S, P, Se, X (F, Br, I, Cl) or C, and the

acceptor group is a lone electron pair of an electronegative atom, or a π-electron orbital of a
multiple bond (unsaturated) system. Generally, a hydrogen bond can be characterized as a
proton shared by two lone electron pairs. Increasing the dipole moment of the donor and the
electron pair on the acceptor result in an increasing strength of the hydrogen bond. The
strength of hydrogen bonds is typically around 20 kJMol-1, but can even be as strong as 163
kJ Mol-1, as has been reported for the F-···HF interaction.10

There are different types of hydrogen bonds known based on their geometry (Scheme
1.3). The simplest is a D-H···A arrangement with a favored angle close to 180°, type a
(Scheme 1.3). In type b hydrogen bonds one hydrogen atom interacts with two acceptor
atoms in a three center, often called bifurcated, arrangement. Less frequently occurring are
type c and d, both also referred to as bifurcated.
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Scheme 1.3 Different hydrogen bond types.

Molecules can contain different numbers of donor and/or acceptor sites. In many self-
assembling structures, the components are held together by arrays of double (1.4), triple (for
instance the GC base pair, Scheme 1.5), quadruple (for instance 2-ureido-4-pyrimidones,
Scheme 1.11) hydrogen bonds and quintuple11 hydrogen bonds. In order to increase the
stability even more, self-complementary modules that dimerize through the formation of up
to six hydrogen bonds (1.5) have been synthesized.12
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Scheme 1.4 Multiple hydrogen bonding systems.

Not only the number of hydrogen bonds determines the stability of the assembly, but also
the arrangement of the donor (D) and acceptor (A) sites plays a significant role, as recognized
by Jorgenson and coworkers.13 They showed that these differences in stability can be largely
attributed to attractive and repulsive secondary interactions. Stabilization arises from
electrostatic attraction between positively and negatively polarized atoms in adjacent
hydrogen bonds, whereas destabilization is likewise the result of electrostatic repulsions
between two positively or negatively polarized atoms (Scheme 1.5). Alternation of hydrogen
bond donors and acceptors in the same functional group lowers the association constant and
thus the overall binding Gibbs energy of a pair of molecules (repulsive secondary
interactions). On the other hand when a molecule consists of only donors and the
corresponding partners only of acceptors, the secondary interactions are favorable, resulting
in a much stronger hydrogen bonded complex (attractive secondary interactions). The GC
base pair (Scheme 1.5) is a ADD·DAA complex and has a Kass=104-105M-1 in chloroform.14

Formation of the GC dimer involves two attractive (AA and DD) and two repulsive (AD and
AD) secondary interactions. DDD·AAA complexes (four attractive secondary interactions)
showed Kassoc. > 105M-1.15
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Solvents do also have a pronounced influence on hydrogen bonding, especially in the
case of single hydrogen bonds and dimers. The contribution a hydrogen bond makes to
molecular interactions is, in the presence of a hydrogen bonding solvent like water, limited to
the difference between the hydrogen bond to the substrate and the hydrogen bond to the
solvent molecule.16 Solvents containing hydrogen bond donor or acceptor groups are
therefore competitive inhibitors of binding, e.g. in a water-saturated chloroform environment
the hydrogen bonding sites are solvated resulting in a decrease aggregation.17

1.3 From molecule to material

Hydrogen-bonding18 motives are, because of their high cooperative strength, selectivity
and directionality especially suited for the design of novel molecular building blocks which
will self-assemble into supramolecular assemblies with a well-defined structure.19 Lawrence
et al.20 realized that a process that plays such an important role in nature must have many
advantages over the connection of these molecules by covalent bonds. Nature’s ultimate
example of a self-assembled hydrogen bonded array is of course the double helix of DNA,
which is formed by complementary hydrogen bonding between cytosine (C) and guanine (G),
and adenine (A) and thymine (T) base pairs (Scheme 1.6).
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Scheme 1.6 Watson-Crick hydrogen bonding in DNA.

Many scientists have thus been inspired by nature to construct supramolecular structures
and materials by means of hydrogen bonding. In this part we want to focus on some
important developments in hydrogen bonding supramolecular chemistry and pay in particular
attention to their potential importance for materials research. Some instructive examples are
selected from literature ranging from small defined species like molecular capsules, rosettes,
and dendrimers to infinite less-defined assemblies like liquid crystals, peptide nanotubes,
supramolecular polymers, materials formed by crystal self-assembly and organogelators.

