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Chapter 1
General introduction

Abstract:
Porphyrins, phthalocyanines, and perylenes are compounds with great potential for serving as components of molecular materials
that possess unique electronic, magnetic and photophysical properties. In general, a highly specific communication between a
large number of these chromophores is required in order to express their function to a maximal level, and for this reason it is of
importance to construct arrays in which the molecules are organised in well-defined geometries with respect to their neighbours.
This chapter gives an overview of some recent efforts to construct highly ordered assemblies of porphyrins, phthalocyanines, and
perylenes by means of self-assembly in solution and on surfaces, and by attaching them to polymeric scaffolds. At the end of the
chapter an outline of this thesis will be given.

Chapter 1

1.1 Introduction
The controlled organisation of functional dyes into highly ordered self-assembled arrays is an area of
research with great potential for applications in materials science,1-5 and is expected to yield new materials
that exhibit unique photophysical and (opto)electronic properties as a result of excitonic interactions
between adjacent dye units.6,7 The most important chromophoric array found in nature is the light
harvesting complex, which is employed for photosynthesis by green plants and purple bacteria (Figure
1.1A).8 The two light-harvesting variants LH1 and LH2 are complex assemblies of pigments and protein
polymers, which are embedded in the membranes of chloroplasts.9 The proteins serve as templates to
position the chromophores in a precise and specific arrangement, which has been derived from X-ray
structure analyses8 and more recently also from atomic force microscopy (AFM) studies (Figure 1.1B).10
The biopolymer scaffolds hold the pigments at short enough intermolecular distances to optimise electron
coupling, photon caption, and energy transfer.9 As a result of their mutual orientation, excitonic
interactions between the bacteriochlorophyll chromophores occur upon the absorption of light,11 and as
these arrays are arranged in ring-shaped geometries in both LH1 and LH2 12 the absorbed energy is thought
to be delocalised over the rings. The construction of LH1 is similar to that of LH2, but the former is twice
as large and the energy levels of the constituting chlorophylls are lower in energy, which gives direction to
the energy transfer processes. Inside the majority of the rings of LH1, a reaction centre is accommodated,
where the eventual energy conversion takes place.13

Figure 1.1. A) Crystal structure of the light-harvesting (LH2) complex of the photosynthetic purple bacterium
Rhodopseudomonas acidophila. B) The AFM-image (scan size ~ 150 x 200 nm2) of native photosynthetic membranes
showing that the LH1 arrays (large “filled” circular structures) are surrounded by LH2 complexes (smaller “open” circular
structures). The inset at the bottom is a representation of the region denoted by the dashed box in the centre, using model
structures derived from atomic resolution data.
Taking the natural system as a blueprint, over the last decade a large number of studies have been devoted
to creating artificial, highly ordered arrays of chromophores with the ultimate goal to construct devices that
can efficiently capture light and utilise the excitation energy further to realise a long-range vectorial transfer
to a designated acceptor point. To achieve this, a highly efficient cooperation between the chromophoric
units is necessary, which can be achieved by connecting them in a well-defined manner by means of
covalent bonds, and many examples of this approach have appeared in literature.14-16 The self-assembly of
chromophores, not by covalent bonds but by noncovalent interactions (e.g., hydrogen bonding interactions,
π−π stacking, and solvophobic and surface effects) is an approach that offers several advantages. First of all
6
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these chromophoric compounds are often more easy to synthesise and to purify than the covalently built
systems. Secondly, self-assembly of the components will ideally result in the generation of the
thermodynamically most stable structure. Thirdly, under thermodynamic control these self-assembled
architectures have the possibility to self-repair. On the other hand, in order to obtain a desired
superstructure a precise arrangement of the monomers within the desired architecture is required, which
asks for careful design of the molecular building blocks, for example by equipping them with specific
molecular recognition sites. There are numerous types of chromophoric assemblies currently being
investigated, the most popular ones being arrays of porphyrins, phthalocyanines, and perylenes.

1.2 Porphyrin arrays
In Nature, the biopolymer scaffolds of the LH2 system are used to position and hold the chromophores at
a defined mutual orientation. Recently, it was shown that synthetically modified protein scaffolds can also
be applied to position chromophores at close distances, allowing intermolecular electron-coupling and
electron transfer to occur.17,18 Majima et al. site-selectively incorporated either zinc-coordinated or free base
porphyrins into a recombinant tobacco mosaic virus (TMV).18 Under the proper conditions, the TMVporphyrin conjugate building blocks self-assembled into either disk- or rodlike assemblies. In analogy with
the native TMV-assemblies, this hierarchical assembly process is governed by the pH of the aqueous
solution. Subsequently, double-layered disks and multi-layered rods are formed and eventually the
chromophores are positioned in helical arrays. UV-vis spectroscopy revealed that chromophores within an
assembly of either solely TMV-zinc porphyrin conjugates or TMV-free base porphyrin conjugates were
subject to exciton coupling with their neighbouring porphyrin moieties. When TMV-architectures were
assembled from a mixture of the two conjugates, the fluorescence intensity of the free base porphyrins
increased at the expense of the zinc porphyrin moieties, which is indicative of energy transfer. In addition,
time-resolved fluorescence measurements confirmed that the assemblies of TMV-conjugates exhibited
energy transfer and light-harvesting activity.

Figure 1.2. The structure of porphyrin-decorated carbon nanotubes.
An alternative scaffold to organise chromophores is the carbon nanotube. Porphyrins have been widely
used as adsorbents to semiconductor surfaces, metal nanoparticles, and artificial photosynthetic devices,
taking advantage of the broad coverage of the visible spectrum and the relatively small reorganisation
energies involved with electron transfer.19 However, one of the issues that remains to be solved, is the
undesired quenching of the emission of the dyes by these surfaces and nanoparticles. Sun and co-workers
have reported on single-walled carbon nanotubes which are tethered with porphyrins. The porphyrin
molecules in these constructs are connected to the tubes by alkyl spacers of different lengths (Figure 1.2).20
It appeared that if the spacers between the nanotube and the porphyrins were kept sufficiently short, the
7
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photoexcited state properties of the chromophores remained unchanged, i.e., quenching by the nanotube
was successfully suppressed. In contrast to these results, carbon nanotubes to which porphyrins were
connected via direct ester linkages behaved as efficient quenchers of the porphyrin excited state, suggesting
an efficient electron-transfer process between the two components.21
D’Souza et al. used a carbon nanotube scaffold in combination with crown-ether functionalised zinc
porphyrins (1) to construct a hybrid system based on supramolecular interactions and which is capable of
electron transfer (Figure 1.3).22 Pyrenes are known to have large π-stacking interactions with single walled
carbon nanotubes and they readily enhance their solubility.23 D’Souza et al. functionalised the pyrenes with
an alkyl ammonium cation (2), which exhibits a high affinity for the crown-ether substituents of 1.24 Upon
mixing the single-walled carbon nanotubes with 1 and 2 in DMF, a stable hybrid structure is formed in
which the zinc porphyrin moiety is positioned in close proximity to the single walled carbon nanotube
(Figure 1.3). By means of cyclic voltammetry, time-resolved fluorescence and transient absorption studies it
was shown that electron-transfer took place, resulting in a photo-induced charge-separated state.
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Figure 1.3. A) structures of the crown-ether functionalised zincporphyrin 1 and pyrene cation 2.
Chromophores have also been connected to polymer chains reminiscent of the protein scaffolds applied by
Nature in the natural light-harvesting system. Several porphyrin pendant polymers and coordination
polymers have been described, however, their structural definition is often rather limited.25,26 Helical
polymers of isocyanopeptides are interesting in this respect, because they form exceptionally stable β-helical
architectures as a result of the presence of hydrogen-bonding arrays along their polymer backbone, which
prevents unwinding of the helix.27 Single polymers wires up to several micrometers in length, which are
more rigid than DNA can be synthesised. Well-defined arrays of porphyrins were obtained by polymerising
porphyrin-appended isocyanopeptides by adding NiII ions as an initiator. The porphyrin chromophores in
these polymers are arranged in four parallel stacks, with the porphyrins exactly 4.2 Å apart under a slip
angle of 22° (Figure 1.4). Resonance light-scattering studies showed that within one stack these
homopolymers contained at least 25 excitonically coupled porphyrin molecules, with an average stack
having a length of 87 nm, and the largest more than 400 nm long (Mw ≈ 2×106 Da).28 This extended
excitonic coupling of > 100 Å was further confirmed by doping of the free base polymer with 0.05% of
zinc porphyrin, which resulted in the quenching of the fluorescence emission of all the free base
porphyrins. In related work, porphyrin-containing polyisocyanide (block) copolymers were reported in
which the porphyrin chromophores were used as optical spectator groups, hence allowing the
determination of the helical sense of the backbone.29
8
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Figure 1.4. 3D model of a polyisocyanopeptide helical chain, to which porphyrin side-chains arranged in four parallel stacks
are attached.
Also DNA has proven to be a suitable polymer scaffold for assembling porphyrins.30-33 For example, Endo
and Majima synthesised porphyrins equipped with four strands of single-stranded DNA (Figure 1.5).31,32
Upon mixing these compounds with 4 equivalents of the complementary DNA strands, double helical
strands were formed, in which to porphyrin moieties were incorporated. Via this approach, also complexes
could be constructed in which a free base porphyrin and its zinc-derivative were incorporated. With the
help of fluorescence life-time studies it could be demonstrated that energy transfer takes place between the
free base porphyrin and its zinc derivative.

Figure 1.5. Schematic overview of the strategy adopted by Endo et al.: porphyrins are equipped with four strands of DNA.
Upon introducing the complementary strands, the porphyrins are positioned in a well-defined mutual orientation as a result of
the formation of double helical strands of DNA.
The key interactions between the bacteriochlorophyll chromophores in the natural light-harvesting system
are π–π interactions between the chlorin macrocycles, coordination of the central magnesium ions by
hydroxy groups of their neighbours, and hydrogen bonding between the same hydroxy group and the
carbonyl group of a third bacteriochlorophyll molecule.
Balaban and co-workers have initiated studies to mimic the chlorosomal bacteriochlorophylls c, d, and e, by
utilising simplified porphyrins, for example, 3 and 4 (Figure 1.6A), which contain zinc as the central metal
ion and hydroxy and acetyl substituents.34 In n-alkane solvents, these molecules self-assemble, as is
apparent from the formation of mesoscopic aggregates that can be disassembled by the addition of
methanol. As a result of the aggregation, the UV-vis spectra are severely broadened and a non-zero
absorption is found between 400 and 700 nm, which is beneficial for light harvesting over a broad spectral
range. The degree of aggregation, which is correlated to the absorption spectrum of the assembly, is
9
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controlled by the substituent pattern of the porphyrins. A phenomenon highly untypical for aggregated
chromophores is that it is observed that the fluorescence of 3 and 4 is not quenched. Intense emission is
observed both in solution and in a solid film, which is attributed to the high ordering and the absence of
coordination quenching. The crystal structure of 3 has been recently resolved (Figure 1.6B).35 Apart from
extended π–π stacking between the molecules in the crystal and ligation of the hydroxyl groups to the zinc
ions, a remarkable close approach of the acetyl groups to the formally 5-coordinated zinc ions at the
opposite face of the porphyrin was observed. The excellent fluorescence properties of the assemblies
formed by these molecules make them interesting and cheap candidates for application in solar cells.
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Figure 1.6. A) Chemical structure of porphyrins 3 and 4. B) Crystal structure of 3.
Suijkerbuijk and co-workers followed a similar strategy by preparing a series of pincer-porphyrin hybrids (58, Figure 1.7A). They demonstrated that compounds 5-7 self-assemble into 1-dimensional porphyrin
polymers, and for 5 and 7 these polymeric structures were characterised by X-ray crystallography (Figure
1.7B).36 In contrast, compound 8 lacks a substituent which can coordinate to the zinc ion, and as a result no
polymeric structures were formed.
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Figure 1.7. A) A) Chemical structure of pincer-porphyrin hybrids 5-8. B) X-ray structure of the one-dimensional polymers
formed by 5. C) X-ray structure of the one-dimensional polymers formed by 7.
The ability of compounds 5-8 to transport excitons as a function of the tendency of the system to form
molecular stacks by self-assembly was studied.37 The excitation dissociation and transport was studied in a
bilayer of the pincer-porphyrin hybrids and TiO2 with the help of time-resolved microwave conductivity.
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With this technique, it was demonstrated that excitons undergo diffusive motion between the selfassembled stacks of 5 with exciton diffusion lengths being as long as 15 nm. Similar measurements on a
layer of 8 on TiO2 revealed a considerable shorter exciton diffusion length of 3 nm. From these exciton
diffusion lengths measurements in combination with the exciton lifetimes of 5 and 8 of 160 and 74 ps
respectively, the diffusion coefficients could be calculated, being 1.4 x 10-6 and 1 x 10-7 m2/s for 5 and 8
respectively. The larger exciton diffusion coefficient for 5 was attributed to the strong excitonic coupling
for energy transfer between the porphyrin stacks. This efficient energy transfer shows promising prospects
for the application of self-assembled porphyrins in optoelectronics and demonstrates that energy transfer is
strongly affected by molecular organisation.
A somewhat more complex porphyrin building block was used by Koepf et al.38 They equipped a zinc
porphyrin with a phenanthroline moiety substituted with either C12 (9) or C18 (10) alkyl chains, and with an
imidazole arm (Figure 1.8A). The phenanthroline-strapped porphyrins selectively bind the imidazole
moieties within their phenanthroline strap,39 and stable porphyrin dimers were formed, which selfassembled into J-aggregates. The architectures at the solid-liquid interface were highly dependent on the
substrate. On a mica substrate, short fibre-like assemblies of J-aggregates were formed whose orientation
was governed by the epitaxy of the mica. In contrast, on HOPG the specific interactions between 9 or 10
and this substrate resulted in the disassembly of the dimeric species and a subsequent association of the
monomers into coordination polymers (Figure 1.8C).
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Figure 1.8. A) Chemical structures of 9 and 10 and their schematic representation. B) Comparison of the self-assembly modes
of 9 and 10 observed on mica (left) and on HOPG (right). C) AFM image of the assemblies of 9 on HOPG formed by
dipping the substrate into a ~1 μM n-heptane solution of the compound.
In a simple self-assembly approach, Sagawa and co-workers have developed a hydrogen-bonding array of
chromophoric surfactants. A donor (pyrene 11) and an acceptor (porphyrin 12) molecule were taken and
both these molecules were equipped with didodecyl L-glumatic acid groups (Figure 1.9A).40 In benzene
these surfactants self-assembled by a combination of hydrogen bonding and π–π stacking interactions. In
the case of pure 11, this aggregation even led to the formation of a gel, and electron microscopy studies
indicated the presence of extended fibrillar networks. Preliminary fluorescence studies on mixed assemblies
of the two chromophores suggested that singlet-singlet energy migration took place from the excimeric
pyrene complex to the free base porphyrin in the ground-state (Figure 1.9B).
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Figure 1.9. A) Chemical structures of L-glumatic acid derivatives of pyrene (11) and protoporphyrin IX (12). B) Schematic
representation of the energy transfer from the excimeric pyrene complex to the ground-state free base porphyrin.
By utilising a different kind of interaction, namely an electrostatic one, Otsuki et al. were able to construct a
very simple supramolecular antenna system. 41 They synthesised a pentad, 13, which was constructed from a
free base porphyrin and four zinc porphyrins, connected via strong amidinium-carboxylate salt bridges
(Figure 1.10). Fluorescence measurements unequivocally demonstrated that efficient energy transfer took
place from the zinc porphyrins to the free base porphyrin, which, due to its fast rate, was proposed to
occur via an intermolecular through-bond mechanism.
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Figure 1.10. Chemical structure of pentad 13.
One of the simplest methods to construct large chromophoric assemblies, reported in several studies
during the past few years, is self-assembly by a combination of electrostatic and hydrophobic interactions of
porphyrins containing ionic substituents in water.42-46 Recently, Shelnutt et al. have mixed free base
porphyrin 14 (Figure 1.11A) and SnIV-porphyrin 15 (Figure 1.11B) in water.47
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Figure 1.11. A) Chemical structure of 14. B) Chemical structure of 15. C) TEM image of the porphyrin nanotubes; inset:
top view of a vertically oriented nanotube.
Upon standing, a high yield (90%) of highly defined porphyrin nanotubes was obtained, which were
micrometers in length and had diameters in the range of 50-70 nm with a wall thickness of 20 nm (Figure
1.11C). Optical studies suggested an offset-stacked J-aggregate of the porphyrins within the tubes, likely as
cylindrical lamellar sheets. Remarkably, transmission electron microscopy (TEM) images revealed that upon
irradiation the nanotubes collapsed into rodlike structures. This morphology change was reverted upon
storing the aggregates in the dark. The reason for this change might be a softening of the tube walls upon
irradiation, which may be caused either by local heating or by a photoinitiated intermolecular electron
transfer that disrupts the charge balance of the assemblies.
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Figure 1.12. A) Chemcial structure of 16. B) Schematic representation of the CTAB-assisted assembly of the nanoplates of
16. Bottom row: SEM images of the nanoparticles after each assembly steps. C) Schematic representation of the self-assembly
of the nanoplates of 16 into macroscopic columns.
Nguyen et al. have constructed similar nanowires from amphiphilic tin porphyrins, via a hierarchical
assembly process.48 In a first step, crystal growth under energetic conditions, i.e. vigorous stirring and
heating, was employed to produce uniform nanocrystals. In the second step, these nanocrystals were
assembled into macroscopic structures. For example, exposing a colloidal solution of 16 (Figure 1.12A) to
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the commonly used surfactant cetyl trimethylammonium bromide (CTAB) led to the self-assembly of
nanoplates of 16 and the formation of micrometer-sized triangular columns (Figure 1.12B).
Only very recently, Nguyen et al. demonstrated that the aspect ratio of these nanorods can be systematically
modulated by adjusting the reaction conditions.49 To achieve this level of control, monodisperse
amphiphilic polymer surfactants, namely Pluronic F127 triblock copolymers, were employed. These
polymers form a cylindrical micellar phase at high temperature, which further organised into hexagonal
patterns with hydrophilic channels between the cylindrical micelles.50-52 Presumably, when solutions of 16
are injected into this phase, the amphiphilic porphyrin molecules become located in the channels and
crystallise into nanowires. Because the channels are filled with water, the crystallisation process within the
channels was postulated to be similar to that of the nanorods.48 The nanowires can be further assembled
into secondary macroscopic columns with Pluronic surfactants as a glue, akin to biomineralisation
processes (Figure 1.12C).
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Figure 1.13. A) Structure of porphyrin dodecamer 17. B) Structure of porphyrin nonamer 18, which via coordination
chemistry can act as a binding scaffold for pyridyl tripodal ligands. C) Structure of porphyrin 30-mer 19. C) Ultrahighvacuum scanning tunneling microscopy (UHV STM) image of 19 on a Au(111) surface at low temperature.
Kobuke and co-workers have shown that stable macrocyclic porphyrin arrays can be elegantly constructed
by a combination of metal-ligand coordination and, in some cases, post-modification of the assemblies by a
Grubbs ring-closure metathesis reaction. Macrocycle 17 (Figure 1.13A) is composed of six dimers of
imidazole- containing zinc porphyrins,53 highly reminiscent of the key functional units in the lightharvesting system, i.e., a bacteriochlorophyll-a dimer arranged in a slipped-cofacial orientation and an
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imidazolyl residue coordinated to the central magnesium ion. The fluoresence quantum yield of 17 as
compared to its dimer appeared to be comparable to that of the natural light-harvesting analogues.
Porphyrin nonamers were constructed, starting from porphyrin trimeric units, following the same
principle.54 Since only two of the three zinc porphyrin moieties are involved in the ring-formation, three
uncoordinated porphyrinato zinc(II) groups remain, which allows a pyridyl tripodal ligand to bind into the
central pore of the macrocycle (Figure 1.13B). With a fullerene-equipped tripodal ligand it was
demonstrated that the excitation energy collected by the nine porphyrins migrates rapidly over the
macrocycle and converges efficiently onto the fullerene moiety by electron transfer; and the fluorescence of
the zinc porphyrin moieties was completely quenched by the fullerene. Recently, to further approach the
size of the natural light-harvesting system, an extremely large ring (19) containing 30 porphyrins,
constructed from ten ferrocene-bridged porphyrin trimers, was reported (Figure 1.13C).55 This
macromolecular complex, with a diameter of 10.5 nm, could even be imaged with the help of lowtemperature ultrahigh-vacuum scanning tunneling microscopy (UHV-STM) on a Au(111) surface (Figure
1.13D).

Figure 1.14. Chemical structure of a giant light-harvesting antenna complex formed by zinc porphyrin dimer 20 and
manganese porphyrin monomer 21.
In addition to these large circular structures, giant supramolecular light-harvesting antenna-acceptor
composites were obtained by simply mixing the linear meso-meso-linked bis(imidazolyl zinc porphyrin)
donor 20 with the monofunctionalised imidazolyl manganese porphyrin acceptor 21 in chloroform (Figure
1.14).56 By endcapping the termini of a large self-assembled zinc porphyrin array of 20 by two molecules of
21, arrays could be obtained corresponding to a 600-mer (weight-average molecular weight, Mw = 780
kDa). Quenching probability profiles demonstrated that the excitation energy generated by photoirradiation at any porphyrin in the antenna is transferred to the terminal manganese porphyrins with a
probability higher than 67%, showing that direct meso-meso linking and slipped-cofacial coordination
provides an extremely effective pathway for long-range energy transfer through the porphyrin array, almost
as efficient as observed in the natural systems. All of the previous systems highlight the fact that to obtain
optimal excitonic behaviour a precisely defined close packing of the chromophores in the
multichromophore assemblies is required.
Physisorption of molecules to a surface, i.e., without the existence of any covalent, coordinative, or
electrostatic bond, has emerged as a relatively novel method to arrange chromophores at well-defined
mutual orientations. Nolte and co-workers have synthesised disk-shaped macromolecules 22 and 23, in
which six porphyrin moieties are arranged in three overlapping pairs around a central benzene core,
providing the oligomer with the overall structure of a propeller (Figure 1.15A).57 With a specifically
15
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designed low-current STM, assemblies of the porphyrin hexamers could be imaged with submolecular
resolution at the interface of highly oriented pyrolytic graphite (HOPG) and 1-phenyloctane.58
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Figure 1.15. A) Chemical structures and side and front views of a molecular model of porphyrin hexamers 22 and 23. B)
Chemical structures and side and top views of a molecular model of porphyrin dodecamers 24 and 25. C) STM images of 23
at the 1-phenyloctane/HOPG interface in the presence of (a) a 10-fold excess of 1,4-diaza[2,2,2]bicyclooctane (DABCO)
and (c) a 10-fold excess of 4,4’-bipyridine (BIPY). In the presence of DABCO an ‘edge-on' orientation is observed (b),
whilst BIPY forces 23 to adopt a ‘face-on’ orientation (d). D) STM images of the complex between 25 and DABCO
showing an overview of a large domain (a) and a magnification of the columnar stacks (b). The DABCO likely binds
intramolecularly (c) as well as intermolecularly (d). STM images of the complex between 25 and BIPY which clearly reveal
the ‘yo-yo’-like shape of 25 (e, f), demonstrating that 25 in the presence of BIPY adopts an ‘edge-on’ orientation in which the
BIPY is solely bound intermolecularly.
16
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The orientation of the zinc hexamer 23, ‘face-on’ as single molecules or ‘edge-on’ in the form of stacks,
could be precisely controlled by the addition of bidentate ligands. In the presence of 1,4diaza[2,2,2]bicyclooctane (DABCO), the molecules adopted an exclusive ‘edge-on’ orientation (Figure
1.15C), whereas the presence of 4,4′-bipyridine (BIPY) forced them to assume a ‘face-on’ orientation all
over the surface (Figure 1.15C). As an extension of this work, free base porphyrin dodecamer 24, consisting
of an extended benzene core to which twelve porphyrins are attached, was synthesised (Figure 1.15A).59 In
contrast to the hexamer, this molecule is more disk-like in nature, with two sets of six porphyrins stacking
on top of each other to form a ‘yo-yo’-like structure (Figure 1.15B). As a result of stronger intermolecular
π-π interactions, this molecule arranged itself exclusively in huge domains of ‘edge-on’ oriented stacks at
the solid-liquid interface.
The zinc derivative of 24, 25, did not form stable monolayers at this interface, but again, upon the addition
of DABCO, extended monolayers of the complex were observed by STM (Figure 1.15D). As a result of the
ligand molecules bridging between the dodecamers, the intermolecular distance increased from 12 to 18 Å.
The binding motif of the DABCO ligands can not be directly deduced from the STM image. Since no clear
differences between the disk-like segments are observed, it was reasoned that DABCO binds both interand intramolecularly. Remarkably, in contrast to 23, the binding of BIPY to 25 does not result in a ‘face-on’
orientation, but instead an ‘edge-on’ orientation is adapted. The ‘yo-yo’-like structure is now clearly revealed
as two isolated disk-like segments. The mutual distance between two molecules of 25 measured 26 Å,
demonstrating that the BIPY ligands are sandwiched between the zinc centres of 25 in an intermolecular
fashion.
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Figure 1.16 A) Scanning electron microscope image of the ring-shaped assemblies formed by evaporation of a solution of 22 in
chloroform on a carbon-coated glass substrate (bar = 10 μm). B) Near-field scanning optical microscopy images of the rings
formed by 22 on a glass substrate taken with polarised laser light. The top images are topography images taken on the same
region of the sample and the bottom ones are fluorescence images which are acquired simultaneously. The fluorescence image left
is acquired by using horizontally polarised light for excitation and detecting the fluorescence light parallel to the excitation
direction. The fluorescence image right corresponds to the vertical polarisation direction with parallel detection. C) Schematic
representation of the polarised fluorescence emission of the ring-shaped aggregates upon polarised excitation as seen in B. The
increased emission observed at the top and bottom of the rings upon horizontal polarised light excitation and at the left and
right sides of the ring upon vertical polarised light excitation indicate a tangential ordering of the columnar assemblies of 22
within the ring.
Both hexamer 22 and dodecamer 24 were also found to form unique mesoscopic structures upon simple
drop-casting and evaporating a chloroform solution of the molecules on a flat surface. Micrometer-sized
rings were observed, with the size, the size distribution depended on the wettability of the surface (Figure
1.16A).57,60 Ring formation occurs according to the so-called ‘pinhole’ mechanism, which involves a tandem
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process of self-assembly and aided assembly (wetting/dewetting phenomena). The degree of order of the
molecules within the rings on the surfaces was elucidated by investigating their optical characteristics with
the help of polarised fluorescence spectroscopy and near-field scanning optical microscopy (NSOM).57,60,61
It was found that, depending on the nature of the surface (e.g., hydrophobic or hydrophilic), the porphyrin
oligomers organise themselves into columnar stacks of molecules, which are oriented radially along the ring
(Figure 1.16C). This orientation results in a remarkable polarisation of the fluorescence of the rings, which
clearly highlights that the porphyrins at the top of a ring are orientated orthogonally to those at the side of
the ring. As a continuation of this work, pyridine-functionalised hexamers were prepared and shown to
coordinate to platinum diimine complexes.62 Just as their precursor, these complexes formed highly defined
rings on a surface, thus opening up the possibility to create functional mesoscopic structures that contain
reactive transition metal centres.
Recently, the group of Schenning and Meijer reported on porphyrins decorated with four peripheral
oligo(p-phenylene vinylene) (OPV) units (26 and 27, Figure 1.17A). These compounds were used in a first
approach to accomplish cascade energy and electron transfer in mixed π-conjugated assemblies in water.63
In chloroform, upon excitation of the OPVs, their emission is strongly quenched whereas almost exclusive
emission of the porphyrins was observed, indicating efficient energy transfer from the former to the latter.
In water, 26 and 27 aggregate by a combination of π-stacking and hydrophobic effects and the formation of
fibres is observed by AFM at a mica surface. In mixed assemblies of 26 and 27 (1:1) in water, cascade
energy transfer from the OPV units of 26 to 27 was observed. In an even more complex assembly, 1:1 coaggregates of either 26 or 27 were formed with C60, in which the latter molecules are sandwiched in
between the porphyrins in a 1D stack (Figure 1.17B). Upon excitation of the OPV units, the porphyrin
emission was quenched dramatically, indicating electron transfer to the incorporated fullerenes.
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Figure 1.17. A) Structure of tetrakis-OPV-functionalised porphyrins 26 and 27, and B) proposed 3D structure of the coaggregate of 26, 27 and C60.
In a related study by Fukuzumi, Crossley, and co-workers, supramolecular complexes of porphyrin
dendrimers with fullerenes were applied as organic photovoltaic systems.64 Upon mixing dendrimers
containing 4, 8, or 16 porphyrins with C60 in acetonitrile/toluene (3:1 V/V), complexation of the fullerenes
was observed, and, at the same time, large well-defined nanoclusters, several hundreds of nanometres in
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size, were formed. These clusters were deposited onto a SnO2 electrode, which upon this modification was
shown to display a much enhanced absorptivity compared to an electrode with clusters containing a
monomeric reference porphyrin. The dendrimer-containing electrode displayed an efficient photoresponse
in the visible and near-IR regions and a high photoenergy conversion efficiency because of effective
electron transfer from the excited porphyrin to the fullerene within the dendritic matrix.

1.3 Phthalocyanine Arrays
Phthalocyanines are probably the most commonly used chromophores, with applications ranging from
voltaic devices and compact disc coatings to photodynamic therapy reagents. They can be self-assembled
into columnar structures to form lyotropic and thermotropic liquid-crystalline phases and highly ordered
thin films.65 Depending on the degree of stacking and the nature of the central metal, assemblies based on
these molecules can serve as functional components in, for example, gas sensors and as conductive wires
capable of charge transfer in electronic devices. The aggregation behaviour of crowned phthalocyanines has
been studied extensively. They self-assemble into stacks by means of π-π interactions, and, by adding
(alkali-) metal ions to the stacks, the intermolecular interactions can be influenced because these ions
complex in or in between the crown ether rings. In this way, fine tuning of the self-assembled architectures
at the molecular level is possible and can result in dramatic structural changes at the mesoscopic level.
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Figure 1.18. A) Chemical structure of crown ether functionalised phthalocyanine 28. B) TEM image of left-handed twisted
bundles formed by 28.
An illustrative example of the latter effect involves phthalocyanine 28, which possesses four crown ether
rings and eight chiral alkyl side chains (Figure 1.18A).66 In chloroform, 28 self-assembles into micrometerlong columnar stacks as a result of intermolecular π-π interactions, causing the formation of a gel (Figure
1.18B). Electron microscopy studies showed the presence of left-handed twisted bundles that consist of
fibres with the diameter of one columnar stack of 28. Circular dichroism (CD) spectroscopy demonstrated
that the molecules within one fibre are organised into a right-handed helix, which further self-assembles, in
a hierarchical fashion,67 to yield a supercoiled structure of opposite helicity. The addition of alkali-metal
ions, which bind in the crown ether rings of 28, caused a complete loss of chiral expression at the
mesoscopic level, as could be concluded from the fact that the helices were transformed into straight fibres.
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Figure 1.19. STM images of 28 at the gel/HOPG interface. A) A domain of ‘edge-on’-oriented stacks surrounded by
hexagonally ordered ‘face-on’-oriented single molecules. B) Change in molecular arrangement, from ‘face-on’ to ‘edge-on’,
induced by the STM tip moving in the direction of the arrows shown in A).
Compound 28 and its gel were studied at the molecular level on a HOPG surface with the help of STM.68
As for the porphyrin hexamers, the molecules of 28 can arrange themselves with respect to the surface
both in a ‘face-on’ and ‘edge-on’ geometry (Figure 1.19A). The ‘face-on’ arranged structure was found to
exist in two different morphologies: a metastable, tightly packed hexagonal phase and an almost hexagonal,
much more loosely packed phase, which was stable for days. Interestingly, by increasing the tunneling
current, the ‘face-on’-oriented molecules of 28 could be mechanically manipulated to adopt an ‘edge-on’
orientation (Figure 1.19B). This ability to precisely control the structure of self-assembled surfaces might
have interesting applications in the field of molecular electronics and optoelectronics. A rodlike
polysiloxane derivative of 28 was found to self-organise in a highly ordered head-to-tail fashion at a solidliquid interface, resulting in the formation of cylinders that were hundreds of nanometers long with high
apparent stiffness, which caused them to exhibit polymer chain-like properties such as finite bending.69
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Figure 1.20. A) Structure of tetra(thiofulvalene)-functionalised crown ether phthalocyanine 29. B) TEM image of tapes
formed by 29, showing an equal distribution of both M- and P-helical structures (bar represents 200 nm). C) Schematic
representation of the aggregation mechanism of 29, showing the dominating Pc–TTF and TTF–TTF interactions, which
result in an initial bilayer structure that scrolls into helical tapes.
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In a more recent extension of this work, a crown ether phthalocyanine was equipped with four
tetra(thiofulvalene)s (TTFs), which are well-known compounds in the research field of ‘synthetic metals’.
Compound 29 (Figure 1.20A) is capable of gelating chloroform-dioxane mixtures, and electron microscopy
of the gel showed the presence of micrometer-long tape-like structures, all exhibiting either right- or lefthanded helical features (Figure 1.20B).70 The fact that no columnar phthalocyanine (Pc) fibres were
observed suggests that the stacking of the molecules is dominated by TTF-TTF and TTF–Pc interactions
and not by the more standard Pc–Pc interactions (Figure 1.20C). Doping of 29 with 7,7,8,8tetracyanoquinodimethane (TCNQ) in dimethyl sulfoxide generated a TCNQ–/TTF+ charge-transfer
complex, confirming the potential of assemblies of 29 to act as conducting wires.
The groups of Torres and Nolte have reported the synthesis of a dimer containing a donor, zinc
phthalocyanine, and an acceptor, nickel phthalocyanine, covalently linked to a central paracyclophane (30,
Figure 1.21A).71 The aggregation behaviour of this compound was compared to the aggregation behaviour
of the model compounds 31 and 32. Whereas the individual monomers do not interact very strongly with
themselves, 31 and 32 were found to dimerise very strongly in chloroform solution (Ka = 2 × 107 M-1) as a
result of unique donor-acceptor interactions. The linked dimers 30 can also self-assemble by similar donoracceptor interactions between the complementary units, but this results in the formation of long onedimensional stacks (Figure 1.21B). Samples of high concentration samples (1 mM) of 30 in n-butanol were
studied with the help of TEM, revealing the presence of large aggregates, which were highly monodisperse
both in shape and size (290 nm × 90 nm, Figure 1.21C).
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Figure 1.21. A) Chemical structures of bis-phthalocyanine 30 and reference compounds 31 and 32. B) TEM image of
aggregates formed by 30. C) Schematic overview of the possible modes of self-assembly of 30 by donor-acceptor interactions: a)
one-dimensional aggregates; b) columnar aggregates.
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As a continuation of the theme of phthalocyanine hybrid assemblies, Kimura, Shirai, and co-workers
synthesised starshaped zinc phthalocyanines functionalised with four or eight (Figure 1.22) OPV side
chains.72 Fluorescence measurements on these compounds indicated the occurrence of efficient
photoinduced intramolecular energy transfer between the OPV donors and the phthalocyanine acceptor.
When the OPVs were equipped with flexible hexyl tails, the system displayed thermotropic liquid-crystalline
behaviour. Slow cooling from the isotropic phase yielded a hexagonal columnar mesophase driven by π−π
and van der Waals interactions. In principle, such a stacking should enable application of the assemblies as
conductive wires; but a lack of control over the ordering of the OPV substituents prevented a high degree
of excitionic coupling within the aggregate.
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Figure 1.22. A) Chemical structure of an octakis-OPV-functionalised phthalocyanine. B) Schematic representation of the
phthalocyanine-derivative and C) of its aggregation into a columnar stack in the liquid-crystalline state.

1.4 Perylene Arrays
Application of chromophores in optical materials requires high thermal and photochemical stability.
Perylenes combine these features with absorption in the visible part of the spectrum, a high fluorescence
quantum yield, and high electron affinity. For these reasons they are very promising candidates for
application in organic solar cells, although so far their energy conversion efficiency has remained low.73-75
Over the past years, the group of Schenning and Meijer has reported a myriad of self-assembled OPV
architectures in which perylene units are incorporated.76,77 Triad 33 (Figure 1.23) consists of a perylene
bisimide to which two chiral OPV units are attached.78 In nonpolar solvents, this compound was found to
aggregate by intermolecular hydrogen bonding, and photoinduced electron transfer from the OPV units to
the central perylene occurred with high efficiency, creating a nanoscopic p–n heterojunction.
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Figure 1.23. Chemical structure of the bis-OPV-functionalised perylene bisimide derivative 33.
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The concept was further explored by developing larger assemblies by means of hierarchical self-assembly.58
The OPV units were equipped with diaminotriazine units (34, Figure 1.24A), which form a complementary
binding site with the perylene bisimide 35.
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Figure 1.24. A) Chemical structure of the 2:1 triad of the OPV derivative 34 and perylene derivative 35. B) AFM image of
a spincoated film of the triad on a mica surface.
In methylcyclohexane, two molecules of 34 and one molecule of 35 form a triple hydrogen-bonded 2:1
complex, which in a second assembly process assembles further by π-π interactions into chiral onedimensional superstructures (Figure 1.24B).79 The resulting J-type aggregates are characterised by redshifts
in the visible spectrum for both types of chromophores (up to 40 nm for the perylene). The chirality of the
OPV side chains is expressed in a CD effect for the central perylene chromophore. Fluorescence and
photoinduced absorption spectroscopy revealed the occurrence of photoinduced electron-transfer from the
OPV to the perylene units within the aggregates. Disassembly of the aggregates at elevated temperatures led
to an increase in photoluminescence of 34. The concept was extended to a series of triads of perylene
bisimide with OPVs of different length.80 The stability of the aggregates increased with increasing OPV
length, as a result of more efficient π-π stacking. These well-defined, coaggregated dyes may serve as
functional nanoscopic building blocks for solid-state devices, which are often hampered by intrinsic
disorder as a result of the preparation method. In an alternative approach, perylene acceptors and OPV
donors were orthogonally assembled into n- and p-type supramolecular fibres, respectively.81 In the solid
state, charges were created in films deposited from both toluene and methylcyclohexane, however, no
efficient bulk-heterojunction solar cells have yet been constructed. To improve this device performance, it
will be essential to align the supramolecular stacks vertically within the thin films so that the long aliphatic
tails do not hinder current transfer.
23

Chapter 1
In an alternative approach, a perylene bisimide was directly linked to the OPV derivative via a flexible linker
(36, Figure 1.25A).82 This system self-assembles in a hierarchical fashion by first forming dimers by
quadruple hydrogen bonding of the self-complementary ureido-s-triazine arrays, and secondly by π-π
interactions to form H-type aggregates. The donor-acceptor properties of the molecule were characterised
by an efficient energy transfer from the photoexcited OPV to the perylene bisimide. At the 1,2,4trichlorobenzene/HOPG interface, bias-dependent STM was employed, to show that dimer formation of
36 occurred at this interface. Moreover, a bias-dependent contrast reversal revealed the relative orientation
of the OPV and perylene bisimide units and their different electronic properties (Figure 1.25B).
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Figure 1.25. A) Chemical structure of perylene bisimide-functionalised OPV-derivative 36. B) STM images involving biasdependent imaging of the same area of a monolayer of 36 at the 1,2,4-triclorobenzene/HOPG interface. At a negative bias (1.37 V, A) the OPV units appear brighter, whilst at a positive bias (1.22 V, B) the perylene bisimide units appear
brighter. The models illustrate the molecular packing of the dimers.
Wasielewski and co-workers have prepared a large molecule consisting of a central zinc porphyrin donor to
which four perylene diimide acceptors are attached (37, Figure 1.26A).83 Driven by van der Waals
interactions and π−π stacking between the perylene units, 37 self-assembles, both in solution and on a
surface, into ordered photoactive nanoparticles with a diameter of 150 ± 30 nm (Figure 1.26B). The
perylene units function as both antenna chromophores and charge carriers, analogous to the role of the
chlorophylls in the natural light-harvesting system. Photoexcitation of the nanoparticles initiates an ultrafast
charge separation, which occurs with near-unit efficiency and yet results in migration of the electron
between several closely coupled electron acceptors, a process that is more analogous to dye-sensitised
charge injection into semiconductors than to stepwise photosynthetic electron transport. Optical
measurements suggested an internal structure of the nanoparticles of the type depicted in Figure 1.26C,
where the perylene units stack directly on top of each other in register, while the central zinc porphyrins
occupy sites in every other layer, with a zinc-zinc distance of about 7 Å. This model is supported by the fact
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that pyridine molecules can coordinate to the zinc porphyrins without disrupting the nanostructure. The
hybrid nature of the charge generation and transport within these nanoparticles is expected to be useful for
obtaining insight into the design of solid-state device structures for photoconversion.
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Figure 1.26. A) Chemical structure of tetrakis-perylene-functionalised porphyrin 37. B) AFM image of nanoparticles formed
by 37 in a thin film spin-coated on hydrophobic quartz. C) Cartoon representing the proposed 3D ordering of the molecules of
37 within the nanoparticles.
The authors have extended the multiperylene concept further by synthesizing four peripheral perylene
derivatives coupled to either a central pyromellitimide (38) or a fifth perylene (39).84 In solution these
molecules self-assemble into dimers, and on methylated quartz into rodlike structures of circa 130 nm
length. Photoexcitation of the π-stacked dimers led to the formation of excimer-like states and to their fast
singlet–singlet annihilation, which indicates a strong electronic interaction between the chromophores.
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Figure 1.27. Chemical structures of multiperylene derivatives 38 and 39.
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Zinc phthalocyanine 40 (Figure 1.28) with four peripheral perylenes strongly aggregates in chloroform and
tetrahydrofuran (THF) into stacks in which all chromophoric subunits are oriented in a face-to-face
geometry.85 On the mesoscopic level, micrometer-long fibres are formed, which upon excitation display an
ultrafast energy transfer from the peripheral perylenes to the central zinc phthalocyanines. The occurrence
of further energy delocalisation along the phthalocyanine stacks before decay of the excited state makes this
system an interesting mimic of the natural light-harvesting system.
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Figure 1.28. Chemical structure of zinc phthalocyanine 40, which bears 4 perylene bisimide moieties in its periphery.
Shinkai et al. have designed light-harvesting organogels based on molecules 41-44 (Figure 1.29) containing a
central perylene diimide flanked by two cholesterol units.86 By varying the substituents on the perylene,
absorption spectra were obtained that span a wide range of the visible spectrum. By mixing 41-44 in a
molar ratio of 10:3:3:3 in p-xylene/propanol (3:1, v/v), an organogel was obtained in which, upon
excitation of 41, cascade-like transfer of energy took place via 'stepping stones' 42 and 43, to be collected
finally by the 'energy sink' 44. This energy transfer does not occur in solution but only in the gel, where the
chromophoric gelator molecules are arranged in 1D aggregates and organised in a perfect orientation for
the harvesting of light.
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Figure 1.29. Chemical structures of di-cholesterol-functionalised perylene bisimides 41-44.
26

General introduction
A well-defined mixing of chromophoric donor and acceptor components also occurs in a successfully
constructed photovoltaic device described by Friend, Müllen, and co-workers.87 In a single solution
processing step, they have made a mixed blend film in which hexabenzocoronene 45 and perylenediimide
46 (Figure 1.30) are organised in highly ordered, vertically segregated structures with a large interfacial
surface area between the components. The film showed a photovoltaic response with an external quantum
efficiency of circa 34% and a power efficiency of 2% as a result of efficient photoinduced charge transfer
between 45 and 46 and effective charge transport through the π-systems of the vertically segregated stacks
of chromophores.
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Figure 1.30. Chemical structures of hexabenzocoronene 45 and perylene bisimide 46.
Samorì et al. demonstrated that at the solid-liquid interface micrometer-long fibres can be formed from 46
by the combination of self-assembly of 46, solution casting and vapour annealing (Figure 1.31).88 The thin
films, which were created from solution casting, contained hundreds of nanometre-sized needle-like
structures. Upon exposure of these films to THF vapour, the needles reorganised into long fibres. The
method of solvent-vapour annealing was found to offer ordered self-assembly on the long-range. In
addition, a remarkably high mass transport was observed, since the movement of 46 was found to occur
over at least hundreds of micrometer. The simplicity of the fabrication approach is not limited to 46, but is
envisioned to be of general interest for application in organic nano- and microelectronics.

Figure 1.31. AFM images of solution casted films of 46 before and after solvent vapour annealing with THF.
Li et al. synthesised N-heterocycle-substituted perylene bisimides with the objective to tune the electrontransporting properties of these compounds. By using electron-rich or electron-poor heterocycles as
constituents, their physical properties were significantly altered. In agreement with their expectations, it was
demonstrated that perylene bisimides equipped with electron-rich heterocycle self-assembled into onedimensional structures, whereas electron-poor ones lacked one-dimensional self-assembly capabilities.
A series of perylene bisimides (47-57, Figure 1.32), which were highly soluble in organic solvents and
displayed a tendency to self-assemble has been reported by the group of Würthner.89-91 Compounds 47-56
were found to form helical columnar assemblies. The helical character of these assemblies was confirmed
by a combination of temperature-dependent CD and the usage of perylene bisimide 49, which is equipped
with chiral tails. Surprisingly, two different kinds of chiral aggregates coexisted, which had different sizes
and handedness (Figure 1.33).
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Figure 1.32. Chemical structures of series of perylene bisimides reported by Würthner.
The use of the dye with chiral side chains induced higher order within the self-assembled structures, which
was demonstrated by the increased charge-carrier mobility of 49 compared to that of 48. Noteworthy,
pulse-radiolysis time-resolved microwave conductivity measurements revealed that stacks of dyes 48 and 49
are among the best molecular semiconductors in the crystalline columnar phase.91

Figure 1.33. A) Proposed equilibrium of monomeric and aggregated species of 49 in solution. At low concentration and/or
high temperature, dimers are formed that are preferentially of M-type helicity. Upon further growth into extended polymeric
stacks, P-configured species are preferred.
The π-π stacking properties of these new functional dyes were investigated in detail both in solution and in
the condensed phase. The photoluminescence spectra of the dimers of 50-55 exhibited bathochromic shifts
of quite different magnitudes. By studying the stacking in the condensed phase, the differences in
magnitude of the bathochromic shifts could be directly correlated to different longitudinal or rotational
offsets between the dyes in the stacks, as well as differences in the π-π stacking distances. Remarkably,
compound 50 exhibited a particularly interesting phase change from the crystalline to the liquid-crystalline
state, which was accompanied by a transformation from non-fluorescent H-type into strongly fluorescent Jtype packing of the dyes.90 The J-type aggregation mode with its pronounced bathochromic shifts of the
absorption bands and high exciton mobility is desirable for electronic applications. As an extension of the
work, Würthner et al. reported the first example of the formation of a J-aggregated perylene bisimide, a
property which was encoded in molecular building block 58 according to supramolecular design principles
(Figure 1.34).92 The packing of the dyes in a strongly slipped arrangement was tailored by a twisting of the
perylene cores enforced by the presence of large trialkoxypenyl-substituents at the bay positions of 58 and
by head-to-tail alignment of the perylene bisimide moieties through hydrogen bonding interactions (Figure
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1.34). The electronic properties of the J-aggregates of 58 were explored by polarisation and time-resolved
fluorescence measurements, which revealed that these aggregates fluoresce with quantum yields of near
unity, viz. 0.96.
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Figure 1.34. A) Self-assembly of the perylene bisimide dye 58 into J-type aggregates. a) Molecular structure of 58 and its
schematic representation (right). b) Schematic representation of an aggregate of 58. The dye self-assembles in a helical fashion
as shown in the magnification (substituents have been omitted and only the left-handed helical structure is shown for simplicity).
c) J-type arrangement of the core perylene bisimide units in a double string cable. B) Tapping-mode AFM image of selfassembled structures of 58 spin-coated from solution onto a silicon wafer (scale bar: 150 nm). Inset: height profile along the
thin line.
Che et al. demonstrated that it is possible to construct belt-like structures of perylene bisimides with sizes
up to 0.3 mm.93 They synthesised amphiphilic perylene bisimide 59, equipped with aliphatic and
polyoxyethylene side-chains (Figure 1.35A). The latter side-chain enhances the solubility in hydrophilic
solvents. Self-assembly of 59 can be tuned by varying the polarity by changing the ratio of the solvent
mixture (water/ethanol). By employing a 1:1 water/ethanol mixture, a 1D crystalline growing process was
found to take place and after 5 days very long fibril structures were obtained.
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Figure 1.35. A) Chemical structures of amphiphilic perylene 59 and B) of dumbbell-shaped amphiphilic perylene bisimides
60-63.
Würthner has extended this approach and used wedge- and dumbbell-shaped amphiphilic perylene
bisimides to construct spherical micelles and rod-like aggregates from 60 and 61-63, respectively (Figure
29
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1.36B).94 More interestingly, by using a mixture of 60 and 62, spherical vesicles were formed with an
average diameter of 94 nm. The difference in the structure of the assemblies was attributed to differences in
curvature as a result the conical structure of these compounds (Figure 1.36). To stabilise these
nanoaggregates, in situ photopolymerisation was applied in an organised fashion using 2,2-dimethoxy-2phenylacetophenone as a photoinitiator, consolidating the vesicle structures.
A

B

C

Figure 1.36. Schematic illustration of the formation of micelles by 60 or 61 (top), bilayer vesicles by the co-self-assembly of 60
and 62 (middle), and rod-like aggregates by 63 (bottom). B) TEM image of self-assembled co-aggregates of 60 and 62 in a
8:1 molar ratio before photopolymerisation. C) Idem, after photopolymerisation.
Important insight into the physical properties of multichromophoric systems can be obtained from singlemolecule detection techniques, such as single-molecule force microscopy and optical spectroscopy. With
the first, not only aggregate shape and size can be imaged but also information can be obtained about the
internal organisation of the chromophores, a crucial issue that governs their excitonic properties.95,96
Optical spectroscopy reveals characteristic features arising from exciton coupling, such as single-emitter
behaviour and collective (non-) fluorescent properties that otherwise remain hidden when probing the
average behaviour of ensembles of molecules.97-99 An example of a report in which a multichromophoric
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compound was studied at the single-molecule level is the paper of Hernando et al. on polyisocyanopeptides
with perylene side chains (Figure 1.37A).100 Similar to their porphyrin analogues (Figure 1.4),28 these
perylene-substituted polyisocyanopeptides are rigid rod polymers, in which the chromophores are arranged
in highly defined stacks (Figure 1.37B). Isolated polymer chains could be imaged with the help of AFM
after spin-coating the polymer on mica (Figure 1.37C). Fibres up to a few hundreds of nanometers in length
and about 2.5 nm in height were visible. This molecular resolution enabled the study of their photophysical
behaviour with single-molecule confocal fluorescence spectroscopy. These experiments, combined with
AFM on the same surface area, revealed a clear correlation between topography and fluorescence
behaviour. Short oligomers (n < 15), which are expected to be non-helical, showed a ‘green’-light emission
reminiscent of that of the monomeric species, whereas longer polymer chains displayed ‘red’-light emission
arising from multiple and independent excimer-like states along the chromophore stacks (Figure 1.37D).
Although the formation of the latter states prevents delocalisation of the excitation energy over large
distances along the polymer backbone, its long fluorescence decay time may favour the use of the polymers
as n-type semiconductors in bulk-heterojunction solar cells.
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Figure 1.37. A) Chemical structure of a perylene-appended polyisocyanopeptide. B) Schematic 3D drawing of this molecule. C)
AFM image of single polymers on mica; bar represents 500 nm. D) Confocal fluorescence image of single polymers spin-coated
on glass, showing the ‘green’ (whitish) and ‘red’ (greyish and circulated) emission; bar represents 500 nm.
Without any doubt, chromophoric assemblies lie at the heart of numerous devices and applications, and the
examples highlighted in this chapter have made clear that a high level of control over the arrangement of
chromophores in self-assembled arrays is required to express their desired (opto)electronic properties to a
maximum level. It can be foreseen that in order to develop working functional systems, an interdisciplinary
effort is required, from biologists, to understand self-assembly and self-organisation processes that occur in
nature, chemists, to design and synthesise the desired artificial building blocks, and physicists, to study the
characteristics of the supramolecular assemblies in solution and at a surface. Although the construction of
working devices by supramolecular interactions is a research area that is still in its infancy, an increasing
number of simple, yet functional devices have appeared in the literature.101,102 It is clear that the future lies
in a combination of hybrid systems that self-assemble and self-organise by hierarchical processes using
tandem interactions, taking the natural examples as a blueprint. This multidisciplinary approach will
ultimately lead to the development of commercial devices, which, in the ideal case, are totally selfassembled in a stepwise manner from simple molecular building blocks.103
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1.5 Outline of this thesis
The overview in the previous sections highlights the great potential of chromophoric-based assemblies for
opto-electronic and other applications. The main challenge is to rationally design compounds that selfassemble into well-defined superstructures in which a predetermined functionality is expressed. In this
thesis, all aspects of developing functional self-assembled systems, starting from rationally designing diskshaped chromophoric compounds is described as is, their synthesis, their self-assembly in solution and at
the solid-liquid interface, and finally the tuning of the superstructures with the objective to implement a
functionality.
Chapter 2 deals with the design and synthesis of disk-shaped chromophoric compounds. In Chapter 3
describes the self-assembly behaviour in solution of trimeric and hexameric porphyrin disks, in which
respectively 3 and 6 porphyrin moieties are linked to a central core. The influence of the linker between the
core and the porphyrins, of the peripheral porphyrin substituents, and of experimental conditions such as
concentration, temperature and solvent, will be discussed. In addition, the co-assembly of different
porphyrin disks into one supramolecular assembly is described. Chapter 4 reports on the aggregation
behaviour of the porphyrin disks at the solid-liquid interface, as well as the possibility to use the formed
architectures as macroscopic alignment layers for liquid crystalline molecules.
The self-assembly properties of disk-shaped corrole and perylene trimers in solution and at the solid-liquid
interface are the scope of Chapter 5. In addition, the possibility to induce chirality into the assemblies of
the disk-shaped perylene trimers by co-assembling amino-acid based trimers will be explored.
The topic of Chapter 6 is the self-assembly of monomeric (metallo-)porphyrins at the solid-liquid interface
and were studied with submolecular resolution using scanning tunneling microscopy (STM). It will be
shown that specific interactions between manganese(III) porphyrins and a gold surface generate an unique
catalytically active surface for the epoxidation with alkenes using molecular oxygen, and that the activity of
these catalysts could be imaged in real-time and -space with STM.
Finally, the catalytic properties of self-assembled columnar stacks of metal-porphyrin trimers are discussed
in Chapters 7 and 8. These stacks resemble natural enzymes, since they are able to confine substrates in
small binding cavities in close proximity to catalytically active metal centres. The design, synthesis,
characterization and catalytic epoxidation properties of columnar assemblies of manganese(III) porphyrin
trimers are discussed in Chapter 7. In Chapter 8, this concept will be further extended in an attempt to
construct a self-assembled cascade catalysis system. In this system, manganese(III) porphyrin trimers, which
catalyse the epoxidation of alkenes, will be co-assembled with tin(IV) porphyrin trimers, which catalyse a
ring-opening reaction of the epoxides formed in the first step.
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Design and synthesis of chromophoric building
blocks for functional supramolecular columnar
assemblies

Abstract:
The rational design of compounds which self-assemble into a predetermined functional architecture is one of the main challenges
in supramolecular chemistry. In this chapter a library of chromophoric disk-shaped molecules is introduced and their design,
synthesis and conformational behaviour are discussed.