Recent literature shows that glycoluril derivatives have strong potentials for applications
in the materials sector, ranging from nanoporous materials, via molecular switches, tailor-
made polymers, synthetic receptors, liquid crystals, and molecular capsules to supramolecular
gels.21 There are some good reasons why this molecule has become a building block for a
variety of intriguing structures. The geometry of the molecule allows the synthesis of concave
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molecular structures. Also the NH groups provide handles for facile substitution and the
ureidomoiety is a powerful self-complementary donor-acceptor unit for hydrogen bonding. A
well-known assembly formed by glycoluril derivatives is the “tennis ball” (Scheme 1.7)
developed by Rebek jr. et al.22 This is an example of a molecular capsule.

Scheme 1.7 The tennis ball.

Two self-complementary glycoluril derivatives (1.6) assemble to form a closed shell, three-
dimensional surface through a network of hydrogen bonds. The assembly is held together by
eight almost linear hydrogen bonds with N-O distances of 2.78-2.89Å. Due to cooperative
hydrogen bonding these dimers are extremely stable, even in the presence of 25% DMSO in
CHCl3.

23 The tennis ball is also able to encapsulate small guest molecules, like for instance
methane22c. Various tennis balls have been synthesized in order to improve the host-guest
complex.22 Even larger assemblies to encapsulate larger guest molecules have been
developed, the so-called soft balls, by expanding the size of the spacer between the two
glycoluril units.24

N

N

N

NH2

H2N NH2

HN

N

NH

O

O O

HN NH

O

O O

N N

NH2

H2N NH2

1.7 1.8

1.9 1.10
H

Scheme 1.8 Cyanuric-melamine lattice in the solid state and their building blocks.

Very intensively studied hydrogen bonded motifs are the ones based on cyanuric acid
(1.9) or barbituric acid (1.10) and melamine (1.7) or 2,4,6-triaminopyrimidine (1.8).
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Whitesides and coworkers recognised that these molecules could form three different
submotifs in the solid state (scheme 1.8): (1) infinite linear tapes (2) infinite crinkled tapes
and (3) a finite cyclic rosette motif.25 Subtle structural changes in either the acids (1.9 or 1.10)
or the amines (1.7 or 1.8) strongly affected the stability of the linear or crinkled tapes in the
solid state.26 The rosette motif is very soluble and has a defined shape and size, and therefore
it has been a grateful subject of supramolecular research.27 Especially the group of Whitesides
and more recently the group of Reinhoudt put a great deal of effort in these systems.
Whitesides et al. developed two different strategies to promote selective formation of the
rosette motifs: peripheral crowding and covalent preorganization. When steric bulk is
introduced to the melamine derivatives the system preferably forms rosettes, whereas small
substituents promote linear tapes.28 The other approach involved the synthesis of a
trismelamine compound, in which the melamines are covalently preorganized through semi-
rigid spacers onto a C3-symmetric central unit.25b 1H-NMR competition experiments showed
clearly that the thermodynamic stability of the rosette had increased.25b,29 Reinhoudt and
coworkers showed that calix[4]arenes can also serve as excellent preorganizing units for the
formation of rosettes.30 At present, these systems are the subject of continuing research in the
groups of Reinhoudt, 31 Rebek32 and Lehn33 towards dynamic combinatorial chemistry.

Hydrogen bonding motives have also been exploited for the supramolecular organization
of subunits of macromolecular size, for instance dendrimers.34 Zimmerman and coworkers are
the pioneers in the study on hydrogen-bond mediated self-assembly of dendritic molecules.
Dendritic branches were attached via hydrogen bonding to a bis-isophthalic acid core, and as
a result of the formation of the carboxylic acid dimers, they self-assemble preferentially into
a hexameric structure.35 The assembly of two different dendritic subunits through hydrogen
bonding interactions, has been investigated by Fréchet et al.36 A second generation dendron
was functionalized at the focal points with melamine and cyanuric acid entities, and self-
assembly in solution resulted in the formation of a cyclic hexameric rosette (scheme 1.9a).

(a) (b)

Scheme 1.9 (a) Self-assembled dendrimer and (b) schematic depiction of a hexagonal phase

from gallate-based amphiphiles.
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Percec and coworkers have made some very interesting discoveries with respect to the
behavior of amphiphiles based on a gallate core, which assembled into highly organized
liquid crystalline aggregates.37 In the gallate core the three phenoxy groups are alkylated with
hydrophobic functionalities, whereas the 1-carboxyl group is rendered hydrophilic through
esterification or ionization, to yield a wedge-shaped molecule that readily forms a hexagonal
columnar LC phase (Scheme 1.9b). These molecules assemble in a discotic fashion and the
hexagonal columnar phase can be regarded as a nanotube.