Chapter 2

2.1 Introduction
Obtaining control over the organisation of molecular, macromolecular and supramolecular materials, with
the objective to improve their properties, is an important goal in chemistry.1,2 Especially the controlled
arrangement of chromophores into ordered self-assembled arrays is an evolving area of research with
potential industrial applications.3 It is envisioned that these arrays can yield new materials with unique
photo-physical and (opto)electronic properties, as a result of the excitonic interactions between adjacent
chromophoric moieties.4 Such supramolecular systems require the structural organisation and integration of
a specific function.5 In addition, their arrangement in one (e.g. fibres), two (e.g. layers) or three (e.g.
crystals) dimensions is required. Currently, the challenge is to rationally design the shape of the compounds
and tune the molecular interactions in such a way that they spontaneously assemble into a supramolecular
device.
The building blocks for one-dimensional assemblies generally possess either a disk-like6-23 or rod-like shape,
24-30 however, also more complex architectures have been reported,31,32 e.g. circular macro-molecules,33,34
rosettes,35-38 and self-assembled dendrimers.1,39-41 In chromophoric assemblies, the chromophores are
integrated into the building blocks, of which porphyrins, phthalocyanines and perylenes are the most
popular.42 There are two main approaches for integrating such moieties into building blocks that generate a
well-defined self-assembled structure. The first approach is to equip a single chromophoric unit with
peripheral groups that can subsequently tune the self-assembly of the chromophore into an aggregate.16,17
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Figure 2.1 A) Chemical structure of the crowned phthalocyanine reported by Engelkamp et al. B) Schematic representation of
the coiling and supercoiling of aggregates of this molecule in chloroform. C) Electron microscopy image and schematic image of
the supercoiled fibres observed in the absence of alkali metal ions. D) Idem, of the straight fibres observed in the presence of
alkali metal ions.
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Engelkamp et al. reported the formation of coiled-coil aggregates with a tuneable helicity, based on a
phthalocyanine molecule with four crown ether rings and eight chiral alkyl side chains attached to these
rings (Figure 2.1A).16 These molecules self-assembled in chloroform into right-handed helical columnar
stacks, as a result of strong intermolecular π−π interactions. Subsequently, these stacks, in a hierarchical
process, formed supramolecular a supercoiled structure of several micrometers long with an opposite
helicity (Figure 2.1B&C). The expressed chirality was completely lost and straight fibres were observed
when alkali metal ions, which strongly bind in the crown ethers in the periphery, were present (Figure
2.1D).
A second approach is to link the chromophores to a central core creating a very large π-surface, which
enhances the tendency of the compounds to self-assemble. Besides the periphery of the chromophores,
also the nature of the core and the linker can be varied. Lensen et al. reported on dodecamers containing
twelve porphyrin moieties which were connected to a central aromatic core via a flexible ether linkage
(Figure 2.2).18 At the HOPG/1-phenyloctane interface, these porphyrin dodecamers self-assembled into
columnar stacks (Figure 2.2D).
A

B

D

C

Figure 2.2 A) Chemical structure of a porphyrin dodecamer. B) Top view and C) side view of a molecular model of this
compound. D) STM images of columnar stacks of the dodecamers at the interface of 1-phenyloctane and HOPG.
Combining an extended π-surface with intermolecular hydrogen bonding interactions is an elegant method
to further enhance the attractive interactions between the building blocks.6-11 Paraschiv et al. successfully
used this concept and synthesised a triphenylene benzene amide trimer, which formed columnar stacks
(Figure 2.3). Because of the strong interactions between these trimers in the columnar stacks, the charge
carrier mobility properties of the material were severely enhanced.19 The use of the 1,3,5-benzenetrisamide
core is appealing for several reasons.10 (i) It is synthetically easy accessible and can be easily modified with a
myriad of functional groups. (ii) The amide linkage can form an extended intermolecular hydrogen bonding
network. (iii) Upon its assembly into a helical columnar stack, the amide linkages introduce a rigidity which
is expected to be beneficial for formation of stable and extended 1D structures. For these reasons, the
research described in this thesis makes use of the 1,3,5-benzenetrisamide core as a building block to
organise chromophores, e.g. porphyrins. The possibility to alter the linkages without causing major changes
in the molecular shape is another appealing aspect of this core. For example, by substituting the 1,3,5benzenetrisamide core by a 1,3,5-benzenetrisester core, information can be obtained about the influence of
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intermolecular hydrogen bonding interactions on stacking, while a more flexible 1,3,5-benzenetrisether core
can provide valuable information about the influence of rigidity.
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Figure 2.3 Structure of a triphenylene benzene amide trimer. (b) Image showing the columnar stacks of the central tris-amide
benzene cores stabilised by hydrogen bonds and surrounded by three columns of π-stacked triphenylene benzenes. The helical
network of hydrogen bonds is indicated by the arrow.
Hitherto, the nature of the chromophore has not been discussed. As described in Chapter 1, porphyrins
have very interesting properties and have therefore been employed in a variety of chromophoric
assemblies.3 In the literature, the synthesis of porphyrins with a myriad of substituents on either the beta- or
the meso-positions has been described. For these reasons the focus will first be on the construction of
porphyrins connected to a central core. In the next section the general concepts of porphyrin synthesis will
be discussed.

Synthesis of porphyrins
There are many different methods to synthesise porphyrins with a variety of different meso-substituents.
Generally, the desired compounds are obtained via a one-pot synthesis.43 Such a one-pot route was first
reported in 1935 by Rothemund,44,45 who treated a variety of aldehydes, such as acetaldehyde,
propionaldehyde, and benzaldehyde, with pyrrole in methanol at various temperatures to construct
symmetrical porphyrins. Non-symmetrical porphyrins, e.g. AB3 ones, can be prepared in a similar fashion
by using a statistical mixture of the aldehydes. Nowadays, there are numerous methods to synthesise nonsymmetrical porphyrins, but all of them are variations on two main approaches. The most commonly used
one is the Adler-Longo method, which involves condensing aldehydes and pyrrole in refluxing propionic
acid in a system open to air (Scheme 2.1).46
Adler-Longo method
refluxing C2H5COOH, air
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Scheme 2.1 Overview of the two main synthetic routes to synthesise porphyrins.
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A second and somewhat milder approach was simultaneously developed by Lindsey and Nolte, and
involves a two-step one-pot synthesis.47,48 The first step is the condensation of the aldehydes with pyrrole
to form a porphyrinogen and is catalysed by either TFA or BF3.Et2O. Subsequently, this porphyrinogen is
converted to a porphyrin via a chemical oxidation, generally by a reaction with dichlorodicyanoquinone
(DDQ) or p-chloranil (Scheme 2.1).
Expanding on the work of Arsenault et al.,49 Lindsey developed a more rational, but also more laborious
route to construct porphyrins with varying meso-substituents.50,51 This route is especially useful to selectively
construct relative complicated porphyrins, such as trans-A2B2-porphyrins or porphyrins carrying three or
four different meso-substituents. Unfortunately the method is subject to a phenomenon known as
“scrambling”, which is the exchange of meso-substituents during the synthesis as a result of the reversibility
of bond formation in the porphyrinogen.

Synthetic considerations
In order to construct the porphyrin building blocks for the porphyrin disks described in the next section,
several aspects should be taken into account:

•

The construction of AB3-porphyrin building blocks via a one-pot procedure is favourable
since the step-wise synthesis is more laborious, while both methods are expected to give a
comparable yield.

•

Phenolic alcohols are prone to oxidation. In order to obtain phenol-functionalised
porphyrins via the Lindsey method, these groups must be protected. In contrast, the AdlerLongo method can be used to obtain the porphyrins directly and for this reason is more
appealing.

•

Aminophenyl-functionalised porphyrins cannot be prepared directly. Either a nitrophenylsubstituted intermediate, which after the synthesis of the porphyrin is reduced to the amine
can be synthesised.52-54 Or, the amine can be protected with an acetyl group during the
porphyrin synthesis.55

•

Equipping the porphyrin moieties with long aliphatic tails will enhance the solubility of the
disks and their assemblies in organic solvents.

•

Introduction of chirality into the tails of the porphyrin moieties might result in the
formation of chiral assemblies. Such assemblies allow the application of additional probing
tools e.g. CD spectroscopy, to study the aggregation behaviour

•

Single crystals, which are suitable for X-ray structure determination, of the porphyrin
compounds would allow the study of their solid state arrangement, which would providing
valuable information about their packing in the assemblies. In order to obtain such crystals,
the porphyrin periphery should not contain flexible chains attached to the mesophenylsubstituents.
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2.2 Results and discussion
Synthesis of mono-functionalised porphyrins
Porphyrins 1a-d were synthesised via the Adler-Longo method (Scheme 2.2). A statistical mixture of the
corresponding benzaldehydes was used to synthesise 1d. After column chromatography, this compound
could be isolated from the crude reaction mixture in a yield of 4-5 %. In contrast, when the same method
was applied to synthesise 1a, the desired compound was isolated in a yield of only 1 %, while the crude
reaction mixture of 1a contained a very large fraction of 21H,23H-5,10,15,20-tetrakis-(p-dodecoxyphenyl)porphyrin. To increase the yield, compound 1a was synthesised using, a 2:1 ratio of 4dodecoxybenzaldehyde and 4-nitrobenzaldehyde instead of a 3:1 ratio. A similar procedure was applied for
the synthesis of 1b and 1c. After column chromatography these compounds could be isolated in yields of 35 %.
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Scheme 2.2 Synthesis of porphyrins 1a-g.
Subsequently, the nitro-groups of 1a-c were reduced to yield the amine-functionalised porphyrins by
stirring them in a diethyl ether solution saturated with hydrochloric acid in the presence of several
equivalents of tin(II)chloride as a catalyst.49 The aminoporphyrins 1e-g were obtained in yields of 80-95%
(Scheme 2.2).

Synthesis of trimeric building blocks
The synthesis of the porphyrin trimers is rather straightforward. The amide- and ester-linked porphyrin
trimers (Scheme 2.3A) were typically synthesised by adding one equivalent of trimesoyl chloride to 3.3
equivalents of the porphyrin dissolved in freshly distilled dichloromethane at 0 ˚C, in the presence of a
droplet of pyridine. The purification and characterisation of the trimers turned out to be more troublesome.
Due to slight differences in polarity between the trimers and the impurities, in combination with the
tendency of the trimers to self-assemble, purification via conventional column chromatography was
troublesome. Fortunately, size exclusion chromatography (SEC) using bio-beads as a stationery phase and
toluene as an eluent turned out to be a convenient method to isolate all trimers in good yields (70-80%).
In addition to porphyrins, also other chromophoric molecules were coupled to the tris-amidebenzene core.
By reacting an amino-functionalised corrole and an amino-functionalised perylene with trimesoylchloride, a
tris-amide-corrole (TACo) and a tris-amide-perylene (TAPe) were obtained in yields of 54% and 55%
respectively (Scheme 2.3B&C).
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Scheme 2.3. Chemical structures and synthetic routes of a library of trimers based on A) Porphyrins, B) Corroles, C)
Perylenes.
In addition, tryptophan- and alanine-based trimers were synthesised (Scheme 2.4) with the objective to use
these compounds to induce chirality into the columnar assemblies formed by TAPe. This concept and its
results are discussed in Chapter 5. The synthetic route to these amino acid-based compounds is similar to
that of the previously described chromophoric trimers. In case of the alanine-based trimers (L-TAAla and
D-TAAla), 4 equivalents of the methyl ester of alanine were reacted with 1 equivalent of trimesoylchloride
in dichloromethane at 0 ˚C in the presence of a droplet of pyridine. In the case of the tryptophan trimer (LTATrp), first tryptophan was converted to its dodecyl ester to enhance solubility. In analogy with the
alanine trimer, 4 equivalents of the dodecyl ester of tryptophan were reacted with one equivalent of
trimesoyl chloride in dichloromethane at 0 ˚C in the presence of a droplet of pyridine. All three amino-acid
based trimers were isolated in yields of 70-80%.
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The synthesis of the tris-ether-porphyrin (TEP, Scheme 2.5) required a different approach; 3.3 equivalents
of building block 1d were reacted with 1 equivalent of 1,3,5-tri(bromomethyl)benzene in hot DMF in the
presence of 3 equivalents of K2CO3. Due to the presence of a large amount of impurities, TEP was
obtained in a relatively low yield (~ 30 %). Maldi-TOF suggested that the impurities mainly consisted of
unreacted building block 1d (m/z = 1183,8 amu (M+) and a compound containing only two porphyrin
moieties, i.e. the disubstituted product in which the remaining bromide had not been substituted or
replaced by an OH-group (m/z ≈ 2481 amu (C169H212N8O8+), m/z ≈ 2584 amu (C169H211BrN8NaO8+)).
Remarkably, neither an increase of the number of equivalents of 1d to 4, nor elongation of the reaction
time resulted in a significant increase in yield.
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Scheme 2.5. Synthesis and chemical structures of TEP.
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Synthesis and conformational behaviour of a hexa-ester-porphyrin
In analogy with the previously described hexa-ether-porphyrin (HEP, Figure 1.15A),56 the hexa-esterporphyrin (HEsP, Scheme 2.6) was constructed. HEsP can be synthesised in a similar fashion as TEsP,
starting from porphyrin 1d and benzene-1,2,3,4,5,6-hexa(carbonylchloride) (Scheme 2.6). According to the
literature, the latter compound can be prepared by treating mellitic acid with an excess of phosphorous
pentachloride.57 Its purification should be straightforward, viz. by slow crystallisation from hot toluene.
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Scheme 2.6. Synthesis of HEsP.
In our hands, the synthesis of benzene-1,2,3,4,5,6-hexa(carbonylchloride), however, turned out to be
somewhat troublesome, because its identification and determination of purity is difficult. 1H-NMR
techniques could not be used to sufficiently characterise the product and hence it was analysed by infrared
spectroscopy, electron ionization mass spectrometry and melting point analysis. The obtained product
exhibited a melting range of 245-246 °C, which is in agreement with the reported value in literature of 245247 °C.57
In its IR spectrum a C=O stretching vibration characteristic for an acyl chloride was present at 1819 cm-1.
The OH stretching vibration of the carboxylic acids groups had disappeared, as well as the C=O stretching
vibrations of the mellitic acid, which appear as two bands at 1744 cm-1 and 1630 cm-1, respectively. The EI
mass spectrum has a base peak of m/z 417, which corresponds to the mass of the desired product (452
g/mol) minus one chloride ion (35 g/mol), which can be easily eliminated in the ionization process.
Reaction of the product with ethanol resulted in the formation of hexaethyl benzene-1,2,3,4,5,6hexacarboxylate. All these observations indicated that the isolated product was the desired benzene1,2,3,4,5,6-hexa(carbonylchloride), and it was used in the second step in the synthesis of HEsP (Scheme
2.6). When the first step was repeated, the purification of the product, viz. by slow crystallisation from
toluene, yielded single crystals suitable for X-Ray diffraction. Unexpectedly, the unit cell did not contain
benzene-1,2,3,4,5,6-hexa(carbonylchloride), but instead a mixture of at least two different structural isomers
(Figure 2.4). The crystal structure determination exhibited a relatively large R-value (0.08144) and some
unassigned electron density remained near the carbonyl groups, which is attributed to the presence of
additional structural isomers within the single crystal.
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Figure 2.4. Crystal structure of the obtained products in step 1 of the HEsP synthesis (Scheme 2.6). Instead of benzene1,2,3,4,5,6-hexa(carbonylchloride), the unit cell contains two structural isomers: one isomer with two 5-membered rings (B)
and one with three 5-membered rings (C)
The presence of these structural isomers can be explained according to the routes proposed in Scheme 2.7.
Route A is the standard reaction mechanism for the conversion of a carboxylic acid to an acyl chloride.58 In
intermediate IIIA, a chloride ion leaves together with a proton of the hydroxyl group of the carboxylic acid,
to which the PCl5 molecule was coupled, leading to the formation of an acyl chloride. In intermediate IIIB
of the alternative route B, a chlorine atom leaves together with the hydroxyl proton of a neighbouring
carboxylic acid, and after two subsequent steps a 5-membered ring is formed.
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Scheme 2.7. Proposed mechanisms for the formation of the various isomeric products that are obtained during the synthesis of
benzene-1,2,3,4,5,6-hexa(carbonylchloride) (carboxylic acids that are not involved in the mechanism are omitted for clarity).
Route A is the standard mechanism for conversion of a carboxylic acid into an acyl chloride. Route B is the mechanism by
which the linking of two adjacent carboxylic acids leads to the formation of a 5-membered ring.
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The mechanism proposed in route B exhibits neither regioselectivity nor stereoselectivity and hence,
besides the two isomers found in the X-ray structure (Figure 2.5A&B), two other isomers are possible
(Figure 2.5C&D).
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Figure 2.5. Four structural isomers that can be formed by the mechanism depicted in Scheme 2.7. Products A and B were
observed in the crystal structure shown in Figure 2.4.

Conformational analysis of HEsP
Like HEP,56 HEsP is expected to have a propeller-like shape and PM3-calculations were performed to
check this hypothesis (Figure 2.6A). The calculations revealed that the six porphyrin moieties are arranged
in three overlapping pairs, indeed resulting in a propeller-like shape of this compound.
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Figure 2.6. A) PM3-calculated structure of HEsP with methyl instead of dodecyl tails to reduce computational time. B)
Nomenclature used for HEsP.
1H-NMR

spectroscopy showed that in CDCl3 at room temperature the proton signals of the cis-phenyl
rings and the cis-tails (Figure 2.6B) of HEsP were shifted up-field and broadened when compared to the
same proton signals of porphyrin 1d (Figure 2.7A). In contrast, the proton signals of the trans-phenyl
groups and the trans-tails (Figure 2.6B) were sharp and did not display a significant shift. The observed
shifts in the 1H-NMR spectrum are in agreement with the intramolecular overlap between the porphyrin
moieties as predicted by the PM3-calculations. This overlap should result in inequivalent environments for
the cis-phenyl ring and cis-tail protons. However, at room temperature, the 1H-NMR spectrum of HEsP
pointed to a symmetric compound, which is likely the result of a fast exchange between conformers on the
NMR timescale (Figure 2.7B). Upon gradual cooling of the solution, broadening of the signals, shifting and
most importantly splitting of the proton signals of the cis-phenyl groups and cis-tails was observed, while the
proton signals of the trans-phenyl groups and trans-tails did not significantly change (Figure 2.7A). This
observation is in good agreement with the proposed propeller-shaped structure (Figure 2.6A); the exchange
rate decreases upon cooling and as a result the inequivalency of the porphyrin moieties is revealed.
47

Chapter 2
A

B

Figure 2.7A) Variable temperature 1H-NMR spectra of HEsP in CDCl3. B) Schematic representation of two possible
conformers of HEsP.

2.3 Concluding remarks
In this chapter the design and synthesis of several trimeric disk-shaped molecules has been described. Their
preparation is rather straightforward, which contrasts sharply with their difficult purification. Fortunately,
size exclusion chromatography turned out to be a powerful tool to obtain the compounds in a pure form.
The concept of using amine-functionalised (chromophoric) moieties and trimesoylchloride to construct
trimeric amide-linked disk-shaped molecules can be easily adopted to a wide variety of compounds.10 As
such, the trimesoylamide core seems to be a useful building block to prepared self-assembled materials.

2.4 Experimental section
General
Dichloromethane and chloroform were distilled from CaH2 prior to use. Pyrrole was purified by flash
column chromatography over aluminium oxide (Acros, activated, neutral, size 0.05-0.20 mm). All other
commercial chemicals were used as received. Acros silica gel 60 (size 0.035 – 0.070 mm, pore size 6 nm)
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was used for column chromatography, BioRad BioBeads SX-1 were used for size-exclusion
chromatography.

Instrumental
NMR spectra were recorded on Bruker DPX200, Bruker DMX300 or Varian Inova400 instruments.
Chemical shifts are reported in ppm downfield with respect to the solvent peak. Abbreviations used are:
s (singlet), d (doublet), q (quartet), qn (quintet), m (multiplet) and dd (double doublet). Maldi-TOF spectra
were measured on a Bruker Biflex III spectrometer in reflection mode. The samples were prepared by
mixing 10 μl of a dilute solutions of the molecule in chloroform with an equal amount of matrix solution
(dithranol; 20 mg/ml in chloroform) and a droplet of this mixture was put on a sample plate. Elemental
analyses were determined with a Carlo Erba Ea 1108 instrument. Optical rotations were measured on a
Perkin Elmer 241 polarimeter. The specific rotations are reported in degrees, [α]λT (λ = wavelength, T =
temperature (°C)) together which the concentration (c in g ml-1 and solvent). Melting points were
determined on a Buchi B-545 melting point apparatus and are uncorrected.

Synthesis of porphyrin-based trimers
p-Dodecoxybenzaldehyde
p-Dodecoxybenzaldehyde was synthesised according to a literature procedure.18
9t

10t
5t
8t 7t

6t

1t
4t

3t

2t

R

(S)-3,7-Dimethyl-1-octanol
(S)-3,7-Dimethyl-6-octen-1-ol (50.0 g, 320 mmol) and Pd/C (2.0 g, 10 % mol) were mixed in 60 ml of
EtOAc, after which the mixture was shaken under 3 bar of H2 pressure for 7.5 hours. The Pd/C catalyst
was then filtered off and the solvent was evaporated. Yield: 50.4 g (99.5 %) as a colourless oil. 1H-NMR
(CDCl3, 200 MHz) δ (ppm): 3.65 (m, 2H, H-1t ), 1.92 (s, 1H, OH), 1.64-1.10 (m, 10H, H-2t-7t), 0.87 (d, 3H,
H-9t, J = 6.5 Hz), 0.84 (d, 6H, H-8t,10t, J = 6.6 Hz); [α]D24= -2.73 * 10-1 deg cm2 g-1 (c 10, EtOH).

(3S)-1-bromo-3,7-dimethyloctane
To a solution of 50.09 g (322 mmol) of 3,7-dimethyl-1-octanol and 90.5 g (345 mmol) of
triphenylphosphine in 190 ml of dichloromethane was added in portions 57.32 g (322 mmol) of Nbromosuccinimide, while cooling the mixture on an ice-bath. After stirring at room temperature for 2
hours, the solvent was evaporated. The residue was suspended in n-hexane, this suspension was filtered and
the residue was washed thoroughly with n-hexane. Yield: 37 g (47 %) of a colourless oil.
1H-NMR (CDCl , 300 MHz) δ (ppm): 3.62 (m, 2H, H-1 ), 2.17 (m, 1H, H-3 ), 1.8-1.25 (m, 9H, H-2 , 4 -7 ),
3
t
t
t
t t
13
1.12 (m, 9H, H-8t -10t); C-NMR (CDCl3, 50 MHz) δ (ppm): 40.2 (C1t), 39.3 (C6t), 36.8 (C4t), 31.7 (C2t),
31.3 (C3t), 28.0 (C7t), 24.7 (C5t), 22.6 (C8t), 22.5 (C10t), 18.9 (C9t); [α]24D= - 3.5 * 10-1 deg cm2 g-1 (c 10,
EtOH).
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(3S)-4-(3,7-Dimethyloctoxy)benzaldehyde
p-Hydroxybenzaldehyde (16.9 g, 137 mmol) and 33.21 g (150 mmol) of (3S)-1-bromo-3,7-dimethyloctane
were dissolved in 140 ml DMF. After adding 60 g (434 mmol) of K2CO3, the mixture was refluxed for 3
hours. After cooling and filtration, the solution was concentrated and the residue purified by column
chromatography on silica (eluent: hexane/EtOAc (8:1, v/v)). The second fraction was the desired product.
Yield: 26.26 g (60 %) of product as a colourless oil. 1H-NMR (CDCl3, 200 MHz) δ (ppm): 9.86 (s, CHO,
1H), 7.83 (d, CH o-C6H4, 2H, J = 8.3 Hz), 7.00 (d, CH m-C6H4, 2H, J = 8.6 Hz), 4.07 (t, H-1t, 2H, J = 6.5
Hz), 1.84 (m, 2H, H-2t, J = 6.8 Hz), 1.37-1.14 (m, 8H, H-3t-7t), 0.95 (d, 3H, H-9t, J = 6.3 Hz), 0.87 (d, 6H,
H-8t,10t J = 6.6 Hz); 13C-NMR (CDCl3, 50 MHz) δ (ppm): 190.6 (C6H3-CO), 164.1 (i-C6H4) 131.8 (o-C6H4),
129.6 (p-C6H4), 114.6 (m-C6H4), 66.6 (C1t), 39.1, 37.1, 35.9, 27.9, 24.6, 22.6 (C2 t-C7t), 22.7 (2C, C8t,C10t),
19.8 (C9t); [α]24D= - 6.4 * 10-1 deg cm2 g-1 (c 1.03, EtOH).
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21H,23H-5-p-Nitrophenyl-10,15,20-tris-(p-dodecoxyphenyl)porphyrin (1a)
p-Dodecoxybenzaldehyde (8.0 g, 27.5 mmol), p-nitrobenzaldehyde (2.0 g, 13.77 mmol) and pyrrole (2.4 g,
41.3 mmol) were dissolved in propionic acid (250 ml) and this solution was refluxed for 2 hours. The
solvent was removed under vacuum and the product purified by column chromatography (eluent:
dichloromethane), yielding a purple solid. Yield: 4%.
1H-NMR

(CDCl3, 300 MHz): δ (ppm): 8.92 (d, 2H, H-2,8-β-pyrrole, J = 4.7 Hz), 8.89 (s, 4H, H-

12,13,17,18-β-pyrrole), 8.72 (d, 2H, H-3,7 β-pyrrole, J = 4.9 Hz), 8.63 (d, 2H, CH m-C6H4-NO2, J = 8.8
Hz), 8.40 (d, 2H, CH o-C6H4-NO2, J = 8.8 Hz), 8.11, 8.10 (2d, 6H, CH o-C6H4-OC12H25 J = 8.6 Hz), 7.28
(d, 6H, CH m-C6H4-OC12H25, J = 8.6 Hz), 4.26 (t, 6H, OCH2C11H23 J =6,3 Hz), 1.99 (m, 6H,
OCH2CH2C10H21 J = 7,6 Hz), 1.63 (m, 6H, OC2H4CH2C9H19 ), 1.36 (broad, 48H, OC3H6C8H16CH3), 0.90
(broad, 9H, O-C11H22CH3), -2.65 (s, broad, 2H, NH-porphyrin).

21H,23H-5-p-Nitrophenyl-10,15,20-tris-(p-(S)-3,7-dimethyloctoxyphenyl)porphyrin (1b)
(3S)-4-(3,7-Dimethyloctoxy)benzaldehyde (8.0 g, 30.5 mmol), p-nitrobenzaldehyde (1.6 g 10.9 mmol) and
pyrrole (2.1 g, 40 mmol) were dissolved in propionic acid (200 ml) and this solution was refluxed for 2
hours. The solvent was removed under vacuum and the product was purified by column chromatography
(eluent: dichloromethane), yielding a purple solid. Yield: 230 mg (3%).
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1H-NMR

(CDCl3, 400 MHz): δ (ppm): 8.92 (d, 2H, H-2,8-β-pyrrole, J = 4.7 Hz), 8.93 (s, 4H, H-

12,13,17,18-β-pyrrole), 8.75 (d, 2H, H-3,7 β-pyrrole, J = 4.9 Hz), 8.57 (d, 2H, CH m-C6H4-NO2, J = 8.8
Hz), 8.34 (d, 2H, CH o-C6H4-NO2, J = 8.8 Hz), 8.12, 8.10 (2d, 6H, CH o-C6H4-OC10H21, J = 8.6 Hz), 7.28
(d, 6H, CH m-C6H4-OC10H21, J = 8.6 Hz), 4.28 (t, 6H, H-1t, J = 6.3 Hz), 1.84 (m, 6H, H-2t, J = 6.8Hz),
1.37-1.14(m, 24H, H-3t-7t,), 0.95 (d, 9H, H-9t, J = 6.3 Hz), 0.87 (d, 12H, H-8t,10t, J = 6.6 Hz), -2.65 (s,
broad, 2H, NH-porphyrin). 13C-NMR (CDCl3, 50 MHz): δ = 159.6 (p-C6H4-OC10H21), 149.6 (p-C6H4-NO2),
148.1 (i-C6H4-NO2), 136.0 (o-C6H4-OC10H21), 135.6 (o-C6H4-NO2), 134.4 (15’-i-C6H4-OC10H21), 134.3
(10’,20’-i-C6H4-OC10H21), 131.8 (broad, β-pyrrole), 122.1 (m-C6H4-NO2), 121.4 (1C, C15), 120.9 (2C,
C10,20), 116.8 (C5), 113.2 (m-Ph-OC10H21), 67.1 (C1t), 39.7(C6t), 37.8 (C4t), 36.8 (C2t), 30.4 (C3t),
28.4(C7t), 25.1 (C5t), 22.9 (C8t), 22.8 (C10t), 19.9 (C9t). Maldi-TOF: M+ = 1127.4, calculated: 1127.7.

21H,23H-5-p-Nitrophenyl-10,15,20-tris-(p-tolyl)porphyrin (1c)52
p-Nitrobenzaldehyde (7.51 g, 49.7 mmol) and p-tolylaldehyde (12 g, 100 mmol) were dissolved in 500 ml of
propionic acid at 170°C. Pyrrole (9 g, 136 mmol) was added and the mixture was refluxed for 2 hours. The
solution was left to cool overnight. The solvent was removed under vacuum. The product was washed with
a 40/60 (v/v) chloroform/methanol mixture. After the washing step the compound was purified by
column chromatography (eluent: mixture of 60/40 (v/v)) dichloromethane/petroleum ether (80-100°C)),
yielding the product as a purple solid. Yield: 3%.
1H-NMR

(CDCl3, 400 MHz) δ (ppm): 8.91 (d, 2H, H-2,8 β-pyrrole, J = 4.7 Hz), 8.87 (s, 4H, H-12,13,17,18

β-pyrrole), 8.72 (d, 2H, H-3,7 β-pyrrole, J = 4.7 Hz), 8.63 (d , 2H, CH m-C6H4-NO2 , J = 8.0 Hz), 8.39 (d,
2H, CH o-C6H4-NO2, J = 8.1 Hz), 8.09 (d, 6H, CH o-C6H4-CH3, J =7.7 Hz),7.57 (d , 6H, CH m-C6H4-CH3,
J = 5.1 Hz), 2.70 (s, 9H, CH3), -2.77 (s, 2H, NH-porphyrin).

5-(p-Hydroxyphenyl)-10,15,20-tris-(p-dodecoxyphenyl)porphyrin (1d).
To a refluxing mixture of p-hydroxybenzaldehyde (2.78 g, 22.8 mmol) and p-dodecoxybenzaldehyde (20.0 g,
68.9 mmol) in 250 ml of propionic acid, pyrrole (6.16 g, 91.9 mmol) was added. After refluxing for 2.5
hours, the solvent was evaporated. The product was purified by column chromatography (eluent:
CH2Cl2/hexane (9:1, v/v)) yielding the product as a purple solid. Yield: 5%.
(CDCl3, 300 MHz) δ (ppm): 8.82 (s, 4H, H-12, 13,17,18 β-pyrrole), 8.78 (2d, 4H, H-2,3,7,8 βpyrrole, J = 5.1 Hz), 8.04 (d, 2H, CH 15’-o-C6H4-OC12H25, J = 9.6 Hz), 8.01 (d, 4H, CH 10’,20’-o-C6H4OC12H25, J = 8.6 Hz), 7.91 (d, 2H, CH o-C6H4-OH, J = 8.4 Hz), 7.17 (d, 2H, CH 15’-m-C6H4-OC12H25, J =
9.6 Hz), 7.14 (d, 4H, CH 10’,20’-m-C6H4-OC12H25, J = 8.6 Hz), 6.86 (d, 2H, CH m-C6H4-OH, J = 8.4 Hz),
4.13 (t, 2H, 15’-p-C6H4-OCH2C11H23, J = 6.9 Hz), 4.11 (t, 4H, 10’,20’-p-C6H4-OCH2C11H23, J = 6.6 Hz), 1.90
(m, 6H, OCH2CH2C10H21), 1.43 (m, 6H, OC2H4CH2C9H19), 1.38 (broad, 48H, OC3H6C8H16CH3), 0.89 (t,
9H, OC11H22CH3, J = 6.3 Hz), -2.65 (s, broad, 2H, NH-porphyrin).
1H-NMR

21H,23H-5-p-Aminophenyl-10,15,20-tris(-p-dodecoxyphenyl)porphyrin (1e)
SnCl2.H2O (0.5 g, 2.0 mmol) and 1a (300 mg, 0.25 mmol) were dissolved in 200 ml of HCl-saturated diethyl
ether. The mixture was stirred for 48 hours in the dark at room temperature, and afterwards 200 ml of
aqueous 3M NaOH was added. The organic layer was separated and washed with successively an aqueous
sat. NaHCO3 solution and with brine (3x), and dried over MgSO4. After filtration and evaporation of the
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solvent a purple solid was obtained, which was purified by column chromatography (eluent: toluene). Yield:
95%.
(CDCl3, 200 MHz): δ (ppm): 8.95 (m, broad, 8H, β-pyrrole), 8.13 (d, 6H, CH o-C6H4-OC12H25, J
= 8.4 Hz), 8.00 (d, 2H, CH o-C6H4-NH2, J = 8.2 Hz), 7.25 (d, 6H, CH m-C6H4 -OC12H25, J = 8.3 Hz), 6,99
(d, 2H, CH m-C6H4-NH2, J = 8.3 Hz ), 4.20 (t, 6H, OCH2C11H23, J = 6,2 Hz), 3.90 (s, broad, 2H, NH2),
1.97 (m, 6H, OCH2CH2C10H21), 1.63 (m, 6H, OC2H4CH2C9H19), 1.36 (m, 48H, OC3H6C8H16CH3), 0.96 (m,
1H-NMR

9H, OC11H22CH3), -2.65 (s, broad, 2H, NH-porphyrin). 13C-NMR (CDCl3, 50 MHz): δ = 158.9 (p-C6H4OC12H25), 145.9 (C-NH2), 135.6 (o-C6H4-OC12H25), 134.4 (o-C6H4-NH2), 130.9 (broad, β-pyrrole), 113.4 (mC6H4-NH2), 112.6 (m-C6H4-OC12H25), 68.2 (OCH2C11H23), 32.0, 29.7, 29.5, 29.5, 29.4, 26.2, 22.7 (all, -CH2),
14.2 (CH3).

21H,23H-5-p-Aminophenyl-10,15,20-tris-(p-3,7-dimethyloctoxyphenyl)porphyrin (1f).
SnCl2.H2O (0.5 g, 2 mmol) and 2 (200 mg, 0.16 mmol) were dissolved in 200 ml of HCl-saturated diethyl
ether. The mixture was stirred for 48 hours in the dark and then 200 ml of aqueous a 3M NaOH solution
was added. The organic layer was separated and washed with successively an aqueous sat. NaHCO3
solution and with brine (3x), and dried over MgSO4. After filtration and evaporation of the solvent a purple
solid was obtained, which was purified by column chromatography (eluent: toluene). Yield: 163 mg (81%).
(CDCl3, 200 MHz): δ (ppm): 8.86 (m, broad, 8H, β-pyrrole), 8.13 (d, 6H, CH m-C6H4-OC10H21, J
= 8.6 Hz), 8.06 (d, 2H, CH m-C6H4-NH2, J = 8.3 Hz), 7.24 (d, 6H, CH o-C6H4-OC10H21, J = 8.3 Hz), 7.05
(d, 2H, CH o-C6H4-NH2, J =8.3 Hz ), 4.27 (t, 6H, OCH2C9H19, J =6,2 Hz), 4.00 (s, 2H, NH2), 1.97 - 0.88
1H-NMR

(m, 19H, OCH2C7H14), -2.74 (s, broad, 2H, NH-porphyrin). 13C-NMR (CDCl3, 50 MHz): δ = 158.9 (iC6H4-OC10H21), 145.9 (i-C6H4-NH2),), 135.6 (o-C6H4-OC10H21), 134.5 (o-C6H4-NH2), 131.1 (broad, CH βpyrrole), 113.4 (m-C6H4-NH2), 112.7 (o-C6H4-OC10H21), 66.6 (C1t), 39.3 (C6t), 37.4 (C4t), 36.4 (C2t), 30.0
(C3t), 28.0 (C7t), 24.8 (C5t), 22.8 (C8t), 22.7 (C10t), 19.8 (C9t).

21H,23H-5-p-aminophenyl-10,15,20-tris-p-tolylporphyrin (1g)
21H,23H-5-p-Aminophenyl-10,15,20-tris-p-tolylporphyrin was synthesised according to a literature
procedure.52

Porphyrin trimer (n-TAP)
Compound 1e (285 mg 0.24 mmol) and a drop of distilled pyridine were dissolved in dichloromethane (50
ml) under nitrogen atmosphere. After cooling to 0 °C, trimesoyl chloride (17.8 mg, 0.07 mmol) was added
and the mixture stirred for 2 hours, while it was allowed to warm to room temperature. The solvent was
removed under vacuum and the product was purified by column chromatography (eluent: 1% methanol in
chloroform (v/v)) followed by size-exclusion chromatography (eluent: toluene). Yield: 90 % of a purple
solid.
1H-NMR

(toluene-D8 with a droplet of DMSO-D6, 400 MHz): δ = 9.59 (s, broad, 3H central benzene),

9.09 (d, broad, 6H, H-C3,7-β-pyrrole, J = 5.1 Hz), 9.01 (d, 6H, broad H-C2,8-β-pyrrole, J = 5.2 Hz), 8.99
(s, broad, 12H, H-C12,13,17,18-β-pyrrole), 8.84 (d, 6H, CH-m-C6H4-NH, J = 8.4 Hz), 8.32 (d, 6H, CH oC6H4-NH, J = 8.5 Hz), 8.19 (d, 18H, CH o-C6H4-OC12H25, J = 8.4 Hz), 7.22 (d, 18H, CH m-C6H4-OC12H25,
J = 8.5 Hz), 3.99 (t, 18H, OCH2C11H23, J = 5.9 Hz), 1.84 (m, 18H, OCH2CH2C10H21), 1.52 (m, 18H,
52
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OC2H4CH2C9H19), 1.28 (m, 144H, OC3H6C8H16CH3), 0.88 (broad, 27H, O-C11H22CH3), -2.26 (s, broad,
6H, NH-porphyrin). 13C-NMR (CDCl3 with a droplet of DMSO-D6, 50 MHz): δ (ppm): 164.9 (CH-CC=O central benzene), 158.2 (p-C6H4-OC12H25), 146.6 (p-Ph-NH), 138.2 (o-C6H4-NH), 137.3 (CH-C-C=O
central benzene), 135.4 (o-C6H4-OC12H25), 133.2 (i-C6H4-OC12H25), 130.4 (broad, β-pyrrole), 119.2
(C10,15,20), 118.8 (C5), 118.5 (m-C6H4-NH), 112.0 (m-C6H4-OC12H25), 67.5 (OCH2C11H23), 31.2, 28.9, 25.5,
22.0, 13.5 (all, OCH2C11H23). Maldi-TOF: M+: 3702.9, calculated: 3703.4. Elemental analysis: calculated for
C249H306N15O12.H2O: C: 80.35 %, H: 8.42 %, N: 5.64 %, measured: C: 80.09 %, H: 8.33 %, N: 5.59 %.

Chiral porphyrin trimer (c-TAP)
Compound 1f (163 mg 0.13 mmol) and a drop of distilled pyridine were dissolved in dichloromethane (50
ml) under nitrogen atmosphere. At 0°C, trimesoyl chloride (10.8 mg, 0.04 mmol) was added and the
mixture was stirred for 2 hours while it was allowed to warm to room temperature. The solvent was
removed under vacuum and the product was purified by column chromatography (eluent: 1% methanol in
chloroform (v/v)) followed by size-exclusion chromatography (eluent: toluene). Yield: 95 mg (86 %) of a
purple solid.
1H-NMR

(CDCl3 with a droplet of DMSO-D6, 400 MHz): δ (ppm): 10.33 (s, broad, 3H, NH amide) 9.10

(s, 3H CH central benzene), 8.85 (d, broad, 6H, H-C3,7-β-pyrrole, J = 4.8 Hz), 8.80 (d, 6H, broad H-C2,8β-pyrrole, J = 4.8 Hz), 8.78 (s, broad, 12 H, H-C12,13,17,18-β-pyrrole), 8.28 (d, 6H, CH o-C6H4-NH, J =
8.0 Hz), 8.23 (d, 6H, CH m-C6H4-NH, J = 8.4 Hz), 8.19 (d, 18H, CH o-C6H4-OC10H21, J = 8.4 Hz), 8.00 (t,
18H, CH m-C6H4-OC12H25, J = 7.4 Hz), 4.20 (t, 18H, H-1t, J = 5.2 Hz), 1.93 (m, 9H, H-4t), 1.75 (m, 9H, H3t), 1.70 (m, 18H, H-4t), 1.50 (m, 18H, H-7t), 1.34 (m, 18H, H-5t), 1.28 (m, 9H, H-2t), 1.21 (m, 18H, H-7t),
1.15 (m, 18H, H-6t), 0.97 (m, 27H, H-9t), 0.82 (m, 54H, H-8t,10t), -2.65 (s, broad, 6H, NH-porphyrin). 13CNMR (CD2Cl2 with a droplet of DMSO-D6, 75 MHz): δ = 190.0 (3C, C=O), 165.6 (CH-C-C=O central
benzene), 159.5 (C15’-p-C6H4-OC10H21), 159.1 (C10’,20’-p-C6H4-OC10H21), 147.5 (p-C6H4-NH), 138.8 (oC6H4-NH), 136.6 (CH-C-C=O central benzene), 135.9 (C15’-o-C6H4-OC10H21), 135.6 (C10’,20’-o-C6H4OC10H21), 134,5 (C15’i-C6H4-OC10H21), 134.2 (C10’,20’-i-C6H4-OC10H21), 131.3 (broad, β-pyrrole), 130.5
(broad, β-pyrrole), 120.5 (C15), 120.2 (C10,20), 119.6 (C5), 119.5 (m-C6H4-NH), 113.1 (C15’-m-C6H4OC10H21), 112.7 (C10’,20’-m-C6H4-OC10H21), 67.1 (C15’-C1t), 66.7 (C10’,20’-C1t), 39.7(C6t) 37.7 (C4t),
36.7(C2t), 30.4(C3t), 30.3 (C3t), 30.0(C3t), 28.4 (C7t), 25.1(C5t), 22.9 (C8t), 22.8 (C10t), 19.9 (C9t). MaldiTOF: M+: 3452.2, calculated: 3451.7. Elemental analysis: calculated for C231H273N15O12.H2O: C: 79.96 %, H:
7.99 %, N: 6.06 %, measured: C: 79.33 %, H: 7.90 %, N: 5.94 %.

Tolyl-tris-amideporphyrin (t-TAP)
Compound 1g (215 mg, 0.32 mmol) and trimesoyl chloride (26.3 mg, 100 μmol) were dissolved in
dichloromethane (40 ml), under a nitrogen atmosphere. The mixture was stirred at 0°C, and after 5 min. a
drop of pyridine was added. The mixture was stirred overnight and allowed to warm to room temperature.
The solvent was removed in vacuum and the product was purified by column chromatography with THF
as eluent, followed by size-exclusion chromatography with toluene as eluent. After removal of the solvent,
the product was dissolved in a minimum amount of distilled chloroform with some drops of trifluoroacetic
acid, yielding a green solution. Pyridine was added until the solution was purple again, and an equal volume
of n-hexane was added, producing a precipitate. After filtration, the precipitate was washed with water, and
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allowed to dry. The product was redissolved in chloroform and this solution was washed twice with a
aqueous saturated NaHCO3 solution, and twice with brine. The organic layer was dried with anhydrous
Na2SO4 and the solvent was removed in vacuum. The resulting solid was recrystallised from a chloroform /
methanol mixture (20/80, v/v), yielding t-TAP in approximately 70% as a purple solid.
1H-NMR (CDCl with a droplet of DMSO-D6, 400 MHz) δ (ppm): 10.29 (s, 3H, NH amide), 9.10 (s, 3H,
3
CH central benzene), 8.87 (d, 6H, H-C3,7-β-pyrrole, J = 4.7 Hz), 8.82 (d, 6H, H-C2,8-β-pyrrole, J = 4.5
Hz), 8.78 (s, 12H, H-C12,13,17,18-β-pyrrole), 8.27 (d, 6H, CH o-C6H4-NH, J = 7,4 Hz), 8 20 (d, 6H, CH mC6H4-NH, J = 8.2 Hz), 8.01 (d , 18H, CH o-C6H4-CH3, J = 6.4 Hz), 7.47 (d, 18H, CH m-C6H4-CH3, J = 7.6
Hz), 2.62 (s, 27H, CH3), -2.85 (s, 6H, NH-porphyrin). Maldi-TOF: M+: 2170.3, calculated: 2170.9.
Elemental analysis: calculated for C150H111N15O3·3H2O: C: 80.30 %, H: 5.35 %, N: 9.36 %, measured: C:
80.42 %, H: 5.25 %, N: 9.25 %.

Tris-ester-porphyrin (TEsP)
Under a nitrogen atmosphere, 1d (190 mg, 0.16 mmol) was dissolved in 30 ml of CH2Cl2. The solution was
cooled to 0° C and trimesoyl chloride (12.8 mg, 0.05 mmol) and 2 drops of triethylamine were added and
the mixture was stirred overnight while allowing it to warm to room temperature. The solvent was removed
under vacuum and the residue was purified by column chromatography (eluent: CHCl3) and size-exclusion
chromatography (eluent: toluene), yielding TEsP in 85 % as a purple solid.
1H-NMR (CDCl , 400 MHz) δ = 9.68 (s, 3H, CH central benzene), 8.95 (s, 12H, H-C2,3,7,8-β-pyrrole),
3
8.90 (s, 12H, H-C12,13,17,18-β-pyrrole), 8.39 (d, 6H, CH o-C6H4-OCO, J = 8.6 Hz), 8.13 (d, 12H, CH
10’,20’-o-C6H4-OC12H25, J = 8.6 Hz), 8.12 (d, 6H, CH 15’-o-C6H4-OC12H25, J = 8.6 Hz) 7.82 (d, 6H, CH mC6H4-OCO, J = 8.5 Hz), 7.29 (d, 12H, CH 10’,20’-m-C6H4-OC12H25, J = 8.9 Hz), 7.29 (d, 6H, CH 15’-mC6H4-OC12H25, J = 8.7 Hz), 4.26 (t, 18H, OCH2C11H23, J = 6.5 Hz), 1.99 (m, 18H, OCH2CH2C10H21),
1.62-1.25 (m, 162H, OC2H4C9H18CH3), 0.88 (broad, 27H, O-C11H22CH3), -2.72 (s, broad, 6H, NH
porphyrin. 13C-NMR (CD2Cl2, 75 MHz): δ (ppm): 164.0 (CH-C-C=O central benzene), 159.5 (C15’-pC6H4-OC12H25), 159.4 (C10,20’-p-C6H4-OC12H25), 151.1 (p- C6H4-OCO), 140.8 (o-C6H4-OCO), 136.7 (CHC-C=O central benzene) 135.8 (C15’-o-C6H4-OC12H25), 135.8 (C10,20’-o-C6H4-OC12H25), 134.5 (C15’-iC6H4-OC12H25), 134.3 (C10,20’-i-C6H4-OC12H25), 132.0 (i-C6H4-OCO), 131.4 (broad, β-pyrrole), 120.7
(C5), 120.4 (C10,15,20), 118.8 (m-C6H4-OCO), 113.1 (C15’-m-C6H4-OC12H25), 113.0 (C10,20’-m-C6H4OC12H25), 68.7 (C15’-C6H4-OCH2C11H23), 68.6 (C10,20’-C6H4-OCH2C11H23), 31.3, 30.1, 29.9, 26.6, 21.1 (all,
OCH2C10H20CH3), 14.3 (-CH3). Maldi-TOF: M+: 3708.17, calculated: 3707.17. Elemental analysis:
calculated for: C249H306N12O15: C: 80.67 %, H: 8.32 %, N: 4.53 %, measured: C: 80.68 %, H: 8.40 %, N:
4.32 %.

Tris-ether-porphyrin (TEP)
Compound 1d (50 mg, 42.2 μmol) and K2CO3 (5.9 mg, 42.2 μmol) were dissolved in 10 ml of DMF. To
this solution, 1,3,5-tris(bromomethyl)benzene (4.5 mg; 12.7 μmol) was added and the mixture was stirred at
130° C for 23 hours. The solvent was evaporated and the product was purified by column chromatography
(eluent: chloroform) and size-exclusion chromatography (eluent: toluene). TEP was obtained as a purple
solid in 11 % yield.
1H-NMR (CDCl , 400 MHz) δ (ppm): 8.90 (d, 6H, H-C3,7-β-pyrrole, J = 4.8 Hz), 8.85 (q, 18H, H3
C2,8,12,13,17,18-β-pyrrole, J = 5.1 Hz), 8.21 (d, 6H, CH m-C6H4-O, J = 8.6 Hz), 8.11 (d, 6H, CH 15’-m54
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C6H4-OC12H25, J = 8.6 Hz), 8.02 (d, 12H, CH 10’,20’-m-C6H4-OC12H25, J = 8.6 Hz), 7.98 (s, 3H, CH central
benzene), 7.50 (d, 6H, CH o-C6H4-O, J = 8.9 Hz), 7.27 (d, 6H, CH 15’-o-C6H4-OC12H25, J = 8.8 Hz), 7.14
(d, 12H, CH 10’,20’-o-C6H4-OC12H25, J = 8.7 Hz), 5.59 (s, 6H, C6H3(CH2O)3), 4.25 (t, 6H, 15’OCH2C11H23, J = 6.4 Hz), 4.09 (t, 12H, 10’,20’-OCH2C11H23, J = 6.4 Hz), 1.99 (qn, 6H, 15’OCH2CH2C10H21), J = 7.2 Hz), 1.88 (qn, 12H, 10’,20’-OCH2CH2C10H21), J = 6.9 Hz), 1.63 (qn, 6H, 15’OC2H4CH2C9H19, J = 7.2 Hz), 1.54 (qn, 12H, 10’,20’-OC2H4CH2C9H19, J = 7.2 Hz), 1.29 (m, 104H,
OC3H6C8H16CH3), 0.90 (t, 9H, 15’-OC11H22CH3, J = 6.8 Hz), 0.88 (t, 18H, 10’,20’-OC11H22CH3, J = 7.0
Hz), -2.73 (s, broad, 6H, NH-porphyrin). 13C-NMR (CDCl3, 75 MHz): δ (ppm): 158.9 (p-C6H4-OC12H25),
158.6 (p-C6H4-O), 138.2(CH-C-CH2O central benzene), 135.5 (m-C6H4-OC12H25), 134.4 (m-C6H4-O), 131.0
(β-pyrrole) , 119.8 (i-C6H4-OC12H25), 119.7 (i-C6H4-O), 113.2 (o-C6H4-O), 112.6 (o-C6H4-OC12H25), 70.2
(CH-C-CH2O central core), 68.2 (OCH2C11H23), 31.9 29.7 26.2 22.7 (all OCH2C10H20CH3), 14.1 (C12t).Elemental analysis: calculated for C249H312N12O12.3H2O: C: 80.41 %, H: 8.62 %, N: 4.52, measured: C:
80.27 %, H: 8.48 %, N: 4.37 %.

Synthesis of tris-amide-corrole
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10-(4-Aminophenyl)-5,15-di(4-dodecoxy-2,3,5,6-tetrafluorophenyl) corrole (R = NH2)
The corrole-amine was kindly donated by Dr. D. T. Gryko of the Polish Academy of Sciences.

Tris-amide-corrole (TACo)
10-(4-Aminophenyl)-5,15-di(4-dodecoxy-2,3,5,6-tetrafluorophenyl) corrole (85 mg, 0.08 mmol) and
trimesoyl chloride (6.4 mg, 24 μmol) were dissolved in 30 ml of CH2Cl2 under a nitrogen atmosphere, and
the mixture was stirred at 0°C. After two hours, one drop of pyridine was added to the solution. The
solution was stirred overnight and allowed to warm to room temperature. After evaporation of the solvent
the residue was purified several times by size-exclusion column chromatography (eluent: toluene). Yield: 42
mg (54 %) of product as a green-blue solid.
(CDCl3 with a droplet of DMSO-D6, 400 MHz): δ (ppm): 10.64 (s, 3H, NH -amide), 9.09 (s, 3H,
CH central benzene), 8.99 (s, broad, 6H, CH m-C6H4-NH), 8.69 (s, broad, 12H, H-C3,7,13,17-β-pyrrole),
8.46 (s, broad, 6H, CH o-C6H4-NH), 8.31 (s, broad, 6H, H-C9,12-β-pyrrole), 8.18 (s, broad, 6H, H-C2,18-βpyrrole), 4.47 (t, 12H, OCH2C11H23), 1.91 (m, 12H, OCH2CH2C10H21), 1.57 (m, 12H, OC2H4CH2C9H19),
1.40 (m, 12H, OC3H6CH2C8H17), 1.22 (m, 84H, OC4H8C7H14CH3), 0.80 (t, 18H, -CH3, J = 6.7 Hz), -3.03 (s,
broad, 9H, NH-corrole). Maldi-TOF: M+: 3318.4, calculated: 3318.6. Elemental analysis: calculated for:
C192H201F24N15O9.3H2O: C: 68.37%, H: 6.19%; N: 6.23%, measured: C: 68.49 %, H: 6.15%; N: 5.69%.
1H-NMR
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Synthesis of tris-amide-perylene
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Perylene-amine (R=H)
The perylene-amine was kindly donated by E. Schwartz of the Radboud Universiteit Nijmegen.

Tris-amide-perylene (TAPe)
The perylene-amine (400 mg, 0.64 mmol) was dissolved in 25 ml of dichloromethane under nitrogen
atmosphere and the solution was cooled to 0 °C. Subsequently, trimesoyl chloride (51 mg, 0.19 mmol) was
added and the solution was stirred for 5 minutes. Five drops of pyridine were added and the mixture was
stirred for 50 hours, while it was allowed to warm to room temperature. After removal of the solvent, the
residue was purified by column chromatography (eluent: chloroform with methanol gradient increasing
from 5 to 20 %) followed by exclusion column chromatography (eluent: toluene). TAPe was isolated as a
red solid in a yield of 55 %.
1H-NMR (CDCl with a droplet of TFA-D1, 400 MHz), δ (ppm): 8.75 (s, broad, 3H, CH central benzene),
3
8.55 (m, 12H, broad, 12H, H-C2), 8.42 (m, 12H, H-C1,3), 5.17 (m, 3H, H-C8), 4.43 (m, broad, 6H, H-C4),
3.69 (m, broad, 6H, H-C6), 2.22 (m, broad, 12H, H-C5,9), 1.93 (m, broad, 6H, H-C9), 1.32 (m, broad,
12H, H-C10), 1.24 (s, broad, 36H, H-C11-13), 0.81 (t, 18H, H-C14, J = 7.0 Hz). Maldi-TOF: calculated
mass: 2045.46 measured: 2045.2.

Synthesis of amino acid-based trimers
L-tris-amide-alanine (L-TAAla)
Trimesoyl chloride (145.2 mg, 0.54 mmol) and L-alanine methyl ester (231.3 mg, 2.2 mmol) were dissolved
in 25 ml of dry dichloromethane under nitrogen atmosphere, and the mixture was stirred at 0 °C. After 30
minutes a few drops of pyridine were added, and the mixture was stirred overnight allowing it to warm to
room temperature. The mixture was diluted with chloroform, washed with a 10% aqueous citric acid
solution, with brine, and dried with MgSO4·H2O. After filtration, the solvent was evaporated. L-TAAla was
recrystallised from chloroform/hexane. Yield (~80 %)
(CDCl3 with a droplet of DMSO-D6, 300 MHz): δ = 8.45 (s, 3H, CH central core), 8.36 (d, 3H,
NH, J = 6.8 Hz), 4.59 (qn, 3H, C*H, J = 7.2 Hz), 3.64 (s, 9H, OCH3), 1.42(d, 9H, CH*CH3, J = 7.2 Hz)

1H-NMR

(CDCl3 with DMSO-D6, 75 MHz): δ =173.5 (C=OOCH3), 165.9 (CH-C-C=O) central core,
134.6 (C-C-C=O central core), 129.7 (CH-C-C=O central core), 52.2 (C*), 48.9 (COOCH3), 17.4 (C*Me).
Elemental analysis: calculated for C21H27N3O9.H2O: C: 52.17%, H: 6.05%, N: 8.69%, measured: C: 52.37%,
H: 6.11 %, N: 8.37%.
13C-NMR

D-tris-amide-alanine (D-TAAla)
D-alanine trimer was synthesized in a similar fashion as L-TAAla and yielded D-TAAla as a white powder
in a yield of 80 %
56
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(CDCl3 with a droplet of DMSO-D6, 300 MHz): δ = 8.45 (d, broad, 3H, NH), 8.44 (s, 3H, CH
central core), 4.55 (qn, 3H, C*H, J = 7.2 Hz), 3.61 (s, 9H, OCH3), 1.39 (d, 9H, CH*CH3, J = 7.2 Hz). 13C-

1H-NMR

NMR (CDCl3 with a droplet of DMSO-D6, 75 MHz): δ = 173.5 (C=OOCH3), 165.8 (CH-C-C=O) central
core, 134.4 (C-C-C=O central core), 129.7 (CH-C-C=O central core), 52.1 (C*), 48.8 (COOCH3), 17.2
(C*Me). Elemental analysis: calculated for C21H27N3O9.0.5H2O: C: 53.16%, H: 5.95%, N: 8.86%, measured:
C: 53.26%, H: 5.89%, N: 8.71%.
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L-tryptophan dodecyl ester.HCl
SOCl2 (1.1 g, 10 mmol) was added to dodecanol (30 g, 0.16 mol) and the mixture was stirred for 5 minutes
at room temperature. Tryptophan (2.4 g, 11 mmol) was added and the mixture was stirred for 1 hour at
room temperature and then overnight at 90 °C. After cooling, to the purplish solution Et2O (250 ml) was
added and the precipitate was filtered off. The residue was dissolved in 25 ml of MeOH and 400 ml of
Et2O was added. Subsequently, the formed precipitate was collected by filtration. Repetition of this step
yielded the HCl salt of L-tryptophan dodecyl ester as a white powder (yield ~95%).
(CDCl3 with a droplet of DMSO-D6, 300 MHz): δ = 10.23 (s, 1H, H-5), 8.26 (s, broad, 3H,
NH3Cl), 7.12 (d, 1H, H-9, J = 7.8 Hz), 7.00 (d, 3H, H-8, J = 8.0 Hz), 6.91 (d, 1H, NH-Trp, J = 2.1 Hz),
6.71 (t, 3H, H-11, J =7.4 Hz), 6.62 (d, 3H, H-10, J = 7.4 Hz), 3.73 (t, 2H. H-1t, J1 = 6.0 Hz), 3.68 (m, 1H,
H-2), 3.07 (m, 2H, H-3), 1.17 (q, 2H, H-2t, J = 6.4 Hz), 0.85 (s, broad, 18H, H-3t-11t), 0.47 (t, 3H, H-12t, J
1H-NMR

= 6.6 Hz). 13C-NMR (CDCl3 with a droplet of DMSO-D6, 75 MHz): δ (ppm): 173.7 (C1), 140.9 (C6), 131.3
(C7), 129.6 (C5), 125.8 (C10), 123.3 (C11), 122.3 (C8), 116.1 (C9), 110.6 (C4), 70.6 (C1t), 57.5 (C2), 36.0,
33.8, 33.7, 33.5, 33.4, 32.5, 30.7, 29.9, 26.9 (C3, C2t-11t), 18.5 (C12t).