An example of infinite hydrogen bonded structures are the nanotubes based on cyclic
peptides synthesized in the laboratories of Ghadiri (Scheme 1.10).38 These cyclic peptides are

composed of an even number of alternating D α- and L α-amino acids. Due to this alternating
sequence the cyclic peptide can adopt an extended ring conformation in which all hydrogen
bonding amide moieties are directed along the normal axis through the ring. As a result the

ring-shaped peptides assemble into extended linear stacks, which are stabilized by a β-sheet
type of hydrogen bonding network along its rim. The association constant is dependent on the
peptide residues and is typically around 2500 M-1. The low solubility of the cyclic D,L-
peptide subunits and high stability of the resulting aggregates suggests significant
preorganization of the monomeric units and a strongly cooperative assembly process. An
advantage of cyclic D,L-peptide nanotubes is the possibility of controlling the internal
diameter of the tube by simply varying the size of the peptide ring. Possible applications for
these peptide tubes are manyfold and range from preparation of novel cytotoxic and
controlled-release drug-delivery agents to catalytic and materials science applications, such
as biomineralization and site isolation of chromophores or other reactive groups.39 Recently
the same group also succeeded in using these peptide tubes as effective antibiotics.40 The
nanotubes insert themselves in the cellmembranes of bacteria, which then become permeable
and leaky. The bacteria died within minutes after insertion.

Scheme 1.10 Schematic diagram of a nanotube assembly from cyclic D,L-peptides.
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The reversible nature of supramolecular aggregates provides opportunities to develop
materials, which change their properties in response to environmental changes, so called
“smart” materials. In this way also a supramolecular polymer could be regarded as a ‘smart
material’. Early attempts by the groups of Lehn41 and Griffin42 to synthesize a supramolecular
polymer were based on one hydrogen bond and three hydrogen bond modules, such as the
carboxylic acid·pyridine motif or the uracil·2,6-diacylaminopyridine motif. Unfortunately, the
stability of these complexes was not sufficient to induce polymeric properties in solution. In
order to generate polymer chains of sufficient length that exhibit true polymeric properties,
the association constant of the individual hydrogen bonding modules should be significantly
higher than those of three hydrogen bonding units.

Scheme 1.11 A linear supramolecular polymer based on ureidopyrimidone units.

A breakthrough was achieved by Meijer and co-workers when they developed a quadruple
hydrogen bonding motif based on the dimerization of 2-ureido-4-pyrimidones.43 They found
that ditopic monomers containing two 2-ureido-4-pyrimidone moieties, that cannot interact in
an intramolecular fashion, spontaneously form polymers in chloroform (Scheme 1.11).44

These hydrogen bonded structures displayed the behavior of true polymers for the first time.
The bulk properties resemble those of high molecular weight macromolecules; the materials
are elastic at room temperature and fibers can be drawn from the melt. This system showed
remarkably high degrees of polymerization, even in dilute solution. Several monomers
consisting of the ureidopyrimidone groups connected by different spacers have been
prepared. These compounds show high polymer-like viscoelastic behavior, whereas at higher
temperatures they show more liquid-like properties due to breaking of the hydrogen bonds.
The viscosity also drops sharply when small amounts of monofunctional ”stoppers” are
added, which shows that the polymer formation is indeed reversible.45

In non-covalent synthesis, achieving controlled, multidimensional self-assembly would
allow the construction of ordered materials: in essence, crystal engineering.46,47 The
crystallization process is, by definition, a self-assembly process in the sense that the
component molecules (crystal or supramolecular synthons) must find and recognize one
another in solution and find their optimum orientation in the time available. The resulting
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aggregate, as an assembly, can then grow with more synthons to an ordered nucleus e.g. the
lattice of trimesic acid (Scheme 1.12). Trimesic acid crystallizes in a two-dimensional lattice,
in which six trimesic acid molecules form a cyclic hexamer with an internal cavity of 14Å.48

Crystal engineering and crystal structure prediction has not been very successful up to now,49

the reason for this being that crystal self-assembly (crystallization) is a non-equilibrium
phenomenon in which both kinetic and thermodynamic aspects contribute to the eventual
structure.

Scheme 1.12 Self-assembled two-dimensional lattice consisting of trimesic acid.