L-tris-amide-tryptophan (L-TATrp)
L-tryptophan dodecyl ester.HCl (1.0 g, 2.45 mmol) and trimesoyl chloride (210 mg, 0.8 mmol) were
dissolved in dichloromethane, under a nitrogen atmosphere. The slurry was stirred at 0° C, and after 5
minutes a drop of Et3N was added. The brownish solution was stirred for 4 hours and allowed to warm to
room temperature. Subsequently, the solvent was removed under vacuum. The solid powder was stirred in
MeOH for 2 hours and filtered off. Repetition of this step yielded a white fine powder of L-TATrp (69%).
(CDCl3 with a droplet of DMSO-D6, 400 MHz): δ = 8.56 (s, 3H, NH-C=O), 8.06 (s, 3H, CHcentral benzene), 7.51 (d, 3H, H-9, J = 7.8 Hz), 7.29 (d, 3H, H-8, J = 8.2 Hz), 7.12 (t, 3H, H-11, J =7.5
Hz), 7.04 (d, 3H, H-5, J = 7.7 Hz), 7.02 (t, 3H, H-10, J = 7.4 Hz), 6.86 (d, 3H, NH-Trp, J = 2.1 Hz), 5.05
(q, 3H, H-2, J1 = 13.0 Hz, J2 = 6.8 Hz), 4.11 (m, 6H. H-1t, J1 = 10.8 Hz, J2 = 6.8 Hz), 3.44 (2d, 3H, H-3a, J1
= 14.8 Hz, J2 = 6.7 Hz), 3.31 ( 2d, 3H, H-3b, J1 = 14.7 Hz J2 = 5.3 Hz), 1.61 (qn, 3H, H-2t, J1 = 6.8 Hz),
1.28 (qn, broad, 6H, H-3t, J = 6.8 Hz), 1.24 (s, broad, 48H, H-4t-11t), 0.86 (t, 9H, H-12t, J = 6.8 Hz). 13C1H-NMR
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NMR (CDCl3 with a droplet of DMSO-D6, 50 MHz): δ = 172.3 (C1), 165.7 (C=O central core), 136.1(C6),
134.8 (C-C=O central core), 128.8 (C7), 127.2 (CH-C-C=O central core), 123.2 (C5), 121.9 (C10), 119.3
(C11), 118.4 (C8), 111.4 (C9), 109.7 (C4), 65.8 (C1t), 53.4 (C2), 31.8, 29.6, 29.4,29.3, 28.4, 27.6, 25.8, 22.6
(C3, C2t-11t), 14.0 (C12t). Maldi-TOF: M+ = 1272.6, calculated: 1272.8. Elemental analysis: calculated for
C78H108N6O9.H2O: C: 72.52%, H: 8.58%, N: 6.51%, measured: C: 72.79%, H: 8.86%, N: 6.36%.

Synthesis of hexa-ester-porphyrin
Benzene-1,2,3,4,5,6-hexa(carbonyl-chloride).
Benzene-1,2,3,4,5,6-hexacarboxylic acid (100 mg, 0.29 mmol) and PCl5 (1000 mg, 4.9 mmol) were mixed
and heated at 150 °C for 24 hours. After cooling, POCl3 was removed by vacuum distillation. The product
was further purified by recrystallisation from hot toluene, yielding benzene-1,2,3,4,5,6-hexa(carbonylchloride) and its isomers as a white powder (yield 50 %). Melting range: 245.9-247.5 °C. IR: ν (cm-1) 1819
(C=O stretch).

Hexaethyl-benzene-1,2,3,4,5,6-hexacarboxylate.
Benzene-1,2,3,4,5,6-hexa(carbonyl-chloride) (50 mg, 111 μmol) was dissolved in 3 ml of cold ethanol. A
drop of triethylamine was added and the reaction mixture was stirred for 18 h. After removal of the solvent,
the white product was purified by crystallisation from dry toluene. Yield 80%.
1H-NMR

(CHCl3, 200 MHz): δ = 4.38 (q, 12H, OCH2CH3, J = 7.1 Hz), 1.39 (t, 18H, OCH2CH3, J = 7.1

Hz).

Hexa-ester-porphyrin (HEsP)
Porphyrin 1d (480 mg, 405 μmol) was dissolved in 70 ml of CH2Cl2 and this solution was cooled on ice.
Subsequently, 2 ml of triethylamine and benzene-1,2,3,4,5,6-hexa(carbonyl-chloride) (25 mg, 55 μmol) were
added after which the mixture was stirred for 60 hours, while it was allowed to warm to room temperature.
After evaporation of the solvent, purification was performed by column chromatography (eluent:
CH2Cl2/hexane 9:1 (v/v)), size-exclusion chromatography (eluent: toluene), and additionally 3x column
chromatography using hexane/ethyl acetate 9:1 (v/v), toluene and CHCl3 as eluents, respectively. Purple
solid, yield: 13 %
(CDCl3, 500 MHz): δ (ppm) = 8.84 (d, 12H, CH m-C6H4-OCO, J = 4.2 Hz), 8.80 (s, broad, 12H,
CH 3,6-β-pyrrole), 8.59 (d, 12H, CH o-C6H4-OCO, J = 4.4 Hz), 8.53 (d, 12H, CH 13,17-β-pyrrole, J = 6.2
Hz), 8.13 (d, 12H, CH 15’-o-C6H4-OC12H25, J = 7.9 Hz) 8.08 (d, broad, 24H, CH 2,9,11,19-β-pyrrole, J =
8.1 Hz) 7.30 (d, 12H, CH 15’-m-C6H4-OC12H25, J = 8.1 Hz), 6.96 (d, 24H, CH 10’,20’-o-C6H4-OC12H25, J
= 4.7 Hz), 5.89 (s, broad, 24H, CH 10’,20’-m-C6H4-OC12H25, J = 2.5 Hz), 4.27 (t, 12H, 15’-C6H4OCH2C11H23, J = 6.0 Hz), 3.01 (s, broad, 24H, 10’,20’-C6H4-OCH2C11H23), 2.01 (m, 12H, 15’-C6H4-OCH2CH2C10H21), 1.65 (m, 24H, 10’,20’-C6H4-OCH2CH2C10H21), 1.36 (br, 330H, -OC2H4C9H18CH3), 0.89
1H-NMR

(m, 36H, -CH3), -2.69 (s, 12H, NH-porphyrin). 13C-NMR (CD2Cl2, 75 MHz): δ (ppm): 164.0 (C-C=O
central benzene ), 159.6 (C15’-p-C6H4-OC12H25), 158.5 (C10,20’-p-C6H4-OC12H25), 151.2 (p-C6H4-OCO),
141.8 (o-C6H4-OCO), 136.0 (C10,20’-o-C6H4-OC12H25), 135.6 (C15’-o-C6H4-OC12H25), 134.9 (C10,20’-iC6H4-OC12H25), 134.6 (C15’-i-C6H4-OC12H25), 133.4 (i-C6H4-OCO), 131.2 (broad, β-pyrrole), 120.7 (C5),
120.3 (C10,20), 120.0 (C15), 118.4 (m-C6H4-OCO), 113.2 (C15’-m-C6H4-OC12H25), 112.0 (C10,20’-m-C6H458
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OC12H25), 68.8 (C15’-C6H4-OCH2C11H23), 67.6 (C10,20’-C6H4-OCH2C11H23), 32.3, 30.1, 29.9, 29.8, 29.8,
29.6, 26.5, 23.1 (all, OCH2C10H20CH3), 14.3 (-CH3). Maldi-TOF M+: 7332, calculated: C 7336. Elemental
Analysis: calculated for C492H606N24O30C: 80.55%, H: 8.33%, N: 4.58%, measured: C: 80.28 %, H: 8.39 %,
N: 4.44 %.

X-Ray diffraction on benzene-1,2,3,4,5,6-hexa(carbonyl-chloride)
The crystal data and a summary of the data collection and structure refinement are given in Table 2.1. A
Nonius KappaCCD single-crystal diffractometer was used (φ and ω scan mode) and the measurements
were performed at -65 °C. During the measurements the crystal was sealed in a glass capillary. The structure
was solved by the PATTY option59 of the DIRDIF program60 system. All atoms were refined with
anisotropic temperature factors. The least-squares refinement 61 is hampered by severe disorder in the
structure, resulting in some physically unacceptable thermal displacement parameters, and some doubtful
bond angles and distances. Therefore, although it is believed that the overall structure is correct, these
results should be treated with care and no far-reaching conclusions should be drawn from this data.
Table 2.1 Crystallographic data for benzene-1,2,3,4,5,6-hexacarbonyl-hexachloride.
Crystal colour
Crystal shape
Crystal size
Crystal system
space group
Empirical formula
Temperature
Radiation / Wavelength
Unit cell parameters

translucent colourless
regular thick platelet
0.22 x 0.13 x 0.06 mm3
Monoclinic,
Cc
C24Cl12O12
208(2) K
MoKα (graphite mon.) / 0.71073 Å
a = 20.6755(13) Å, α = 90°
b = 17.1674(12) Å, β = 113.337 (4)°
c = 9.6038 (6) Å, γ = 90°
3129.9(4) Å3
4
1.922 Mg/m3
1.125 mm^-1
1776
2.15 to 27.50°
-26<=h<=25
-22<=k<=22
-12<=l<=12
27459 / 6897 [R(int) = 0.0424]
4828
49.9%
SADABS multiscan correction (Sheldrick, 1996)
Full-matrix least-squares on F^2
SHELXL-97 (Sheldrick, 1997)
6897 / 2 / 433
1.016
0.0489, 32.3417
R1 = 0.0685, wR2 = 0.1420
R1 = 0.1068, wR2 = 0.1618
0.50(14)
1.289 and -0.956 Å-3

Volume
Z
Calculated density
Absorption coefficient
F(000)
θ range for data collection
Index ranges
Reflections collected / unique
Reflections observed([Io>2sigma(Io)])
Completeness to 2theta = 25.00
Absorption correction
Refinement method
Computing
Data / restraints / parameters
Goodness-of-fit on F2
SHELXL-97 weight parameters
Final R indices [I>2σ (I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole
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Modelling
The structure of HEsP was calculated using Spartan ’04 from Wavefunction, Inc, Irvine, CA, and was
obtained by a geometry optimisation using the semi-empirical module with PM3 parameters.
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Chapter 3
Aggregation behaviour of porphyrin disks in solution

Abstract:
In this chapter the aggregation behaviour of porphyrin disks in several solvents is described. The influence of the linker between
the porphyrin-moeities and the core, the solvent, and the number of attached porphyrins on the aggregation behaviour is
discussed. Furthermore, the co-assembly of multiple disks into one assembly is described.

Chapter 3

3.1 Introduction
Previous work in our group has demonstrated that hexameric and dodecameric porphyrin disks can selfassemble into large assemblies at the solid-liquid1-5 and air-water6 interface. It was shown that the etherlinked porphyrin hexamer (HEP, Figure 1.15A) has a propeller-like shape in chloroform (Figure 3.1A),1
and, according to scanning tunneling microscopy can self-assemble into columnar stacks at the HOPGphenyloctane interface as a result of intermolecular π-π interactions.5 First domains in which the HEP
molecules are oriented ‘face-on’ to the HOPG surface (Figure 3.1C&E) were observed. After a few hours,
however, domains of molecules with an ‘edge-on’ orientation were formed (Figure 3.1D&E) at the expense
of the domains with the ‘face-on’ orientation.
A
B

C

D

E

Figure 3.1 A) Schematic representation of the propeller-like shape of HEP in chloroform and its (B) columnar stack. C)
STM topography of a domain of 'face-on' oriented molecules of HEP on HOPG (Vbias = -250 mV, Iset = 1 pA); one
schematic molecule of HEP in which each of the triangular lobes represents one dimer of porphyrins is superimposed onto the
high resolution image; the rectangle represents a unit cell containing two molecules of HEP. D) STM topography of a domain
of columnar arrays of 'edge-on' oriented molecules of HEP on HOPG (Vbias = -250 mV, Iset = 1 pA). A schematic
columnar stack of molecules of HEP is superimposed onto the high resolution image. E) Schematic representation of two
distinct orientations of HEP adsorbed at the interface. Single molecules of HEP prefer to adsorb ‘face-on’ rather than ‘edgeon’. The ‘edge-on’ orientation becomes favourable when the molecules are pre-assembled in solution.
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It was proposed in case HEP is molecularly dissolved, an ‘edge-on’ orientation of HEP on the HOPG
surface is unfavourable and therefore the molecules absorb in a ‘face-on’ manner (Figure 3.1E). On the
contrary, for a small pre-assembled columnar stack, the ‘edge-on’ orientation is favourable, and from the
moment that such a small columnar stack has adsorbed it can act as a seed from which lamellar arrays start
to grow.
In chapter 2, the synthesis of several new trimeric and hexameric porphyrin disks was described. These
disks differ in the nature of their linkage between the porphyrin and the core, and the nature of the tails and
the number of porphyrins (Table 3.1). It is expected that the nature of the linkage has a major influence on
the aggregation behaviour of the disks. For example, substitution of the ether- by an ester-linkage will
introduce rigidity into the system, which might be beneficial for the aggregation properties.
Table 3.1. Structural properties of the different porphyrin disks. Their chemical structures are shown in chapter 2.

HEsP
TEP
TEsP
n-TAP

Number of
porphyrin moieties
6
3
3
3

c-TAP

3

amide

t-TAP

3

amide

Molecule

Type of linkage

Tail

Shape

ester
ether
ester
amide

p-dodecoxyphenyl
p-dodecoxyphenyl
p-dodecoxyphenyl
p-dodecoxyphenyl
p-(3S)-4-(3,7dimethyloctoxy)phenyl
tolyl

propeller disk
flat disk
flat disk
flat disk
flat disk
flat disk

Like HEP, the trimeric porphyrin disks are also expected to self-assemble into columnar stacks (Figure
3.2). The aggregation behaviour is presumed to be enhanced by using an amide linkage; besides rigidity, the
amide functionalities allow the formation of an extended intermolecular hydrogen bonding network.7-12
A
B

Figure 3.2. Schematic representation of (A) a trimeric porphyrin disk and (B) a self-assembled columnar stack of trimeric
porphyrin disks.
In the literature, a wide variety of techniques have been reported to study the aggregation behaviour of
molecules in solution in order to obtain information about the stereochemistry, shape and size of their selfassembled structures. The next sections will shortly introduce the techniques that have been applied to
study the self-assembly properties in solution.

NMR
Since its invention in 1946, NMR has expanded its influence and nowadays it is one of the most powerful
techniques to study molecules in solution.13 However, for studying self-assembly of molecules into
supramolecular polymers, both 1-D and 2-D NMR techniques yield very limited information due to
broadening of the NMR-spectra upon aggregation. The large aromatic ring of the porphyrin introduces an
extra degree of complexity. The external magnetic field of the NMR-machine induces an additional ring
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current which give rise to a secondary magnetic field. Since this diamagnetic effect is strongly anisotropic,
the ring current gives rise to magnetic shielding for protons above and below the plane of the ring and
deshielding for protons in the periphery of the ring. Upon π−π stacking of the porphyrins, these moieties
are positioned in the secondary magnetic field of adjacent porphyrin molecule resulting in induced chemical
shifts and in many cases also a broadening of the NMR-spectrum.
A
B

Figure 3.3. A) Chemical structure of the cationic porphyrin used by Kano et al. B) Variable temperature 1H- NMR spectra
of this compound in D2O at pD=8.8.
Kano et al. cleverly made use of this spectral broadening and the induced chemical shifts by studying the
aggregation of cationic porphyrins as a function of temperature (Figure 3.3).14 At high temperatures, the
cationic porphyrin is molecularly dissolved. Upon decreasing the temperature, the molecules start to selfassemble, which is clearly demonstrated by the broadening of the spectra and the changes in the chemical
shifts.
Ballester et al. reported on a porphyrin trimer (p-TAP, Figure 3.4A) which has a rather similar structure as
our amide-linked porphyrins, the difference being that p-TAP is equipped with p-pentylphenyl-tails.15 The
authors used 1H-NMR to study the formation of cages of the zinc derivative of p-TAP (Zn-p-TAP) via
metal-ligand coordination of a bidentate 1,4-diazabicyclo[2.2.2]octane (DABCO) ligand (Figure 3.4B).
When in solution a 2:3 ratio of DABCO and Zn-p-TAP is present, the cage complex (Zn-pTAP)2(DABCO)3 is selectively formed. In this complex, the DABCO ligands are sandwiched between two
zinc-porphyrin moieties of two different Zn-p-TAP molecules. At lower DABCO to Zn-p-TAP ratios, a
mixture of the cage complex and “free” Zn-p-TAP is present (Figure 3.4C). At high ratios, the (Zn-pTAP)(DABCO)3-complex is formed at the expense of the cage complex. Also in the cage complex the
presence of two porphyrins in relative close proximity leads to broadening of the 1H-NMR spectra, but to a
far less extent than in the case of π-stacked porphyrins (Figure 3.4C). The 1H-NMR spectrum of p-TAP in
pure chloroform was reported to be sharp, which implies that p-TAP does not form aggregates in this
solvent at 1H-NMR concentrations.
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A

B

C

Figure 3.4. A) Chemical structure of p-TAP, Zn-p-TAP and DABCO and their schematic representation. B) Schematic
representation of the binding of DABCO to Zn-p-TAP to form a cage complex. C) Parts of the 1H-NMR spectra recorded
during a titration of Zn-p-TAP with DABCO. Signals labelled 1 and 2 represent the β-pyrrole and the aromatic protons
respectively of the meso-phenyl substituent of free Zn-p-TAP; primed numbers indicate the same signals in the cage complex.
The signal labelled 3 represents the DABCO methylene protons in a sandwich complex.

UV-vis spectroscopy
The visible absorption spectrum of chromophoric compounds is influenced by their degree of aggregation
and hence can be used as a tool to probe their molecular environment.16 If porphyrin moieties are in close
proximity, their energy levels can reorganise as a result of an interaction between the transition dipole
moments.17 This so called exciton coupling can result in the splitting or shifting of the Soret band
depending on the mutual orientation of the neighbouring porphyrin.17-20 The point-dipole approximation of
the exciton coupling model can be applied to relate the UV-vis spectra of the chromophores and their
stereochemistry.18 In a so called H-aggregate, the transition dipole moments of chromophores are oriented
face-to-face (Figure 3.5C) and the spectrum displays a broadened and blue-shifted Soret band. A red-shifted
and narrowed Soret-band compared to the spectrum of a non-aggregated species is observed when the
transition dipole moments are arranged in a head-to-tail fashion, defined as a J-aggregate (Figure 3.5D). An
edge-to-edge arrangement of the transition dipole moments (Figure 3.5E) leads to a splitting of the Soret
band. In reality, however, often a combination of these different interactions is observed.
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A

B

C

D

E

Figure 3.5. General molecular structure of a porphyrin (A) and its schematic representation (B). The allowed transition dipole
moments of a porphyrin are indicated by the arrows.17 Schematic representations of the structure of C) a H-aggregate (cofacial), D) a J-aggregate (slipped cofacial) and E) an edge-to-edge arrangement. The corresponding spectral shifts of the Soret
band in the UV-vis spectrum are a blue-shift, a red-shift and a splitting, respectively.

Circular dichroism
Circular dichroism (CD) in combination with the intrinsic chirality of aggregating molecules has been
proven to be a powerful tool to obtain information about the precise self-assembly of monomers leading to
an aggregated structure.21,22
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Figure 3.6. A) Chemical structure of the OPV. B) CD-spectra of the OPV in n-dodecane solution (14 μM) as a function of
temperature. Plot of the normalised CD intensities of the OPV (C) and the fraction of aggregated OPV versus the
temperature (D) in n-dodecane at a concentration of 5.4, 11, 48 and 2.4 x 102 μM, respectively. E) Schematic representation
of the hierarchical self-assembly of OPV in n-dodecane.
A beautiful example has been reported by the group of Meijer, who used the chirality of an oligo(pphenylenevinylene) derivative (OPV) to study its aggregation behaviour (Figure 3.6A,B). In combination
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with other techniques such as UV-vis and fluorescence spectroscopy, Meijer et al. investigated the
hierarchical self-assembly of the OPVs into fibre-like assemblies in n-dodecane (Figure 3.6C). First, the
OPV-monomers form dimers via quadruple hydrogen bonding. Upon cooling, about 10 to 15 dimers are
brought together, forming disordered stacks. Upon further lowering the temperature, the molecules in
these stacks become more restricted in relative position via a cooperative process (elongation temperature
(Te) = 328 K). In the next step, a coil-helix transition takes place to form a chiral nucleus of about 28
dimers, at which point the elongation-growth pathway sets in. Subsequently, when the cooperative stack
length is reached, clustering of the assemblies occurs.
In principle, CD-spectra can be calculated with computational techniques and hence can be applied to
determine the exact mutual orientation of the chromophores in an aggregate.23,24 To date, however, these
calculations are very demanding with regard to CPU-time and are the seriously limited by the size of the
molecule and its conformational flexibility.24

Light scattering
Light scattering is a powerful and relatively easy technique to study the dimensions of assemblies in
solution. With dynamic light scattering (DLS), the light scattered by a small volume of a solution is
monitored in the microsecond time-range. The fluctuations in the intensity of the scattered light can be
directly correlated to the Brownian motion of the solutes by a so-called correlation function.25 From the
Brownian motion of the solutes, their hydrodynamic radius (Rh) can be determined, via the Stokes-Einstein
relation.26
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Figure 3.7. A) Chemical structure of the amphiphillic RuP-PEG (Mw PEG = 5 kDa). B) Average particle sizes of the
micellar aggregates of RuP-PEG in dioxane-water solutions at different water to dioxane ratios. C) Schematic diagram
showing the proposed change in microenvironment of the ruthenium porphyrin core upon gradually changing the solvent from
dioxane to water.
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Zhang et al. used DLS to study the aggregation behaviour of a PEG-functionalised ruthenium porphyrin
catalyst (RuP-PEG).27 With this technique they could demonstrate that upon the introduction of a small
amount of water into a dioxane solution of RuP-REG, micellar aggregates were formed, which became
smaller when the fraction of water was increased. Simultaneously, an enhancement was observed in the
catalytic activity of RuP-PEG (oxidation of hydrocarbons), which could be directly related to the particle
size of the micellar assemblies.
For non-spherical particles, Rh represents the radius of an equivalent sphere possessing the same translation
diffusion coefficient. In this case, detailed information on the shape requires complementary Static Light
Scattering (SLS, see below) measurements.28 In the literature, it has been shown that in principle the shape
of a particle can also be deduced from the correlation function.29-31 However, in practice these complicated
mathematical correlation functions are rarely applied to evaluate both the dimensions and shape of the
solute.
A
B

Figure 3.8. A) Chemical structure of 5,15-bis(imidazolyl)porphyrin. B) Schematic representation of the excitation energy
storage in supramolecular 5-15-bis(imidazolyl)porphyrin assemblies.
Another well-known light scattering technique is SLS. In a typical SLS measurement, the scattered light is
monitored in the time range of seconds, resulting in averaging and loss of the solutes’ dynamic properties.25
This mean intensity of the light scattered by the solutes is measured as a function of the detector angle. The
resulting scattering profile is dependent on the structure and the dimensions of the solute. From the
angular dependence of this scattering profile, the shape of the particles can be derived. Nagata et al. applied
this technique to unambiguously demonstrate that their 5,15-bis(imidazolyl)-porphyrins (Figure 3.8A)
formed supramolecular assemblies with a radius of gyration of 23 nm.32 These assemblies were used to
mimic the energy storage function of the light harvesting antenna and were demonstrated to be capable of
energy-electron transfer from the assembly to external acceptors.

Time-resolved fluorescence
Time-resolved fluorescence spectroscopy is used to measure fluorescence intensity or anisotropy decays. In
a typical measurement, a sample is exposed to a pulse of light, which is typically shorter than the decay
time, and subsequently the decay is recorded.33 In steady-state fluorescence much of the molecular
information is lost due to averaging processes. With time-resolved fluorescence some of that molecular
information can still be obtained. For example, Owens et al. investigated the excitation migration and
trapping dynamics in the Photo System I (PSI) by measuring the fluorescence lifetimes of P700 chlorophyll
a-protein complexes.34 In all cases, biexponential decays were found, with a fast and a slow component.
The slow component represented the decay of a single chlorophyll moiety, whilst the fast component
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represented the decay of excitations within the core antenna of PSI, whose lifetime is limited by efficient
photochemical quenching on P700. The lifetime of this fast component could be linearly related to the size
of the core antenna and the single-step transfer time for excitations within the PSI could be determined
(viz. 0.1 to 0.2 psec). In addition, these time-resolved measurements showed that the excitation migration in
the PSI is nearly diffusion limited.

Infrared spectroscopy
When hydrogen bonding is involved in the aggregation of molecules into an assembly, Fourier Transfer
Infrared (FT-IR) spectroscopy is a very powerful technique to study its influence. In a X-H …Y system, an
increase in strength of a hydrogen bond results in a frequency shift of the vibration and a reduction of the
distance between X and Y.35 The proportionality between Δν and the distance between X and Y depends,
among other parameters, on the properties of the X and Y atoms. For amides, the νNH is very indicative:
upon hydrogen bonding the νNH shows a strong shift to lower frequencies. Also the νamide I, the carbonyl
stretching frequency, shifts towards lower frequencies upon hydrogen bonding. In contrast, the νamide II, a
complex vibration of the in-plane NH deformation mode which is strongly coupled with the C-N stretch,
shifts to a higher value upon hydrogen bonding. As a result the Δν, the difference between νamide I and

νamide II, can be used to determine the strength of the hydrogen bond. Unfortunately, these shifts are very
dependent on the surrounding of the amide group. Hence, in order to investigate the formation and/or
strength of a hydrogen bond in solution, the Δνsolution should be compared with a situation where the
hydrogen bonding is generally at its maximal strength, viz. Δνsolid-state.35

Small angle neutron scattering (SANS)
As is the case for all small angle scattering techniques, in small angle neutron scattering radiation is
elastically scattered by a sample and the resulting scattering pattern is analysed in order to obtain
information about the size and shape of the components of the sample. In case of neutron scattering, the
neutrons are scattered by the atomic nuclei, while in case of light scattering the light is scattered by the
electrons surrounding the nuclei.36 As a consequence, the scattering is dependent on the strength of the
neutron-nucleus interaction, which irregularly varies for each element and even its isotopes do not have the
same neutron scattering cross-section. As a result, with neutron scattering it is possible to differentiate
between isotopes. The most significant isotopic variation is observed for hydrogen and its isotope
deuterium, which posses a neutron scattering cross-section of 1.75 and 5.6 barns, respectively.
In a typical SANS measurement, a beam of collimated radiation is directed on a sample. The flux of
scattered neutrons is recorded at several angles, and mathematically related to the differential cross-section.
The latter is dependent on the number of scattering particles in solution, their shape and mutual
interactions, their contrast and the background resulting from incoherent scattering. The contrast of the
particle is determined by the difference in the neutron scattering length density of the particle and its
surrounding solution or matrix. Hence, in the case of solution measurements, deuterated solvents are used
to enhance the contrast, because of the large difference in the neutron scattering cross-sections of hydrogen
and deuterium. In the case there is no contrast, no scattering will be observed and the scattering is at the
so-called “contrast match”. In biological studies, this contrast matching is regularly used to obtain
information about the relative organisation of components within a system.37
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A nice example of the application of SANS in supramolecular chemistry was reported by Worcester et al.38
They showed that chlorophyll a (Chla) in deuterated n-octane forms hollow cylinders in the presence of
small amounts of water (Figure 3.9). By fitting the scattering intensity profile (Figure 3.9A) with
mathematical models, it could be derived that this compound indeed forms this type of aggregates with
lengths up to 40 nm.
A
B

Figure 3.9. A) Neutron scattering data of Chla/D2O micelles. B) Model of a short section of the Chla/water cylindrical
micelle. The surface is formed by a monolayer of chlorophyll macrocycles interacting in the same way as found in crystals of
chlorophyll derivatives. Approximately 36 Chla macrocycles form the circumference of the cylinder around the water core.