1.4 Organogelators

Gelation is a long known phenomenon that is easier to recognize than to define. The
understanding of the structure and properties of gels has become a focus of recent research.50

Although an exact definition of a gel is still a problem, the definition given by Flory51 has the
greatest generality. In his view gels can be defined as diluted mixtures of at least two
components, in which both components form a separate continuous phase throughout the
system. For most gels a solid-like phase is the minor component which forms a three
dimensional structure within the fluid or gas phase. For solid fluid gels it can be said that this
network prevents the solvent form flowing at the macroscopic level, whereas the liquid phase
often prevents collapse of the network. Gels are usually classified as being either chemical or
physical. In chemical gels the network is completely of covalent nature, and as a consequence
the formation of such gels is an irreversible process. Inorganic oxides, silica and cross-linked
polymers belong to this class of gels. Physical gels usually have structures composed of
smaller molecular subunits that are held together by non-covalent interactions. Physical gels
exhibit a characteristic reversible transformation from the gel phase to a solution at moderate
temperatures, due to the nature of the non-covalent bond. Many gels containing mineral
clays, polymers and proteins belong to this class. A special class of physical gels are low
molecular weight organogelators. These gelators are capable of forming gels by assembling

into filaments through hydrogen bonding (1.11, 1.17, 1.18), π-π stacking (1.12, 1.13, 1.15),
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Coulomb interactions (1.14), Van der Waals forces but also solvophobic (1.16) and entropy
effects play an important role (Scheme 1.13).
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Scheme 1.13 Various types of small molecular weight organogelators.

In Scheme 1.13 some examples of small molecular weight organogelators are depicted. Good
organogelators can be derived from different kinds of systems, like fatty acids (1.11),52

anthracene (1.12) and anthraquinone (1.13),53 surfactants (1.14),54 tetraline (1.15),55 steroids
(1.16),56 ureas (1.17)57 and amides (1.18).58

Most gelators are found rather by serendipity than by design. In order to design

molecules that can act as low molecular weight organogelators, one should consider the

events and intermolecular interactions, which occur during the process of gelation (Scheme

1.14). First, there are the interactions between the gelator molecules themselves. They form

aggregates, and the growth of the aggregate preferably takes place in one direction

(anisotropic growth, vide infra). After the formation of long, fibroid structures, some kind of

interaction has to exist between the individual fibers in order to form a three dimensional

entangled network. However, this secondary interaction should not be too large, since in such

cases a phase separation may occur, which may eventually result in crystallisation. From

Scheme 1.14 it is obvious that the balance between the gelator-gelator and gelator-solvent

interactions is delicate and the role of the solvent is profound.
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Control of gelator-gelator inter-
actions

Control of gelator-solvent
interactions

Formation of entan-
gled network

Prevention from crystal-
lization

Scheme 1.14 Schematic view of gelation of organic solvents

by small molecular weight organogelators.

From these considerations that the following factors are considered to be of importance in the

design of low molecular weight organogelators: (1) fiber formation by control of an

anisotropic growth process, (2) intertwining of the aggregates to form a three dimensional

network and (3) prevention of crystallisation.

Since crystallization of the self-assembled aggregates must be avoided, a balance between

order and disorder has to be found. Although it is obvious that a certain degree of (one-

dimensional) order is required to achieve self-assembly in one direction, the packing in the

other directions should be far from ideal. The methods for prevention of crystallization

remain a little obscure in the design of new gelators, but the use of flexible or branched alkyl

chains is usually a good starting point.50d,e

There are numerous approaches to design molecules with self-complementary binding
groups that could assemble into one-, two- and three-dimensional constructs (vide supra).
Many of the small molecular weight organogelators reported in the recent literature contain
hydrogen-bonding functional groups such as amides and ureas. Multiple amides and urea
functionalities are essential to drive the self-assembly process to completion. It was
established that two urea groups in one molecule are sufficient enough to enforce aggregation
in dilute solutions of a range of organic solvents. The urea-urea hydrogen-bonding interaction
is highly directional and has limited conformational flexibility. Therefore the urea-group is an
excellent building block in order to design gelators (Scheme 1.15) and they have been
extensively exploited in our laboratories by Van Esch et al.59 and by Hanabusa.60 Due to
stereochemical constrain of the cyclohexyl based urea or amide derivatives both the ureas and
amides are directed along a constrained axis, thus enforcing self-assembly in one direction.
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Scheme 1.15 Gelators based on urea–urea interactions.