3.2 Results and discussion
As mentioned in the introduction section, the amide-linked porphyrin disks are expected to self-assemble
into columnar assemblies. Upon the formation of such a stack, two different binding motifs of these
porphyrin disks are possible. In one conformation, the predominant forces are π-π interactions between
adjacent porphyrin moieties. This will result in a face-to-face-like orientation of adjacent porphyrin moieties
with an offset determined by the optimal π-π stacking distance and orientation (Figure 3.10A). In a second
possible conformation, hydrogen bonding is the predominant force (Figure 3.10B). In this case, two
adjacent molecules are rotated 60° to allow the formation of an optimal hydrogen bonding network.39
A
B

Figure 3.10. Two possible conformations for a dimer of amide-linked porphyrin disks, depending on whether (A) π-π
interactions or (B) hydrogen bonding interactions are the predominant aggregation forces.
Based on the presence of the three extended π-surfaces of the porphyrin moieties, the binding motif
governed by the π-π interactions is expected to be most likely. A computer-generated model of m-TAP (in
which the long aliphatic tails have been replaced by methyl groups to reduce the calculation time) suggests
that in a columnar stack, with π-π stacking being the predominant force, hydrogen bonding can still occur
(Figure 3.11), albeit with non-optimal angles. The computer-generated structure also allows an estimation
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of the diameter of the aromatic part of the molecule, viz. 4.6 nm. The distance between two molecules was
determined to be 0.6 nm.
A
B

Figure 3.11. Computer-generated image of (A) m-TAP and (B) the hydrogen bonding network within a columnar stack of
m-TAP (two of the three porphyrins of each molecule of m-TAP are omitted for clarity).
At the HOPG/1-phenyloctane interface, scanning tunneling microscopy (STM) revealed that n-TAP selfassembled into columnar stacks (Figure 3.12). The STM image indicates a binding motif which is governed
by the intermolecular π-π interactions between the porphyrin moieties (Figure 3.10A). The observed
distance between two columnar stacks is 3.1 ± 0.2 nm, and the distance between two molecules within a
stack is 0.8 ± 0.2 nm. Both distances are, within experimental error, in agreement with the calculated
dimensions of the aromatic part of the molecule. The computer-generated image (Figure 3.11) shows a
small rotation of approximately 6° between two neighbouring porphyrin moieties in a stack, which is in
agreement with a slight rotation of the molecules within the stack in the STM image. Probably due to their
conformational flexibility, the alkyl chains are not resolved. Some of the aliphatic chains are expected to
adsorb on the HOPG surface, a number of them will interdigitate with chains from a neighbouring stack
and probably also some will be dangling into the subphase.

Figure 3.12. STM image of a self-assembled monolayer of n-TAP at the interface of HOPG and 1-phenyloctane, Vbias =
- 369 mV, Iset = 1.0 pA. Schematic models of n-TAP are superimposed on some parts of the STM image.
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Aggregation behaviour of the porphyrin disks in solution
In chloroform, c-TAP and n-TAP have the ability to form large assemblies; if the concentration of these
compounds is larger than 2.5 mM, they gelate the chloroform solution. Also in n-hexane, c-TAP and nTAP ([n-TAP] or [c-TAP] > 3 mM) gelated the solvent. Remarkably, TEsP was also found to be able to
gelate n-hexane ([TEsP] = 3mM), which highlights the importance of the π-π interactions in the assembly
of the porphyrin disks.
1

H-NMR

In various deuterated solvents, viz. dichloromethane-D2, chloroform-D3, benzene-D6 and toluene-D8, 1HNMR spectroscopy clearly revealed the self-assembling properties of the amide-linked porphyrin disks
([disk] = ~ 1 mM): in all cases extremely broad 1H-NMR spectra were obtained (Figure 3.13). Addition of
DMSO-D6 (3μl) to these solutions caused a sharpening of the 1H-NMR spectra (Figure 3.13). The latter is
attributed to a breaking up of the hydrogen-bonding network and as a result the dissolution of the
aggregates. These experiments highlighted the crucial role of the intermolecular hydrogen bonding network
on the stability of the assemblies in these solvents.

Figure 3.13. 1H-NMR spectra of n-TAP in toluene-D8 in the absence and presence of DMSO-D6.
The importance of the hydrogen bonding network was further illustrated by the ether- and ester-linked
porphyrin disks, since 1H-NMR spectra of these compounds showed that that in the same solvents they
were all molecularly dissolved at comparable concentrations.
The self-assembling properties of the amide-linked porphyrin disks were investigated in more detail in
CDCl3. It is expected that the aggregation is concentration dependent. Hence, 1H-NMR-spectra of the
amide-linked porphyrin disks were recorded as a function of the concentration. Figure 3.14 shows a series
of 1H-NMR spectra of c-TAP, which sharpen up at concentrations below ~ 0.2 mM, indicating that this
value can be roughly considered as the “critical aggregation concentration” in this solvent.40 In a similar
fashion, this “critical aggregation concentration” was determined for the other amide-linked porphyrin
disks (Figure 3.14B).
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A

B

Disk
n-TAP
c-TAP
t-TAP

Critical aggregation
concentration (mM)
0.2 ± 0.05
0.2 ± 0.05
0.4 ± 0.05

Figure 3.14. A) 1H-NMR spectra in CDCl3 of the aromatic region and the region of the pyrrole NH protons of c-TAP as
a function of concentration. B) Critical aggregation concentration values in CDCl3 of amide-linked porphyrin disks.
Compared to n-TAP, the periphery of c-TAP contains sterically more demanding tails due to their
branching. This difference, however, is not translated into a significant difference in critical aggregation
concentration. The critical aggregation concentration is slightly increased for t-TAP. This is explained by a
reduction of the intermolecular π-π interactions due to the different meso-substituents,20 which in turn leads
to an increase in the critical aggregation concentration.
The 1H-NMR studies clearly indicate that the self-assembly is governed by a combination of both π-π
interactions and the formation of an intermolecular hydrogen bonding network, and as such the proposed
binding-motive in Figure 3.10A is strongly favoured.
In n-hexane-D14 all porphyrin disks exhibited an extremely broad 1H-NMR spectrum. Even at low
concentrations, viz. 5 x 10-5 M, the 1H-NMR spectra remained very broad, which strongly suggests that in
this solvent all the porphyrin disks have a high tendency to self-assemble into large aggregated structures.

Infrared spectroscopy
The 1H-NMR experiments showed that hydrogen bonding is an important factor for the aggregation of the
amide-linked porphyrin disks. FT-IR spectroscopy was used to confirm the presence of these hydrogen
bonds in a solution of n-TAP in chloroform. Unfortunately, the νNH was found to be very broad and an
unambiguous interpretation was not possible, due to interference with the N-H stretching frequency of the
porphyrins. Likewise, an unambiguous assignment of the νNH stretching frequency in the FT-IR spectrum
recorded from a dried film of n-TAP was impossible. The νamide I and νamide II, however, could be
unambiguously assigned in the FT-IR spectra of both a solution of n-TAP in chloroform and a dried film
of this compound. Also in these cases interference of the porphyrin (C=N-stretch) was encountered, but by
taking the second derivative of the FT-IR spectra, these vibrational bands could be properly assigned
(Table 3.2). The amide I and amide II vibrations are both located at rather high frequencies, which is
attributed to the aromatic periphery of the amide.35 The position of the broad amide I and amide II
vibrations in the film are indicative of the presence of hydrogen bonds.35 The broad signals, however,
indicate that the hydrogen bonds are not very strong, which is in line with the proposed arrangement of the
molecules of the columnar stack. The Δν, the difference in frequency between the amide I and amide II
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bands of n-TAP in chloroform is similar to the frequency difference in a dried film, which indicates that in
solution and in the solid state a comparable hydrogen bonding network is present.
Table 3.2. FT-IR data of amide-related vibrations of n-TAP and t-TAP.
Compound
n-TAP
n-TAP
t-TAP

νamide I (cm-1)

Sample
Film from chloroform solution
Chloroform solution (0.5 mM)
Chloroform solution 0.55 mM)

1662
1679
1676

νamide II(cm-1)
1570
1588
1589

Δν (cm-1)
92
91
87

In a solution of t-TAP in chloroform, comparable values for νamide I and νamide II were obtained (Table 3.2),
which indicates that the tails have a small influence of on the strength of the intermolecular hydrogen
bonds.

UV-vis spectroscopy
The UV-vis spectra of all the porphyrin disks dissolved in chloroform appeared to be rather similar (Table
3.3 and Figure 3.15A). The small shifts in wavelength of the Soret band are attributed to small electronic
differences between the disks due to the nature of the linkers between the porphyrins and the core and to
the meso-substituents. All disks exhibited a relatively sharp Soret band, indicating that the disks are
molecularly dissolved at the applied concentrations, as would be expected from the 1H-NMR experiments.

c-TAP
n-TAP
t-TAP
TEP
TEsP
HEsP

1.0
0.8
0.6

Absorbance (normalised, a.u.)

Absorbance (normalised, a.u.)

The slight broadening of the Soret band of HEsP is most likely the result of intramolecular π-π
interactions.
A
B

0.4
0.2
0.0
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c-TAP
n-TAP
TEP
TEsP
HEsP

1.0
0.8
0.6
0.4
0.2

0.0
370 380 390 400 410 420 430 440 450 460

Wavelength (nm)

Wavelength (nm)

Figure 3.15. UV-vis spectra of porphyrin disks in (A) chloroform and (B) n-hexane.
The similarity in the absorbance spectra of the porphyrin disks in a chloroform became completely lost
when they were dissolved in n-hexane (Figure 3.15B). The UV-vis spectrum of t-TAP in n-hexane could
not be recorded because this compound is insoluble in this solvent. The UV-vis spectra of n-TAP and cTAP in n-hexane are complicated.
Deconvolution of the spectra revealed that the Soret bands of both disks are built up from 3 absorbance
maxima (Figure 3.16, Table 3.3). The Soret band of n-TAP has both a red- and a blue-shifted component.
The broadening of the Soret band and the occurrence of a blue- and a red-shifted component are indicative
of the presence of geometrically well-defined and excitonically coupled neighbouring porphyrins.
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Table 3.3. Absorbance maxima of the Soret band of the porphyrin disks in chloroform and n-hexane.
λmax chloroform (nm)
424
424
422
422
423
422

λmax n-hexane (nm)
Concentration (μM)
405, 425, 441a
8.3
402, 423, 439 a
8.3
b
423
1.8
418
1.2
418
0.25
a: These maxima are obtained via deconvolution of the UV-vis spectra (Figure 3.16A). b: t-TAP is insoluble in n-hexane.
Disk
n-TAP
c-TAP
t-TAP
TEP
TEsP
HEsP

Concentration (μM)
8.3
8.3
1.0
1.8
2.4
0.25

Furthermore, it suggests that in this solvent the porphyrins are oriented both in head-to-tail and face-toface orientations. In the case of c-TAP, the blue-shifted component is more pronounced, while its redshifted component appears as a small shoulder. Apparently, due to the introduction of steric bulk in the
tails, a more face-to-face orientation of the porphyrins is favoured for this compound in n-hexane.

Figure 3.16. Deconvoluted UV-vis spectra of n-TAP and c-TAP in n-hexane.
The presence of both a blue and red shift in the UV-vis spectra of the amide-linked porphyrin disks is
attributed to intermolecular aggregation of these compounds, since intramolecular aggregation of the
porphyrin moieties would introduce a lot of strain into the molecule. By varying the concentration, it was
expected that the self-assembly of the disks into columnar stacks could be studied, since it is expected to be
concentration dependent.21 Lambert-Beer’s law predicts a linear relationship between the concentration and
absorbance of a solution of chromophores through which light is travelling.41 When exciton coupling
occurs between the porphyrin moieties, their extinction is changed and hence Lambert-Beer’s law no longer
applies.
UV-vis spectra of the two amide-linked disks in n-hexane were recorded at various concentrations and the
absorbance maxima of the Soret band were plotted against the concentration (Figure 3.17). Surprisingly, in
both plots, a linear relationship is observed and hence the state of aggregation of the chromophore is not
altered in the applied concentration range. The latter suggest that in n-hexane both n-TAP and c-TAP selfassemble into very long and stable aggregates, even at micromolar concentrations. The differences in the
UV-vis spectra of n-TAP and c-TAP suggest that the porphyrin moieties of n-TAP are stacked in a more
slipped and twisted manner than those of c-TAP. Remarkably, the UV-vis spectrum of c-TAP in
cyclohexane resembles that of n-TAP in n-hexane (Figure 3.18). This suggests that in a columnar stack of
c-TAP in cyclohexane the porphyrins have a similar mutual orientation as in a stack of n-TAP in n-hexane.
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A

B

C

D

Figure 3.17. Concentration dependence of the absorbance spectra of (A) n-TAP and (C) c-TAP in n-hexane. For both (B)
n-TAP and (D) c-TAP a linear relationship is observed (solid line), when the absorbance maxima of the Soret band are
plotted against the concentration.
A
1.25

B
c-TAP

Absorbance (a.u.)

1.00
0.75

Absorbance maxima of c-TAP in cyclohexane
λmax
1
2
3

0.50
0.25
0.00

Wavelength (nm)
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-0.25
390 400 410 420 430 440
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Figure 3.18. A: UV-vis spectrum of c-TAP in cyclohexane ([c-TAP] = 8.3 x 10-6 M) and its deconvolution. B: Table
with the absorbance maxima of the Soret band.
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The Soret band of the ester-linked porphyrin disks in n-hexane shows a broadening and a blue shift
compared to their Soret bands in chloroform (Figure 3.15, Table 3.3.), which indicates a stacking of the
porphyrin moieties in a face-to-face manner.18 In the case of TEsP, intramolecular aggregation of the
porphyrin moieties is energetically unfavourable, due to the internal strain in the molecule. Hence, the
excitionic coupling of the porphyrins is attributed to intermolecular coupling between the porphyrins, as a
result of the aggregation of TEsP into columnar stacks. In the case of HEsP, intramolecular interactions
do occur. Based on its molecular structure a red shift can be expected. Taking the resemblance of HEsP
and TEsP into account, the observed blue shift is attributed to intermolecular aggregation of the porphyrin
moieties of HEsP.
A
B
C

Figure 3.19.UV-vis titrations in which different percentages of n-hexane in chloroform are used (A) TEP and (B) HEsP.
(C) The Soret bands of TEP and HEsP as a function of the percentage of n-hexane clearly show a point of inflection, which
is assigned to the point at which these compounds start to self-assemble.
Upon comparing the UV-spectra of TEP in chloroform and n-hexane, a small shift (Δλ = 1 nm) and
broadening of the Soret band in n-hexane was observed, which might suggest that the porphyrin moieties
of TEP are aggregated. In order to obtain additional evidence for the intermolecular assembly of the
porphyrins of the TEP and HEsP disks, titrations were performed using different ratios of chloroform
and n-hexane. The stepwise increase of the n-hexane percentage from 0 to 80% was accompanied with a
small blue shift (Figure 3.19), which is attributed to the change in polarity of the solvent mixture. A further
increase of the percentage of n-hexane from approximately 85 % to 100 % led in both cases to a deviation
of this gradual blue shift. In case of TEP a clear red shift became apparent, whilst for HEsP an additional
blue shift was observed (Figure 3.19C). Simultaneously, in both cases a significant broadening of the Soret
band occured (Figure 3.19A&B). The combination of these two effects, i.e. the shifting and broadening of
the Soret band, is attributed to intermolecular self-assembly of the porphyrin moieties of TEP and HEsP.

Circular dichroism
To demonstrate whether c-TAP self-assembles into helical columnar stacks, the chirality of the compound
was used as probing tool. In chloroform, a solvent in which c-TAP is molecularly dissolved at low
concentrations ([c-TAP] = 8.3 x 10-6 M), no CD effect was observed. In contrast, in n-hexane the CD
spectrum clearly showed the presence of chiral assemblies (Figure 3.20A). Deconvolution of this CD
spectrum revealed that it results from a mixture of three Cotton effects, centred at 402, 427 and 438 nm,
respectively, and these effects can be correlated to the absorption bands in the UV-vis spectrum (Figure
3.20B, Table 3.3).
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C

D
λmax 2 (nm)
λmax 3(nm)
λmax 4 (nm)
λmax 5 (nm)
λmax 6 (nm)
λmax 1 (nm)
n-hexane
398.9 ± 0.4
404.5 ± 0.6
423.7 ± 0.4
430.0 ± 0.5
436.6 ± 0.6
438.7 ± 1.0
cyclohexane 397.4 ± 0.5
403.8 ± 0.7
422.9 ± 0.1
430.0 ± 0.1
439.3 ± 0.1
446.5 ± 0.5
Figure 3.20. A) CD -spectra of c-TAP in n-hexane and cyclohexane ([c-TAP] = 8.3 x 10-6 M). B) Deconvoluted CDspectrum of c-TAP in n-hexane. C) Idem in cyclohexane. D) λmax values (wavelength of the maximum of dichroism) derived
from the deconvoluted spectra.
The CD spectrum of c-TAP in cyclohexane seems to have a large CD effect (Figure 3.20A), centred at 435
nm. However, deconvolution of the signals (Figure 3.20C&D) indicated that three Cotton effects, centred
at 401, 426 and 443 nm respectively were present. All three can be directly correlated with the absorption
bands in the UV-vis spectrum of c-TAP in cyclohexane (Figure 3.18).
Most importantly, in the CD-spectrum of a solution of c-TAP in cyclohexane, a signal at 190 nm was
observed, originating from the amide functions, which can only be explained by a transfer of chirality from
the periphery of the porphyrin trimer to the core (Figure 3.21). This observation strongly suggests that cTAP assembles into a homochiral helical columnar stack. Taking into account the similarities of both the
structure and the UV-vis absorbance spectra of c-TAP in cyclohexane and n-TAP in n-hexane, it can be
expected that also n-TAP will self-assemble into helical columnar stacks. In this case, however, a racemic
mixture of helices with both handednesses is expected and hence no overall circular dichroism.
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Figure 3.21. CD-signal originating from the amides of c-TAP in cyclohexane ([c-TAP] = 8.3 x 10-6 M, T = 25 °C).
The Cotton effects of c-TAP in n-hexane exhibited a temperature dependence (Figure 3.22A): upon
increasing the temperature from 30 to 42 °C, several changes were observed in the CD spectrum, which
were reversible upon cooling. Upon heating, the Cotton effect located at 403 nm slightly decreased, and the
Cotton effects at 427 and 439 nm changed sign. In addition, the latter effect increased in magnitude at the
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expense of the Cotton effect at 403 nm. The reversible changes in the spectra showed three isodichroic
points located at 399, 425 and 438 nm, indicating a transition between two well-defined species. Upon
increasing the temperature, the UV-vis spectrum shows an increase in the absorbance at 436 nm, while the
absorbance at 403 nm decreased, with an isosbestic point located at 425 nm (Figure 3.22B). At higher
temperatures, no further changes were observed in the spectra. The combination of UV-vis and CD spectra
suggests that in n-hexane at elevated temperatures the porphyrins in the stack of c-TAP are arranged in
both a face-to-face and head-to-tail fashion, while at ambient temperatures a face-to-face arrangement is
more favoured. These results can be interpreted as a tightening and loosening of the helix as a function of
temperature. The dominating forces in the helix are intermolecular hydrogen bonding and π-π stacking.
Likely, the helix loosens upon warming, since the π-π interactions are more sensitive to temperature than
the hydrogen bonding interactions, which try to give the helix a twist of 60°. The overall structure is a
compromise between the two competing forces.
In contrast, in cyclohexane no significant temperature dependence in the range of 6.5° C to 70° C was
observed. Apparently, the balance between π-π interactions and hydrogen bonding in the helix of c-TAP is
preserved in cyclohexane. The presence of strong CD signals, even at elevated temperatures, in both
cyclohexane and n-hexane supports the presence of very stable aggregates of c-TAP in these solvents.
A
B

C

D

Figure 3.22. Temperature dependence of (A) the circular dichroism and (B) absorbance of c-TAP in n-hexane.
Deconvolution of the (C) CD -spectrum and (D) UV-vis spectrum of c-TAP in n-hexane at 41°C.
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Time-resolved fluorescence
Time-resolved fluorescence anisotropy measurements confirmed the presence of aggregates of c-TAP in nhexane and cyclohexane (Figure 3.23). In these solvents a strong polarisation was observed, while only a
slight polarisation was observed in chloroform (Table 3.4).
Table 3.4. Fluorescence photophysical parameters of c-TAP in various solvents (relative amplitude (Ai), lifetime (τi) and
asymptotic anisotropy (r0∞)), determined by fitting of the fluorescence decay plots ( Figure 3.23).
Solvent
chloroform
n-hexane
cyclohexane

A1
0.15
0.45
0.7

A2
0.85
0.55
0.3

τ1 (ns)
1.1
0.5
0.6

τ2 (ns)
9.4
9.6
9.5

r0∞
0.02
0.07
0.1

The lower asymptotic anisotropy value and the longer average fluorescence lifetime observed in chloroform
are in agreement with the presence of single molecules of c-TAP. In contrast, in n-hexane and cyclohexane
the average fluorescence lifetime is much smaller as a result of the assembly of c-TAP into columnar
stacks. As far as the rotation correlation time, τR, of the single molecule of c-TAP is concerned, it turned
out to be too fast to be resolved by the instrument.
A
B
C

Figure 3.23. Time-resolved fluorescence measurements of c-TAP in (A) chloroform, (B) n-hexane and (C) cyclohexane ([cTAP] = 3 x 10-5 M). In all cases, the fluorescence decay exhibits biexponential behaviour. The inset of each figure reports
the emission measured in vertical and horizontal direction, while the excitation beam is vertically polarised.

Light scattering
SLS measurements in n-hexane unambiguously showed that c-TAP formed rod-shaped aggregates in this
solvent. The intensity profile of these polydisperse aggregates could be fitted to a thin rigid rod with a
length of 300 ± 50 nm. In combination with the value of the equivalent sphere’s radius (3 x 101 nm),
evaluated by the DLS measurement of c-TAP in n-hexane, it is possible to make an estimation of the rod’s
thickness, which is about 5 nm. This value is in good agreement with the diameter of the molecule, viz. 4.5
nm. The dimensions of the rods imply that c-TAP self-assembles in n-hexane into supramolecular
polymers, with an average mass of 1.8 million Dalton. Consistent with the previous experiments, in
chloroform no aggregation of c-TAP into columnar stacks was observed. In n-hexane, also n-TAP clearly
forms aggregates, however, these turned out to be too large to be determined by light scattering techniques.
Since the only difference between c-TAP and n-TAP is the nature of the tail, this difference in aggregation
behaviour is attributed to these tails. Most likely, the increased bulk in the tails of c-TAP causes this
difference, in the sense that in that case smaller aggregates are formed.
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C

Figure 3.24. A) Plot of the mean decay rate (Γ) as a function of the scattering wavevector squared (Q2) determined by
dynamic light scattering measurements in n-hexane ([1b] = 3 x 10-5 M). B) Idem, in cyclohexane. The slopes of the plots
yield the translational diffusion coefficient D from which the hydrodynamic radius (RH) can be determined. C) Static light
scattering intensity profiles in different solvents. In the case of n-hexane and cyclohexane, the solid lines are fitted assuming a
thin rigid rod with a length of 300 ± 50 nm.
The aggregation behaviour of the ester- and ether-linked porphyrin disks in n-hexane was also studied by
means of DLS and SLS. Also in these cases the presence of aggregates could be confirmed (Table 3.5).
Unfortunately, only in the case of TEsP, a good and plausible fit could be obtained when a rod with a
length of approximately 1 micron was assumed (Table 3.5). Likely, the polydispersity and the lengths of
these aggregates hinder the fitting of the SLS data of TEP, HEP and HEsP. However, the fitting of the
SLS data suggest that all these particles have a cylinder-like shape, which is consisted with the expected
shape of the aggregates.2 It should be noted that it cannot be excluded that a single particle is built up from
a bundle of columnar stacks of the compounds.
Table 3.5. Light scattering data in chloroform and n-hexane, [disk] = 30 μM (Rh = hydrodynamic radius)
Disk
n-TAP
c-TAP
TEP
TEsP
HEP
HEsP

DLS n-hexane
Rh (nm)
too large
3 x 10
2.6 x 102
8 x 10
3.8 x 102
4 x 10 c

DLS chloroform
Rh (nm)
-a
-a
n.d.b
n.d. b
n.d. b
n.d. b

SLS n-hexane
length rod
too large
300 nm
No fit
~ 1 μm
No fit
No fit

a) No particles detected. b) n.d. = not determined. C) Sample measured after 1 h. When the measurement was performed directly after
dissolving the compound, the presence of extremely large aggregates, which are too large to be measured, was evident. Upon standing these
aggregates sank rapidly to the bottom of the cuvette, outside the detection volume.

The comparison of the hydrodynamic radius of the aggregates of TEsP and n-TAP in n-hexane
demonstrates that the ability to form an intermolecular H-bonding network favours aggregation into stacks.
Rigidity of the disk appears to be unfavourable: upon comparing TEP with TEsP, a smaller hydrodynamic
radius of the aggregates of the latter compound was observed. A direct comparison between HEsP and
HEP deceptively reveals an even stronger effect. When DLS-measurements were carried out directly after
dissolution of the compound, larger aggregates of HEsP were present. However, their dimensions could
not be measured because the system was instable and an accurate measurement could not be performed.
Upon allowing the solution to stand for 1 hour, the system stabilised and simultaneously the large
aggregates sank out of the detection volume. After shaking the solution both the large aggregates and the
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instability of the system were observed again. These observations imply that the DLS measurements
underestimate the hydrodynamic radius of the assemblies formed by HEsP.
In analogy, a comparison of the hydrodynamic radii of aggregates formed by TEsP and HEsP in n-hexane
likely will also give an erroneous impression. According to DLS, in the homogeneous solution of TEsP,
larger aggregates are present than in a solution of HEsP. The latter, inhomogeneous solution contains
larger aggregates, which are however not measurable. Since such behaviour was not observed for the
aggregates of TEsP, the average length of the supramolecular aggregates of HEsP in n-hexane probably
exceeds that of TEsP to a large extent. Clearly, also the average hydrodynamic radius of the aggregates of
HEP in n-hexane exceeds that of TEP, and hence it seems that extension of the π-surface that is
accessible for intermolecular π-π interactions favours aggregation into columnar stacks.

Small angle neutron scattering
In chloroform, the critical aggregation concentration of n-TAP is approximately 0.2 mM. Upon increasing
the concentration, the solution rapidly becomes more viscous and at a concentration of approximately 2
mM it is gelated. The latter observation clearly indicates the presence of aggregates. The dimensions of
these aggregates were measured by means of small angle neutron scattering (SANS). The scattering
intensity profile of n-TAP in CDCl3 at 10° C ([n-TAP] = 4 mM) unambiguously showed the presence of
cylindrical rod-shaped particles (Figure 3.25A); if a different kind of model is applied e.g. assuming a
sphere, no plausible fit-parameters could be obtained. The data could be fitted to a cylindrical rod with a
radius of 3.5 ± 0.1 nm and a length of 43 ± 2 nm.
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Figure 3.25. A) scattering intensity profiles of n-TAP in CDCl3 and (B) toluene-D8 at different experimental conditions.
Molecular modelling of a stack of m-TAP (Figure 3.11A) showed that the radius of the aromatic core of an
n-TAP molecule is 2.3 nm. Its dodecyl tails have a length of 1.4 nm when they are completely stretched. As
such, it seems plausible to describe the particles as single molecule thick columnar stacks. The length of the
cylindrical rod indicates that on average one columnar stack consists of approximately 70 molecules,
assuming a intermolecular distance of 0.6 nm (molecular modelling, Figure 3.11).
Upon stepwise increasing temperature from 10 to 30 °C, a significant decrease in the average length of the
cylinder was observed (Table 3.6 and Figure 3.25), demonstrating a decrease in the average number of
molecules within a single columnar stack. Lowering the concentration had a more pronounced effect: the
average length of the cylinders became significantly reduced upon dilution of the system.
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Table 3.6. SANS data of n-TAP in CDCl3.
Temperature
(K)
283
293
303
293
293

Concentration
(mM)
4
4
4
2
1

Length rod
(nm)
43.1 ± 2.1
44.8 ± 2.2
34.3 ± 1.6
39.8 ± 4.1
25.2 ± 2.2

Radius rod
(nm)
3.45 ± 0.04
3.48 ± 0.04
3.38 ± 0.04
3.73 ± 0.06
3.44 ± 0.08

Volume rod
(nm3 x 103)
1.61 ± 0.1
1.70 ± 0.1
1.23 ± 0.1
1.74 ± 0.2
0.94 ± 0.3

Also in a solution of n-TAP in toluene-D8 ([n-TAP] = 4 mM) SANS experiments indicated the presence
of aggregates. At 20° C the scattering profile could be fitted to a cylindrical model, with a radius of 2.3 nm
and a length of 5.3 nm. This radius is in very good agreement with the modelled radius of the aromatic part
of the molecule. In combination with the length of the cylinder, this suggests that in toluene-D8 columnar
stacks are present which contain on average 9 molecules. The relative small assemblies are in agreement
with the observation that a 4 mM n-TAP in toluene-D8 solution is not gelated at all.
Table 3.7. SANS data of n-TAP in toluene-D8.
Temperature
(K)
293
318
343
293
293

Concentration
(mM)
4
4
4
2
1

Length rod
(nm)
5.30 ± 0.09
5.54 ± 0.10
5.43 ± 0.11
5.81 ± 0.13
6.33 ± 0.24

Radius rod
(nm)
2.28 ± 0.02
2.24 ± 0.02
2.22 ± 0.02
2.27 ± 0.02
2.15 ± 0.02

Volume rod
(nm)3
86.6 ± 0.6
87.3 ± 0.6
84.1 ± 2.1
94.1 ± 2.3
91.9 ± 3.7

Remarkably, the aggregates of n-TAP in toluene-D8 turned out to be very stable. It was found that at
elevated temperatures (T = 45 and 70 °C) no significant change in their dimensions was observed (Table
3.7). Also a 2- and 4-fold dilution of the sample resulted in only small changes in the dimensions of the
volume of the rod. It should be noted that because of the dilution, the scattering profile becomes less
pronounced due to the loss of contrast (Figure 3.25B).

Figure 3.26. SANS measurement of c-TAP in n-hexane ([c-TAP] = 4mM) and the fitted theoretical models. Lower
inset: the difference in I(Q) between the values of the theoretical models and the experimental value.
A solution of c-TAP in n-hexane-D14 ([c-TAP] = 4 mM) was also found to be gelated. In this case the
experimental error in the data for the low Q-values (Q < 5x10-3 Å-1) was relatively small and hence
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statistically relevant (see experimental section). Assuming a cylindrical shape of the particles, the best fit of
the data was obtained by assuming a length of 50 nm and a radius of 2.2 nm (Figure 3.26). At low Q-values
this model does not describe the data very well, because a rather large deviation is observed. In a typical
SANS measurement, all mutual interactions between the particles are neglected; the structure factor S(Q) =
1. In a gel, however, these mutual interactions obviously are present and hence a structure factor should be
applied. Unfortunately, there are no simple S(Q) models for longer rods, since all kinds of orientation issues
should be addressed, e.g. the amount of alignment and the rate of entanglement.
Pezron et al. have demonstrated that it is possible to make an approximation of the structural parameters of
the solutes in a mesh model, by taking into account the so-called screening length (ζ).42 With this ζ-value it
is possible to express the structural parameters of the solutes in a mesh as a function of those in a dilute
solution. In a good solvent, this ζ-value represents the average mesh-size in a transient network of chains.
Upon fitting the SANS data of c-TAP in n-hexane-D14 with this model, an improved fit could be obtained
by assuming a cylinder with a radius of 2.3 nm and a length of 20 nm (Figure 3.26). Unfortunately, the ζvalue could not be very accurately determined; a value of 89 ± 24 nm was obtained. It should be noted that
the model does not take into account the polydispersity of the self-assembled cylinders and it assumes that
the lengths of the polymers are concentration independent, which is not the case here. This discrepancy
could explain the rather large error in the ζ-value. The radius of the cylinder is in good agreement with the
radius of the aromatic part of c-TAP, which, just as the light-scattering experiments, shows that in nhexane columnar stacks of c-TAP are present. According to the cylinder-in-mesh model, the gel consists of
vibres of approximately 90 nm, which are built up from clustered single columnar assemblies of on average
20 nm.
Intuitively, it is expected that a gel consists of very long, entangled fibres. However, SANS measurements
indicated the presence of only relatively small columnar aggregates in the gel of n-TAP in CDCl3, as well as
in the gel of c-TAP in n-hexane-D14. A comparison between the light-scattering and SANS data of c-TAP
in n-hexane demonstrate that the SANS measurements suggest a much smaller average length of the
columnar stacks. It should also be noted that in general the dimensions are somewhat overestimated by
light-scattering.43 However, in our case a large discrepancy between the sizes obtained by the two
techniques is present, which likely originates from the difference in Q-range. Whilst light scattering
techniques yield information about the global dimensions of the assemblies, SANS yields more information
about the local organisation within the assemblies. As a result, the obtained dimensions of stacks of n-TAP
in CDCl3 and c-TAP in n-hexane-D14 can also be interpreted as the persistence lengths of these
assemblies.11 Since the SANS measurements were performed in a gel and a solid-cylinder model was
applied to describe the data, such an interpretation seems likely.
In summary, the SANS data unambiguously show that n-TAP in CDCl3 and toluene-D8 ([n-TAP] = 1
mM) and c-TAP in n-hexane-D14 ([c-TAP] = 4 mM) self-assemble into columnar stacks. In addition, the
SANS data clearly showed that in the case of n-TAP in CDCl3 and c-TAP in n-hexane-D14, these
columnar stacks further assemble to form a gel.

Mixtures of the porphyrin disks
Hitherto, the self-assembly properties of the pure porphyrin disks in solution have been described. In this
section assemblies are investigated which are formed upon mixing two different porphyrin trimers.
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Sergeants and Soldiers
Amplification of chirality is a well-known phenomenon in solutions of helical supramolecular polymers and
of non-covalently bound low molecular weight systems.44 Studies by Green and co-workers distinguished
two effects that influence the amplification of chirality and referred to them as the “sergeants and soldiers”
principle45 and the “majority-rules” effect.46 The “sergeants and soldiers” principle implies the control over
the orientation of large number of cooperative achiral units (the soldiers) by a few chiral ones (the
sergeants), whereas in the “majority-rules” effect, a slight excess of one enantiomer with respect to the
other results in a strong bias toward the helical sense preferred by the enantiomer that is present in
majority.
The group of Meijer has shown that tricarboxamide-derived disks are also subject to the “sergeant and
soldiers” principle and the “majority-rules” effect.9-12 Hence, it might be expected that c-TAP (the
“sergeant”) can dictate the overall helicity of a stack of n-TAP (the “soldiers”). The presence of the
“sergeant and soldier” effect can be easily demonstrated with CD-spectroscopy: upon the introduction of
c-TAP into a solution of n-TAP, a non-linear increase of the CD-effect related to the quantity of added
“sergeant” should be obtained. However, when CD-spectra at different ratios of c-TAP and n-TAP ([disk]
= 8.3 μM) were recorded, linear relationships between the percentage of c-TAP and the magnitude of the
CD effects were obtained (Figure 3.27).
A
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Figure 3.27. A) CD-spectra as a function of the fraction of c-TAP with respect to n-TAP ([disk]= 8.3 μM). B) Plot of
circular dichroism intensity as a function of the fraction of c-TAP in n-hexane at various λmax (wavelength of the maxima of
dichroism values of c-TAP (Figure 3.20D)).
The linear relationships indicate that the chirality of c-TAP is not transferred into the helical stacks of nTAP, and hence no “sergeants and soldiers” effect is present. Heating or sonication of the mixture might
partly dissolve the aggregates, and upon reforming the aggregates of c-TAP and n-TAP can reorganise,
which could enable the transfer of chirality. However, reversible heating to 60 ºC and cooling down to
room temperature or sonication for several hours, did not result in any additional dichroic effects.
There can be several explanations for the absence of the “sergeants and soldiers” effect. One possibility is
that the interactions between c-TAP and n-TAP are not strong enough to transfer chirality from the
“sergeants” to the “soldiers”. Secondly, it can be envisioned that it is thermodynamically unfavourable to
incorporate a c-TAP molecule in an n-TAP helix. The former possibility seems to be rather unlikely in the
perspective of the reports of the group of Meijer.9-12 Hence, we attribute the absence of a sergeants and
soldiers effect to the stability of the stacks: the homomolecular stacks of c-TAP and n-TAP are too stable
to intermix.
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Mixing of H-bonding donors and H-bonding acceptors
In chloroform, n-TAP can self-assemble into columnar stacks as a result of hydrogen bonding and π-π
interactions. In TEsP, the porphyrin moieties are connected to the central core via an ester linkage. The
carbonyl groups of the ester functions can act as hydrogen bonding acceptor units, like the carbonyl group
of the amides. The structural similarities of these two disks and the possibility to form intramolecular
hydrogen bonds between them might result in endcapping of a helical stack of n-TAP by TEsP in
chloroform (Figure 3.28). Endcapping by TEsP might also be employed to control the average lengths of
the columnar assemblies of n-TAP.

Figure 3.28. Schematic representation of the expected co-aggregation of TEsP with a helical stack of n-TAP in chloroform.
The endcapping was examined by 1H-NMR spectroscopy. Upon the addition of TEsP to a solution of nTAP in chloroform ([n-TAP] = [TEsP] = 1.0 mM), a broad 1H-NMR was obtained (Figure 3.29A), in
which the signals of the two compounds had not significantly shifted. The broadening of the signals of
TEsP could suggest the co-aggregation of this compound, however, in that case additional shifts would be
expected. More likely, the spectral broadening is the result of the presence of large assemblies of n-TAP,
which prevent an accurate shimming of the sample. A second, powerful technique to study the possible coaggregation of TEsP, is infrared spectroscopy. Upon co-aggregation, the C=O stretching frequency of
TEsP is expected to shift to lower frequencies as a result of hydrogen-bonding. The infrared spectrum of a
film of a solution of a 1:1 mixture of n-TAP and TEsP ([n-TAP] = [TEsP] = 1.0 mM) showed no
significant shift of the C=O stretching frequency (Figure 3.29B) compared to the IR-spectrum of either nTAP ([n-TAP] = 1.0 mM) or TEsP ([TEsP] = 1.0 mM); the spectrum of the 1:1 mixture of n-TAP and
TEsP appears to be the sum of the spectra of the two separate components.
A
B

Figure 3.29. A) 1H-NMR spectra and (B) IR spectra of n-TAP, a 1:1 mixture of n-TAP and TEsP, and TEsP
(going from the top to the bottom).
Both the 1H-NMR and the IR-spectra suggest that in the solution containing a mixture of n-TAP and
TEsP the latter is molecularly dissolved and does not endcap a helix of n-TAP.
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3.3 Concluding remarks
In this chapter it was shown that in chloroform, after exceeding the critical aggregation concentration (e.g.
0.2 mM for n-TAP) the amide-linked porphyrin disks self-assemble into columnar stacks as a result of
hydrogen bonding and π-π interactions. The fact that the ester- and ether-lined porphyrin disks are
molecularly dissolved at these concentrations underlines the essential role of the ability to form an extended
hydrogen bonding network on the self-assembly properties.
In n-hexane, a solvent in which the π-π interactions are enhanced, all the porphyrin disks self-assemble
already at micromolar concentrations into columnar stacks, except t-TAP which is insoluble in this solvent.
A clear trend was observed between the length of the assemblies and the molecular properties, i.e.
intramolecular rigidity and the ability to form an intermolecular hydrogen bonding network. Obviously,
their ability to form a intermolecular hydrogen bonding network enhances the self-assembly of the disks.
Flexibility within the molecules can also be beneficial for self-assembly. The ether-linked porphyrin trimer
formed longer stacks in n-hexane than the ester-linked porphyrin trimer, an observation which is explained
by the flexibility of the ether linkages, which allows the π-π interactions between the porphyrin-moieties to
be optimised.
Co-assembly of different porphyrin-disks did not occur. It appeared that the homomolecular columnar
stacks are very stable and do not intermix. In addition, the hydrogen bonding acceptor properties of the
ester-linkages of TEsP turned out to be inferior to the hydrogen-bond acceptor properties of the amide
linkage and no co-assembly or end-capping of stacks of n-TAP by molecules of TEsP was observed.

3.4 Experimental section
Instrumental
NMR-spectra were recorded on Bruker DMX300 or Varian Inova400 instruments. Chemical shifts are
reported in ppm downfield with respect to the internal standard TMS. UV-vis spectra were measured on a
Varian Cary 50 Conc spectrophotometer at ambient temperature. CD spectra were recorded on a Jasco 810
instrument equipped with a Peltier temperature control unit.

Scanning Tunneling Microscopy
STM measurements were carried out in the constant current mode using a home-built low-current STM.
The HOPG surface was freshly cleaved and the STM tips were mechanically cut from a Pt:Ir (80:20) wire.
A drop of a solution of n-TAP in 1-phenyloctane/chloroform (1:19 v/v) was brought onto the surface.
The raw data were processed by the application of background filtering. The piezo was calibrated by
lowering the bias voltage to 100 mV and raising the tunneling current to 50 pA, which allowed the imaging
of the HOPG surface underneath the molecules.

Spectral deconvolution
UV-vis and CD-spectra were deconvoluted by fitting the absorption and dichroic bands in Origin 7.5 using
a Lorentzian peak function.
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Time-resolved fluorescence
Luminescence and resonance light scattering (RLS) spectra were recorded on a Jasco FP-750
spectrofluorimeter equipped with a Hamamatsu R928 phototube adopting a synchronous scan protocol for
RLS experiments.47 The emission spectra were not corrected for the absorption of the samples. The
fluorescence measurements were carried out on a time-correlated-single-photon-counting (TCSPC)48 homemade apparatus, which has already been described.49 The fluorescence decay profiles were analysed through
a nonlinear least-squares iterative deconvolution procedure based on the Marquardt algorithm,50 achieving
an instrumental resolution of about few tens of picoseconds. The total fluorescence decay curves were
fitted to a multi-exponential decay equation:51

I(t) = I 0 ∑ α i exp ( − t/τ i )
i

where I(t) is the total fluorescence decay curve, I0 the intensity at t = 0 and αi and τi are the relative
amplitude and the lifetime of i-th component (the normalization condition being

∑ αi = 1 ), respectively.
i

The fluorescence anisotropy, r(t), is defined according to the following equation:

r(t) =

I VV (t) − I VH (t)
I VV (t) + 2 I VH (t)

where VV and VH indicate the vertically and horizontally polarised emission, respectively, while the
excitation beam is vertically polarised. Since under our experimental conditions the anisotropy decay times
were much longer than the overall instrumental response (~200 ps), no deconvolution procedure was
applied and the r(t) curves were simply fitted to the following exponential decay equation:

r(t) = r0 exp ( − t/τ R )
where r0 is the limiting anisotropy and τR the rotational correlation time. Assuming a simple case of
“spherical molecules”, τR is related to the volume V of the equivalent sphere by:

τR =

ηV
k BT

with η being the microviscosity of the medium, T the temperature in K and kB the Boltzmann constant. In
the presence of aggregates the fluorescence is also polarised due to the fact that the aggregate rotation
correlation time is much larger than the fluorescence lifetimes. In this case the exponential decay equation
becomes:

r(t) = r0 exp ( − t/τ R ) + r0∞
where r0∞ is the asymptotic anisotropy.

Static light scattering
The measurements on the amide-linked porphyrin disks were performed at the CNR - Istituto per i
Processi Chimico-Fisici, Messina, Italy. In this experimental setup, a He-Ne laser (λ0=632.8 nm) is used as
laser source; the beam, linearly polarised orthogonal to the scattering plane, is focused on the sample. The
light scattered from the sample is collected by a cooled photomultiplier Hamamatsu R943-02 at different
scattering angles (θ), which are set by a computer-controlled goniometer. An interference filter, inserted in
the collecting path, eliminates unwanted contributions from fluorescence. For the static light-scattering
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measurements, the intensity scattered from the sample is corrected for the solvent contribution and then
normalised by the absolute scattered intensity of toluene, which is used as reference.
The SLS measurements on the ether- and ester-linked porphyrin disks were performed at the HFML, in
Nijmegen, the Netherlands. The setup has a computerised home-made goniometer, which used a step size
of 1° in the angular range of 25 to 100°, corresponding to the scattering wavevectors of 6 to 20 μm-1. The
scattered intensity was measured using a single mode optical fibre with a collimating lens in combination
with an ALV/SO-SIPD single photon detector, using a 5s integration time per angle. A temperature
controller was used to stabilise the temperature at 293.0 ± 0.1 K during the measurements. The
wavelengths of the laser are 514 (TEsP) and 701 nm (TEP, HEP and HEsP) for the trimers and hexamers
respectively.
The absolute scattered intensity can be written as:52

I(Q) = KM w cP(Q)S(Q)
P(Q) and S(Q) are the normalised form factor and the structure factor, respectively, Mw is the molecular
weight, c is the mass concentration, and K is the optical constant.. For the scattering geometry of the
experiment, it is:

4π 2 n 2
K= 4
λ0 N a

⎛ dn ⎞
⎜ ⎟
⎝ dc ⎠

2

⎛ dn ⎞
⎟ = the refractive index increment. The Q-value is defined as:
⎝ dc ⎠

with Na = Avogadro’s number and ⎜

Q=

4πn ⎛ θ ⎞
sin⎜ ⎟
λ
⎝2⎠

For the solutions investigated, it can be considered that the concentration is low enough that S(Q) can be
approximated to unity.

Dynamic light scattering
The apparatus used for the DLS measurements was similar to the one used for SLS measurements.
In case of the amide-linked disks, the scattered light, collected in a self-beating mode, is analysed by a
MALVERN 4700 correlator which builds up the intensity autocorrelation function:26

g 2(Q,t) =

I(Q,0 )I(Q,t)
I( 0 )

2

For diffusing monodisperse spherical scatterers with hydrodynamic radius Rh, such as Q(Rh)<<1, the
intensity autocorrelation function takes a simple exponential form:

g 2 (Q,t) = 1 + exp ( − 2 Γt)
The Q value is defined as:

Q=

4πn ⎛ θ ⎞
sin⎜ ⎟
λ
⎝2⎠

with n = refractive index of solution, λ = wavelength and θ = scattering.
In the case that QRh >>1, the previous form for the autocorrelation function holds provided that the
diffusing objects are rigid. Because the investigated solutions are slightly polydisperse, the autocorrelation
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functions have been analysed in terms of a standard cumulant analysis26,52 to find a mean diffusion
coefficient, Deff:

ln g1(Q,t) = − De ff Q 2 t + 1/ 2!μ 2 t 2 − 1/ 3!μ3t 3 + ...
with μn the moments of the distribution of the decay rates (the quantity μ2 is related to the size
polydispersity of the particles). The diffusion coefficient (D) relates to the decay rate and Q2:

Γ=

D
Q2

By measuring the slope of the mean decay rate ( Γ ) versus Q2 close to zero scattering angle, the diffusion
coefficient can be obtained.
In the case of the ester- and ether-linked disks, the detector output was sent to an ALV-5000/E Multiple
tau digital correlator, using a typical acquisition time of 300 s. In this case, the obtained intensity correlation
functions were fit for all Q values, using the cumulant analysis:

⎛
μ τ2 ⎞
g 2(τ ) − 1 = β exp( −2 Γτ )⎜1 + 2 ⎟
⎜
2 ⎟⎠
⎝

2

where:

g 2(τ ) =

I(t)I(t + τ)
I(t)

2

Upon plotting ( Γ ) versus Q2 and determining the slope, the diffusion coefficient can be determined. In
both cases, from the diffusion coefficient the hydrodynamic radius can be determined via the StokesEinstein relation:

D=

kT
6πηR h

With k being the Boltzmann’s constant, T the absolute temperature, and η the solvent viscosity. The
dimensions of a rod-shaped particle can be estimated by the following relation:53
2
2
⎛
3 ⎜
2 R ⎛⎜ L
⎛ L ⎞
⎛ L ⎞
+ 1+ ⎜
Rh = R⎜ 1 + ⎜
ln
⎟ +
⎟
L ⎜ 2R
2 ⎜
⎝ 2R ⎠
⎝ 2R ⎠
⎝
⎝

⎞ L ⎞
⎟
⎟−
⎟ 2 R ⎟⎟
⎠
⎠

−1

with Rh the hydrodynamic radius, R the radius and L the length of the rod.

Small angle neutron scattering
SANS experiments on n-TAP were performed at the KWS1 spectrometer at the FRJ-2 Dido Reactor at
Jülich, Germany. The reactor runs at 20 MW and has a D20 moderator. Data were collected at distances of
sample-to-detector of 1.25, 2, 8 and 20 m which leads to an equivalent scattering vector range Q between
0.002 and 0.26A-1 using a neutron wavelength λ= 7A with a wavelength spread Δλ/λ=0.20. These distances
provide the full scattering angle range and overlap nicely, which avoids systematic errors due to different
counting statistics. The incoming neutron beam with entrance 30 x 30 mm2 was collimated with respectively
2, 2, 8 and 20 m to a sample aperture of 10 x 10 mm2 to achieve maximum possible flux at the sample. The
scattering vector Q is related to the scattering angle via:
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Q=

4π ⎛ θ ⎞
sin⎜ ⎟
λ
⎝2⎠

with θ the scattering angle. Roughly with this scattering vector range distances of 2π/Q between 25Å and
3000 Å are within reach of investigation. The detection of the scattered neutrons was 2-dimensionally in
128x128 channels of each 5.2x5.2mm2. The detector was of the photomultiplier type which has the
advantage over gas detectors that the dynamical range of intensities is high and no damage due to local high
counting rates can be expected. Its deadtime τ is 4.5 microseconds, allowing integral counting rates of
approximately 20,000 counts per second. The sensitivity of the detector channels was obtained from the
measurement of a flat-scattering incoherent sample, i.e. Plexiglas or H20 and every cell was corrected for it
pixelwise. The measured neutrons in each configuration were put onto an absolute intensity scale (cm-1)
which allows comparison with theoretical calculations and with different spectrometers at other neutron
sources. The corrected intensities are obtained after appropriate subtraction of empty cell scattering as well
as background noise from stray neutrons and gammas as well as dark current noise from the electronics.
Eventual deadtime effects are accounted for in the calibration. Absolute cross-sections, here further
abbreviated as intensities I, were obtained after calibrating with a 1.5 mm thick secondary standard of
Plexiglas which was before calibrated to vanadium and obtained as:

d ∑p

)L2S
dΣ
dΩ
(Q ) =
[( I S − I BC ) − TS ( I EC − I BC )] ε ij
dΩ
TS TEC DS L2p < I p >
( Tp D p

where subscripts p, S, EC, BC stand for Plexiglas, Sample, Empty Cell and Boron Carbide. Vanadium is the
typical neutron standard since it scatters only incoherently and the incoherent scattering cross section is
well known. Because of its low scattering, however, secondary standards like Plexiglas have become
popular. The detector sensitivity correction is contained in the εij matrix. The thickness of each component
in the beam is stored in D, and T denotes the transmission of the respective component to air. The first
term in the nominator concerns data of Plexiglas and the product of T, D and absolute scattering intensity
was 5.2 10-2, its accuracy is 4%. The detector distance is symbolised by L and defines the space or solid
angle, defined as dΩ= (pixel area)/L2. If it is possible the standard Plexiglas was measured at identical
collimation conditions as the sample i.e. at the same flux conditions but at a shorter distance, and then
scaling the intensity for the correct space angle leads to an automatic overlap of the different camera
distances. Instead of dividing the intensity by the flat intensity of the calibrant, the average intensity of
Plexiglas is used together with a sensitivity correction per channel (εij). This has the advantage of
decoupling calibration and sensitivity corrections. All above corrections are performed in 2D (128x128)
pixelwise after which a radial averaging of the data (i.e. gathering of intensities at the same scattering vector)
reduces the full 2D data to I vs. Q data. The solutions of porphyrins disks in CDCl3 or toluene-D8 were
measured in Hellma Quartz cells with path lengths of 2 mm. The transmissions were measured in situ and
yielded on average T=0.51 for CDCl3 solutions and T=0.87 for toluene-D8 solutions.
The SANS experiments on c-TAP in n-hexane were performed at the small angle scattering instrument
D11 at the Institute of Luau-Langevin in Grenoble, France, which has been described in the literature
before54.
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If it is possible to assume a theoretical model for the scattering particle, the absolute intensity which is
measured experimentally can be calculated and checked. Parameters entering in the model can then be
fitted and optimised in order to achieve the best agreement. The scattering cross-section of a collection of n
particles can be written as:55

dΣ
(Q) = nΔρ 2V 2 P(Q)S(Q) + B gr
dΩ
where Δρ is the difference in scattering length densities between the particles and solvent, V is the volume
of the particles, P(Q) is the particle form factor, S(Q) the structure factor and Bgr is the background. The
form factor describes the shape of the molecules, while the structure factor describes the interference of
scattering of different particles and can give information about the interaction between the particles. In
diluted systems this term can be neglected. As such, the scattering cross-section becomes:

dΣ
(Q) = nΔρ 2V 2 P(Q) + B gr
dΩ
In the case of spherical particles the scattering cross-section becomes:
2

⎡ sin( QRS ) − QRc cos( QRS ) ⎤
dΣ
( Q ) = φ N VS Δρ 2 ⎢3
⎥ + B gr
dΩ
( QRS )3
⎣⎢
⎦⎥
where φN is the volume fraction of the particles, VS is the volume of the sphere ( VS =

4 3
πRC ) and RS is
3

the radius of the sphere. In the case the particles exhibit a cylindrical shape, the scattering cross-section
becomes: 56
2

1
⎤
⎡
⎢ 2 J 1 ( QRc sin α) sin ( 2 QLc cos (α )) ⎥
dΣ
(Q) = φ N VC Δρ ∫ ⎢
⎥ sin α dα + B gr
1
dΩ
QR
sin
α
c
0⎢
QLc cos (α ) ⎥
2
⎦⎥
⎣⎢
π
2

With VC being the volume of the cylinder ( VC = πRC2 LC ), RC the radius and LC the length, and α the angle
between the rod axis and the Q-vector.
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Chapter 4
The aggregation behaviour of porphyrin disks at the
solid-liquid interface

Abstract:
The formation of self-assembled architectures at the solid-liquid interface is a promising method to construct patterned surfaces.
The self-assembly of molecules at such an interface is often correlated to their self-assembly properties in solution, but the
dewetting properties of the surface often also play a major role. It will be demonstrated that by combining the dewetting
properties of the surface and the self-assembly properties of porphyrin disks, a diversity of architectures can be generate ranging,
from ill-defined blobs to large periodic patterns. The latter patterns, generated by a hierarchical self-assembly process, can be
used as alignment layers for liquid crystal molecules. The possibilities to obtain control over pattern formation will be discussed.