Small molecular weight organogelators that act via amide-amide interactions are frequently

used, sometimes with the aid of π-π interactions as well. Well known organogelators are the
amides derived from trans-1,2-diaminocyclohexane (Scheme 1.16).61 Hanabusa et al.62

reported this compound 1.21 to be an effective gelator. The other trans-compound (1.22)
showed the same gelation behavior. Whereas the cis-compound showed no gelation at all, the
same result as a racemic mixture consisting of 1.21 and 1.22 showed. Many gelators are

based on α-amino acids (1.24).63 Also examples of gelators that are based on amino sugars
have appeared in the literature (1.23).64
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Scheme 1.16 Gelators based on amide-amide interactions.

There is a strong interest in using these compounds in practical applications and in the
design of specific material properties. For instance, materials that can be used to form
dynamic gels, which respond to various stimuli in the bulk phase (smart gels). One of these
applications involved the incorporation of thiophene and bis-thiophene (1.20, Scheme 1.15)
in the spacer between the urea groups. Thiophene groups are promising organic semi-
conductors and in this case efficient charge transport within the organogels has been
shown.59c
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Polymerization of gels of 1.19 by photo-irradiation transforms a physical gel into a

chemical gel, and the resulting gels show excellent long-term and thermal stability. After

removal of the solvent by freeze-drying, a highly porous material of low density (< 0.005

kg/dm3) was obtained.59e

New experimental solar cells65 and electrochemical cells66 often contain liquid electrolyte
mixtures, which are potentially dangerous with respect to leakage, and here organogelators
have also been used to solidify the liquid phase while retaining typical fluid properties like
high diffusion.67 Also effort has been put into the design of gels, which show liquid
crystalline behavior. They are obtained by the formation of a self-associated molecular
network (1.25) in a liquid crystal (1.26) (Scheme 1.17).68

CNC7H15O

CNNHCO(CH2)10O

NHCO(CH2)10O CN

1.25

1.26

Scheme 1.17 Amide organogelator used for liquid crystal applications.

1.5 Aims and outline of this thesis

The self-assembly of small functional molecules into supramolecular structures
comprises a powerful approach towards the development of new materials and devices of
nanoscale dimensions (vide supra). The control of these organisational processes by chemical
or physical processes is a major challenge. A promising approach towards such responsive or
‘smart materials’ is the integration of an addressable function, e.g. photochromic moieties,
into the supramolecular building blocks, which would offer the possibility to alter the self-
assembly process of the individual molecules or change the properties of the supramolecular
arrays by means of light.

The aim of this thesis is to prepare (supra)molecular systems with an optical switch
incorporated herein in order to have an addressable function. It will then be established if
light could be used to alter the various synthesized systems and thereby also alter the
macroscopic properties of these systems.

In chapter 2 several photochromic switch systems are discussed in order to find the best
optical switch for our purposes. Diarylethene-switches appeared to be the best choice
available at this moment because of their thermal stability and fatigue resistance properties.
The last part of this chapter is dedicated to the diarylethenes in order to provide a literature
background to the research described in this thesis.

Chapter 3 deals with the development of a new synthetic route to diarylethenes. Here the
synthesis and photochromic properties of a new type diarylethene photochromic switch,
namely the dithienylcyclopentene switch, is described. In addition a new synthetic route to
the perfluorocyclopentene switches has been found and for the extension and
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functionalization of both types of switches have been developed. Finally the spectroscopic
properties of all the newly synthesized switches were investigated and these measurements
showed that conjugation is required in order to achieve good switching behavior.

Chapter 4 describes a combined theoretical and time-resolved spectroscopic study on the
switching behavior of the newly developed dithienylcyclopentenes and the already known
dithienylperfluorocyclopentenes.

In chapter 5 dithienylcyclopentene derivatives are described, which were investigated in
order to determine whether they could be used for single-molecule switching. These
compounds showed a competition between fluorescence or switching behavior after
irradiation.

In chapter 6 it is shown that it is possible to change the macroscopic properties of a
supramolecular system by light. In order to enforce self-assembly in solution, a
dithienylcyclopentene switch has been extended with two aliphatic amide moieties. This
compound indeed forms extended aggregates in apolar solvents, which was accompanied by
a large increase in viscosity. It was found that the viscosity could be modulated by irradiation
with UV light.

In chapter 7 it was shown that other amide derivatives of the switch were able to act as
organogelators. The properties of the gelators are discussed before and after irradiation.
Remarkably light and temperature control 5 states including three different gel states.

Finally chapter 8 deals with a switch with two fullerene moieties attached to it. The
properties of this system before and after irradiation were investigated in order to deduce its
possible application in materials such as photocontrolled molecular wires.
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