Chapter 4

4.1 Introduction
Miniaturisation is a continuing trend in technology, i.e. by developing ever-smaller scales, first for
mechanical devices, then for optical devices, and more recently also electronic devices. This trend can be
traced back to even ancient times and has lead to the current interest in molecular nanotechnology. In
electronics the process of miniaturisation is often described by an empirical observation called Moore's
Law, which predicts that the number of transistors on an integrated circuit for minimum component cost
doubles every two years.1 Complex submicrometer patterns on surfaces that extend over macroscopic
distances are essential for the fabrication of integrated circuits and microelectromechanical devices.2-4 For
applications as detection arrays and optical elements, well-defined symmetrical patterns are required.
Conventionally, by applying a top-down technique such as lithography, the desired final structure is etched
from a larger block of material. However, such techniques become increasingly more complicated, are
expensive, and prone to errors. A promising alternative to construct useful architectures at the nanometre
scale is self-assembly of molecular building blocks. In order to construct such nanometre scale structures, it
is essential to understand the properties of the building blocks at a molecular level. In self-assembly the
final (desired) structure is 'encoded' in the shape and properties of the building blocks. Hence, we may call
self-assembly is referred to as a 'bottom-up' manufacturing technique.
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Figure 4.1. A) Chemical structure of the hexa-ether porphyrin (HEP) B) Chemical structure of the dodeca-ether porphyrin
(DEP). C) Scanning electron microscope image of the ring-shaped assemblies formed by evaporation of a thin film of HEP in
chloroform on a carbon substrate ([HEP] = 1 × 10-5 M, bar = 10 μm).5 D) Idem of DEP ([DEP] = 1 × 10-5 M).
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For many applications a well-defined symmetrically patterned surface is required. To manufacture such a
surface, to date several processing steps, which are often invasive, are needed; they involve scratching,
rubbing, or etching of the surface. Examples of complex patterns formed by non-invasive techniques are
still scarce, usually require large polymeric molecules, and are often of small spatial extent. 6-18
In our group the self-assembly and self-organisation at the solid-liquid interface of so-called porphyrin
hexamers and porphyrin dodecamers has been studied in great detail.5,19-23 The design of these porphyrin
“wheels” was inspired by the light-harvesting complex and although they were initially constructed to
mimic this complex, several other interesting properties of these wheels were found. Both the hexa-ether
porphyrin (HEP) and the dodeca-ether porphyrin (DEP) were found to spontaneously form mesoscopic
architectures at the solid-liquid interface; upon evaporation of the solvent of a drop-casted chloroform
solution containing these compounds, ring-shaped architectures were formed (Figure 4.1).
A
B
C

D

Figure 4.2. A) AFM image of rings formed by DEP (see also Figure 4.1D) on a hydrophilic glass surface. B) Polarised
fluorescence microscopy image of rings of DEP on hydrophilic carbon-coated glass, with vertical excitation (Exc.) and detection
(Det); inset: vertical excitation and horizontal detection. C) As for (B) but now with horizontal excitation and detection; inset:
horizontal excitation and vertical detection. D) Proposed internal structure of the rings formed by DEP (for the hexamer, a
similar structure is proposed). D) The ring is built up from multiple tangentially oriented columnar stacks of DEP.
The orientation of the molecules within the rings was determined by polarised fluorescence spectroscopy
and near-field scanning optical microscopy (NSOM).19,21 These techniques revealed that the molecules were
oriented in a tangential fashion with respect to the centre of the ring (Figure 4.2B-D). This orientation
results in a polarisation of fluorescence of the rings, which indicates that the porphyrins located in the top
of a ring are orientated orthogonally to those located at the side of the ring.
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In the literature two different dewetting mechanisms have been described by which ring-shaped
architectures can be formed: the pinhole mechanism and the coffee-stain mechanism (Figure 4.3).216,19 In
the former mechanism the key step is the formation of holes in a thinning liquid film upon evaporation of a
solution on a wetted substrate. During evaporation the film thins to a thickness of a few nanometres. In
this very thin film, pinholes are nucleated. The evaporation speed is higher at the edge of the pinhole than
in the rest of the film. To compensate for this loss of liquid, a flow of solvent arises towards the edge of the
pinhole. This results in a local accumulation of dissolved molecules, which are deposited at the edge of the
pinhole, leading to the formation of ring-shaped architectures on the substrate.21

Figure 4.3. Schematic representation of ring formation processes according to the coffee-stain mechanism (left) and the pinhole
mechanism (right).
The coffee-stain mechanism explains the formation of large ring-like stains from solution droplets. These
stains are the result of the pinning of the contact line, which is defined as the extrapolated meniscus of the
droplet. During evaporation of the solvent, the contact line is pinned several times. Deegan et al. showed
by observing colloidal fluids that a flow, and thus a flow of solutes, arises from the interior outwards to the
edge of the droplet (Figure 4.3).7 This results in the accumulation and eventually deposition of material near
the edge of the droplet, causing a layer of irregularly deposited solutes at the contact line to be formed.7
Generally, it is relatively easy to deduce via which mechanism the dewetting occurs. A first difference can
be observed in the size of the ring-shaped architectures. Since the rings in the case of a droplet that dewets
via the coffee-stain mechanism resemble the contact line of the droplet, 6,7 their size can easily exceed the
millimetre range, whereas rings formed via the pinhole mechanism have sizes in the micrometre range.
Another important difference is the deposition of the material. In the case of the pinhole mechanism, the
interior of the ring dewets first and the majority of the material dissolved in the film is located outside the
ring. In contrast, in rings generated by the coffee-stain mechanism, the exterior of the ring has dewetted
first and the majority of the material is located in the interior.
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Spinodal dewetting
Besides dewetting via the coffee-stain and pinhole mechanisms, there is also an additional type of dewetting
which should be mentioned: spinodal dewetting.24 This type of dewetting is observed when capillary waves
are spontaneously amplified as a result of which the film on the surface becomes unstable. Spinodal
dewetting only occurs when the second derivate of the effective interface potential, φ(h), is negative (φ(h) is
defined as the excess free energy (per unit area) it takes to bring two interfaces from infinity to a certain
distance, h).25,26 Only in this case, all fluctuations in film thickness are amplified, which leads to a
spontaneous dewetting of the substrate. There is, however, a certain wavelength at which the amplitude
grows fastest. As a result, an undulation pattern is generated and in the valleys of these fluctuations, the
liquid surface finally reaches the substrate and initiates dewetting.27-29
In an effort to elucidate some aspects of the interplay between nonlinearity and dewetting morphology
Herminghaus et al. have experimentally investigated the spinodal dewetting behaviour of two rather
different systems.24 They prepared samples by spreading liquid crystal molecules from a chloroform
solution onto the water surface in a Langmuir trough. By compressing the surface, a film with a controlled
thickness could be obtained. In a next step, this film was transferred onto silicon wafers. The liquid crystal
(LC) film was then allowed to dewet, which appeared to take place via a combination of the pinhole
mechanism and spinodal dewetting (Figure 4.4). The circular architectures are generated by the dewetting
process that proceeds via pinholes, whereas the second type of architecture exhibits a clearly defined critical
wavelength, resulting from the undulating pattern caused by spinodal dewetting.

Figure 4.4. Optical micrograph of a dewetted film of a liquid crystal at room temperature. The circular holes are nucleated via
the pinhole mechanism from defects, and the background pattern via spinodal dewetting.

Induced alignment
Numerous alignment techniques to introduce macroscopic order into isotropic systems have been reported,
among which are zone-casting,30-33 Langmuir–Blodgett film preparation,34 mechanical stretching,35
rubbing36 and the use of alignment layers.37 The rate of success of these alignment techniques depends
upon the choice of experimental parameters, e.g. the temperature gradient and the optimal flow rate for
zone-casting and the amphiphilicity of the molecules in the case of Langmuir-Blodgett deposition.
A minor number of restrictions and easier-to-set experimental conditions are required for the use of
external fields, which offer the advantages of being clean, contact-free and homogeneous. External field
alignment methods rely on the introduction of an extra potential energy, which a molecule acquires in an
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external field. If the susceptibility of the molecule is anisotropic, this energy is orientation-dependent which
can cause the molecule to align with respect to the external field in such a geometry that this extra energy
gain is minimised.38-41
Generally, magnetic or electric external fields are used to induce alignment. The advantage of using electric
fields is that the setup is relatively cheap and straightforward, while strong magnetic fields require a very
expensive setup and a large cooling installation. However, a magnetic field has the advantages that no
kinetic energy is dissipated into the system, no electrodynamic instabilities are created and no charge
currents are induced.39

4.2 Results and discussion
The aggregation behaviour of cyclic porphyrin oligomers (Figure 4.5) in solution will have a large influence
on the assembly properties at a solid-liquid interface.42 The solution properties of these compounds have
been extensively discussed in Chapter 3, and are summarised in Table 4.1.
Table 4.1. Overview of the assembly properties of the different porphyrin disks in solution (c.a.c = critical aggregation
concentration, c.g.c = critical gelation concentration, n.d. = not determined).
Disk

Linkage

HEP
HEsP
TEP
TEsP
n-TAP

Ether
Ester
Ether
Ester
Amide

Chloroform
c.a.c.
c.g.c
-a
a
-a
a
0.2 mM
2 mM

Tail

p-dodecoxyphenyl
p-dodecoxyphenyl
p-dodecoxyphenyl
p-dodecoxyphenyl
p-dodecoxyphenyl
p-(3S)-4-(3,7c-TAP
Amide
0.2 mM
dimethyloctoxy)phenyl
t-TAP
Amide
tolyl
0.4 mM
a: No intermolecular aggregation observed, b: t-TAP is insoluble in n-hexane.

2 mM

< 1μM

+

-

-b

-b
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Figure 4.5. Chemical structures of the porphyrin disks.

Architectures on a hydrophobic substrate
In analogy with the studies carried out on HEP, the aggregation behaviour of the other porphyrin disks
was first investigated on hydrophobic substrates, viz. carbon-coated copper grids.5,21 In general, the samples
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were prepared by placing a droplet of a solution of the porphyrin disk (3 μl, [disk] = 5 μM) on a carboncoated grid, after which the solvent was allowed to evaporate. The samples were subsequently studied with
electron microscopy. Chloroform and mixtures of chloroform and methanol containing 10 and 25% of
methanol respectively were used as the solvents (Figure 4.6, Table 4.2). Previous studies in our group had
shown that the relative humidity (RH) has a large influence on the architectures formed by HEP. At low
relative humidity (RH < 45 %), ill-defined architectures were found, whilst at higher relative humidity (RH
> 60 %) rings were observed (Figure 4.1A). For this reason all the experiments were performed in an
environment with a high relative humidity (RH > 60%).
A

C

B

D

Figure 4.6. Overview of the structures formed after evaporation of a drop-casted solution of a porphyrin disk (3 μl, [disk] = 5
mM) on a carbon-coated copper grid. A) SEM- image of rings formed by TEsP from chloroform. B) SEM-image of spheres
formed by TEP in 25% methanol in chloroform. C) TEM-image of interrupted rings formed by TEP in chloroform. D)
SEM-image of rings by n-TAP in 10 %(v/v) methanol in chloroform.
The ester-linked porphyrin disks TEsP and HEsP showed similar architectures as HEP (Table 4.2). In
both chloroform and 10% (v/v) methanol in chloroform, ring-shaped architectures were observed, whilst
at a higher methanol fraction, viz. 25%, sphere-like structures were found (Figure 4.6A&B). In analogy with
the rings formed by HEP, the formation of rings by TEsP and HEsP seems to be the result of dewetting
of the surface by the pinhole mechanism. In both cases, no material was observed in the interior of the
rings, whilst an accumulation of material seemed to be present at the outer edge of the ring. It is not likely
that the carbon-coated copper grid plays a major role in the formation of the spheres. More likely, the
spheres result from phase-separation of the disks from the solution. The porphyrin disks are poorly soluble
in methanol and upon evaporation of a solution containing a large fraction of this solvent
(> 25%), the gradual increase in its relative fraction can induce such a phase-separation.
103

Chapter 4
Table 4.2. Overview of the structures formed by the porphyrin disks on hydrophobic carbon substrates ([disk] = 5 μM,
droplet = 3 μl)
Compound
TEP
HEP a
TEsP
HEsP b
c-TAP
n-TAP
t-TAP

CHCl3
Interrupted rings
Rings
Rings
Rings
Reminiscent of gel
Reminiscent of gel
Rings
a
Taken from literature.21,43 b: [HEsP] = 72 μM.

10% of MeOH in CHCl3
Interrupted rings
Rings
Rings
Rings
Rings
-

25% of MeOH in CHCl3
Spheres
Spheres
Spheres
Rings
Interrupted rings and blobs

The formation of spheres was also observed for TEP (Figure 4.6B) when solvent-mixtures of 25 % (v/v)
of methanol in chloroform were applied. Upon the evaporation of solutions with no methanol or 10 %
(v/v) of methanol present, ring-shaped structures were observed. However, in this case a large amount of
material was observed in the interior of the ring (Figure 4.6C), whilst at the exterior of the rings only little
material was present. This observation suggests that in this case the rings are formed via the coffee-stain
mechanism and hence probably consist of randomly deposited material.6,7 This difference in dewetting
mechanism might be the result of a different aggregation behaviour of TEP in chloroform when compared
to HEP.
Compared to the aggregation behaviour of HEP, n-TAP and c-TAP also showed deviating assembly
properties at the solid-liquid interface. Electron microscopy studies did not reveal any well-defined
architectures formed by these amide-linked porphyrin disks. Instead, it seemed that a gel-like layer was
present, but the resolution was too poor for a conclusive interpretation. The formation of such a gel-like
morphology is not very surprising, since this compound is able to gelate a solution of chloroform if the
concentration of the disk is larger than 2 mM.

Figure 4.7. TEM-image of architectures reminiscent of a gel, formed by c-TAP from a chloroform solution.
In methanol-chloroform mixtures, both n-TAP and c-TAP formed ring-shaped architectures, probably by
dewetting of the substrate via the pinhole mechanism, since no material in the interior of the ring was
observed (Figure 4.6D). This behaviour is explained by the supposition that methanol prohibits the
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formation of very long columnar assemblies by these compounds, and as such the formation of a gel.
Hence, it appears that gel-formation intervenes with the pinhole-mechanism. In other words, ringformation only seems to occur when the compound has a moderate tendency to self-assemble into larger
structures, i.e. the assemblies have a relative small persistence length, or contain few entanglements. The
architectures formed by t-TAP on the carbon-coated glass substrate upon evaporation of a solution of this
compound in chloroform seem to confirm this observation. t-TAP is not able to gelate a chloroform
solution (Table 4.1) and hence it forms ring-shaped architectures on this substrate.

Architectures on a hydrophilic substrate
The self-assembly properties of the porphyrin disks were also studied on the hydrophilic surface of mica.
Upon cleavage of this material, a large, very flat and clean surface is obtained. After drop-casting a solution
of a porphyrin disk, and evaporation of the solvent, the formed architectures were studied by atomic force
microscopy (AFM).
A
B

Figure 4.8. AFM-images of the gel-like morphology formed by n-TAP. A) Topography image. B) Phase image.
In the case of n-TAP in chloroform (3 μl, [n-TAP] ≈ 0.1 mM) drop-casted onto mica, a gel-like
morphology was observed (Figure 4.8). Due to the convolution of the AFM-tip, the width of the entangled
fibres could not exactly be determined from the AFM images. However, analysis of their height showed
that the gel is built up from fibres with a diameter of approximately 5 nm. This value roughly corresponds
to the diameter of an n-TAP molecule, indicating that the gel contains long columnar assemblies of nTAP. To investigate whether it was possible to disentangle the fibres, a diluted solution of n-TAP in
chloroform (3 μl, [n-TAP] = 4.8 × 10-6 M) was drop-casted onto mica. Unexpectedly, after dewetting of
the surface, very large domains (up to ~ 3 mm2) containing highly ordered patterns of equidistant and
nearly parallel line architectures were observed. The height of each line was accurately measured at several
randomly selected locations on several samples, and in all cases it was found to be 4.5 ± 0.4 nm (Figure
4.9D), which corresponds very well with the calculated diameter of one n-TAP molecule. This indicates
that the lines are built up from single columnar stacks of n-TAP, which implies that they contain millions
of ordered molecules in one single array.
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Figure 4.9. Patterns formed on mica after evaporation of 3 μl droplets of n-TAP in chloroform ([n-TAP] = 4.8 × 10-6
M). A) AFM image (scan size = 25 x 25 μm2) of a pattern of highly ordered equidistant parallel lines. B) AFM image
(scan size = 10 x 10 μm2); the inset shows the cross-section indicated in the AFM image. C) AFM image (scan size = 3 x
3 μm2) of a pattern of the fibre-like assemblies. D) Bar diagram showing the height distribution of the line pattern within a
single domain. The Gaussian fit demonstrates an average line height of 4.5 nm with σ = 0.4 nm.
Analysis of several samples revealed a narrow spatial distribution of the periodicity within one single
domain (e.g. 650 ± 40 nm in a domain with a size of 3 mm2, Figure 4.10A), but between several domains
the value of the periodicity varied from 0.5 to 1 μm. This well-defined periodicity within such a large
domain indicates that pattern formation is not a simple deposition of columnar stacks that are preassembled in solution, but that long-range forces are involved governing the positioning of the assemblies.
Very likely, these long-ranged forces are related to the dewetting of the substrate.
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Figure 4.10. A) Overview of the spatial distribution of the lines shown in Figure 4.9 within a single domain (size = 3 mm2).
Each grey tone represents a different position in a single domain. B) The spatial distribution of the whole domain. The
Gaussian fit demonstrates that within this domain the periodicity is 650 nm, with σ = 40 nm.
Clear evidence for the influence of the dewetting on the pattern formation was observed when larger
droplets (10 μl, [n-TAP] = 4.8 × 10-6 M) were deposited under similar conditions. Due to the larger
volume of the droplets, the evaporation takes longer and now porphyrin lines with different dimensions
from those described above were observed by AFM (Figure 4.11). Now, a periodicity of 13.4 ± 0.7 μm and
a line height of 55.4 ± 0.6 nm were found. The latter value indicates that each line in this pattern consist of
a bundle of multiple columnar stacks of n-TAP. Because of these larger dimensions, it was also possible to
visualise this pattern by optical microscopy (Figure 4.11B). With this technique it was observed that the
orientation of the lines, which are up to 0.8 mm long, is orthogonal with respect to the solvent front.
A
B

Figure 4.11. Patterns formed after evaporation of 10 μl droplets of compound n-TAP in chloroform. A) AFM image (scan
size = 95 x 95 μm2) of a line pattern on mica. B) Optical micrograph of the pattern formed on mica.
To unambiguously demonstrate that the lines were built up from n-TAP, scanning confocal fluorescence
microscopy studies were performed (Figure 4.12, excitation λ = 411 nm). These confirmed that the lines
consist of molecules of n-TAP since the emission of the sample was concentrated on the line assemblies
and the recorded emission spectrum from a line was characteristic for a porphyrin aggregate (Figure
4.12C).21
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Figure 4.12. A) Scanning confocal fluorescence microscopy image of the small lines on mica, B) Idem, of the large lines. C)
Emission spectrum (λext = 411 nm) of the lines (λmax 1 = 665, nm λmax 2 = 726 nm). The spectrum shows the characteristic
fluorescence of a porphyrin aggregate.
At the boundary of the domains of the lines formed upon the evaporation of 3 μl droplets (single columnar
stacks are formed), in this case broad and ill-defined deposition of material was observed. By means of
optical microscopy, it could be established that these depositions were macroscopic “ring-shaped”
architectures (Figure 4.13). By the combination of AFM and optical microscopy, it could be deduced that in
this case the thin lines were oriented parallel with respect to these ring-shaped architectures (Figure 4.13C).
Deegan et al. explained the formation of such rings by the coffee-stain mechanism (Figure 4.3), and
proposed that they are formed because of the pinning of the contact line of the droplet.6,7 As a result, these
contact pinning lines resemble the local solvent front. This implies that the lines consisting of single
columnar stacks are oriented parallel with respect to the local solvent front (Figure 4.13B).
A
B

Figure 4.13. A) Optical microscopy image of the ring-shaped architectures formed by n-TAP in chloroform onto mica. B)
AFM image showing that the periodic pattern is oriented parallel to the contact pinning line.
To unambiguously demonstrate that the broad lines are indeed contact pinning lines, the dewetting process
was studied in real-time. Unfortunately, mica is birefringent and it was not possible to study the assembly
processes optically in real-time. It was, however, possible to visualise the line-formation process in real-time
on a glass surface (10 μl, [n-TAP] = 4.8 × 10-5 M), using an optical polarisation microscope equipped with
a CCD camera (Figure 4.14). During the evaporation process, the front of the droplet was pinned several
times, and upon its withdrawal, deposited material was observed. Simultaneously with the pinning, the
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formation of linear aggregates as a result of the self-assembly processes was already visible within the
droplet, perpendicular to the front, before its withdrawal. However, the increased roughness of the
substrate when compared to mica resulted in the formation of less well-defined patterns.

Figure 4.14. Series of optical micrographs of the ‘coffee-stain-like’ pattern formed during the evaporation of a solution of nTAP in chloroform on glass ([n-TAP] = 4.8 x 10-5 M); the bottom part is still covered with solution (dark grey). The
whitish stripes are the aggregates which remain after retraction of the droplet.
The formation of the line assemblies formed by the smaller droplets (3 μl) can not be attributed to the
coffee-stain mechanism, which can neither explain the regular spatial distribution (Figure 4.9D) nor the
mono-disperisty of the height of the lines (Figure 4.10). At the boundaries of the ordered domains, patterns
reminiscent of spinodal dewetting were observed (Figure 4.15A).24,44-47 A clear correlation was seen between
these two regions, because most lines in the periodic domain appeared to grow out from the less-defined
assemblies in the spinodal dewetting domain. Substrates subject to spinodal dewetting are known to dewet
via the formation of an undulating bicontinuous pattern.47 It is postulated that this undulating pattern
governs the spatial distribution of the linear aggregates (Figure 4.15B). The small defects observed in Figure
4.9C support this postulation, because their presence does not interrupt the periodicity of the patterns.
In the case of the small droplets (3 μl), the formation of the highly ordered thin line patterns is governed by
a combination of molecular self-assembly and physical processes in which the contact line is pinned several
times (Figure 4.16A), leaving behind a thin film of n-TAP in chloroform between the pinned contact lines,
which is subject to spinodal dewetting. Combined with the propensity of n-TAP to form 1D aggregates,
this dewetting gives rise to the formation of the highly defined periodic patterns (Figure 4.15B), with the
contact pinning lines directing their orientation. Within each domain, the local spinodal dewetting
determines the periodicity, which was in all cases observed to be between 500 nm and 1 μm.
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Figure 4.15. AFM image of a domain transition between a highly ordered and a less ordered domain. B) Artistic
representation of the proposed formation of periodic patterns on flat mica; spinodal dewetting causes an undulating pattern in
the solvent, which governs the positioning of the aggregates and thus the spatial distribution of the lines.
In the case of the larger droplets (10 μl), no contact pinning lines are observed and the thicker lines are
oriented orthogonally with respect to the solvent front (Figure 4.16B&C). This is characteristic for
dewetting of the substrate via the coffee-stain mechanism if there is too little material to pin the solvent. In
such a case, partial pinning occurs, which hinders the retraction of the contact line of the solvent front, but
contact pinning lines containing deposited material are not formed.6 The partial pinning also causes a flow
of molecules toward and orthogonal to the contact line. The concomitant local increase in concentration of
solutes leads to growth of the lines from a direction opposite to the molecular flow, resulting in an
orthogonal orientation with respect to the solvent front. In analogy with the small lines, it is postulated that
also in this case the well-defined spatial distribution originates from an undulating pattern generated by the
spinodal dewetting.
A
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C

Figure 4.16. A) Proposed mechanism of the formation of the one molecule thick patterned lines. During the evaporation of the
droplet (I→II), the contact line is pinned several times, resulting in the formation of contact pinning lines (designated with 1, 2
and 3). After retraction of the solvent frond, a thin film remains in which a pattern of thin lines is formed as a result of selfassembly and dewetting. B) Proposed mechanism of the formation of the patterned thicker lines from larger (10 μl) droplets.
The presence of aggregates preformed in solution hinders the retraction of the solvent front (from I→II), causing partial pinning
of the contact line. In combination with the molecular self-assembly, this partial pinning results in an orientation and growth of
linear aggregates orthogonal to the local solvent front; contact pinning lines are not observed. C) Schematic representation of the
line-growth process for the thick lines.
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In summary, in both cases the combination of (i) the tendency of the n-TAP molecules to from 1D
aggregates, (ii) the occurrence of (partial) contact line pinning, and (iii) spinodal dewetting effects results in
the observed formation of well-defined surface patterns.

Drop-casting in a controlled environment
The formation of periodic line patterns from evaporation droplets is expected to be governed by a delicate
balance between several parameters, among which temperature, droplet size, and humidity. In order to
obtain additional control over the process, a setup was developed in which the experiments can be
performed under a controlled atmosphere. It consists of a glass glove box-like cabinet (Figure 4.17), in
which a desired atmosphere can be created by flushing it with either argon or nitrogen and by keeping the
temperature at 22 ± 0.5 °C.

Figure 4.17. Photograph of the glass glove box-like cabinet, which allows the study of pattern formation in a controlled
environment.
In the case of the formation of rings, it was observed that the relative humidity had a large influence on the
dewetting process. When a droplet of n-TAP in chloroform (10 μl, [n-TAP] = 4.9 μM) was drop-casted on
a mica surface at a high relative humidity (RH > 75%) and the solvent was allowed to evaporate, structures
reminiscent of the line patterns were observed (Figure 4.18A).
A
B

Figure 4.18. AFM image of dotted line patterns formed by drop-casting a chloroform solution of n-TAP at a RH > 75%
on mica. A) Optical microscopy image, B) AFM phase image.
In this case, however, the pattern consisted of dotted lines which were built up from small droplet-like
features with a size of approximately 1 μm. Only at low relative humidity (RH < 20 %), well-defined and
periodic line patterns could be obtained. The samples prepared within this setup generally contained more
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and larger domains of periodic line patterns; surfaces up to 16 mm2 covered with ordered patterns of
equidistant parallel lines could be prepared.

Figure 4.19. AFM image of a mica surface after dewetting a solution of n-TAP in dichloromethane. Besides a broad contact
pinning line, only very small droplet-like features of material are present.
Other parameters turned out to be also very critical, which is highlighted when dichloromethane instead of
chloroform was used as a solvent under the same experimental conditions. Instead of finding any
architecture reminiscent of linear assemblies, the surface was completely covered with very small dropletlike features of n-TAP. Remarkably, the surface seemed to have dewetted via the coffee-stain mechanism,
since the characteristic contact pinning lines were observed.
A
B
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Figure 4.20. A) AFM image of a pattern formed after drop-casting a solution of c-TAP in chloroform. B) Heightdistribution of the lines of c-TAP. C) Distribution of the distance between the lines.
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Hitherto, the remarkable aggregation behaviour of n-TAP at the chloroform-mica interface was discussed.
When a droplet of a solution of c-TAP in chloroform (3 μl, [c-TAP] =5.7 x 10-6 M) was drop-casted onto
a mica surface and the solvent was allowed to evaporate, similar domains of highly ordered line patterns
were observed (Figure 4.20A). The lines exhibited a mean height of 4.3 ± 0.4 nm (Figure 4.20), indicating
that they consisted of single molecule thick columnar stacks of c-TAP. Like in the case of n-TAP, the
periodicity of the patterns formed by c-TAP was found to be monodisperse within one domain (e.g. 500 ±
70 nm, Figure 4.20), but varied between domains. It should be noted that the domain sizes of the patterns,
as well as the lengths of a single linear assembly of c-TAP were reduced compared to the patterns formed
by n-TAP. The fact that the assemblies are shorter is likely related to the steric bulk of the tails of c-TAP,
which reduces the stacking.
The pattern formation was found to be highly dependent on the concentration of c-TAP: only in the
concentration range of 1-10 μM, domains with such periodic patterns were visible. At higher
concentrations, AFM images with structures typically observed for gels were obtained, whereas at lower
concentrations small droplet-like features composed of randomly deposited material were observed. One of
the key features that governs pattern formation is the self-assembly behaviour of the molecule. The strict
concentration dependence suggests that the periodic patterns are only formed if the concentration of cTAP in a thin film, which is subject to spinodal dewetting at a thickness of 10-100 nm, is such that the
molecules start to self-assemble (viz. ~ 0.2 mM, vide supra).
A
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Figure 4.21. A) AFM image of fibre-like assemblies formed at the n-hexane/mica interface upon drop-casting a droplet of cTAP in n-hexane onto mica. B) Length distribution of the fibre-like assemblies as obtained from AFM measurements. C)
Height distribution of the fibre-like assemblies of c-TAP, determined from the AFM image in (A), using Scanning
Adventure Software.9
Like thin chloroform films, thin n-hexane films on flat substrates are subject to spinodal dewetting,21 but
their dewetting properties are expected to be quite different. In addition, in n-hexane already at micromolar
concentrations aggregates of c-TAP are present. When a solution of c-TAP in n-hexane ([c-TAP] = 5.7 x
10-6 M) was drop-casted onto mica and the solvent allowed to evaporate, AFM revealed the presence of
very long self-assembled fibres, with lengths up to several microns (Figure 4.21A-B). The height of these
fibres amounted to 3.6 ± 0.5 nm (Figure 4.21C), which indicates that they still exist of single molecule thick
columnar stacks.48,49 The fact that many of the fibres overlapped each other strongly suggests that they are
formed in solution and deposited as such onto the mica surface. The apparent alignment observed in the
AFM image is probably the result of a flow of the solvent, which occurs during the evaporation of the
droplet. The fact that the fibres are distributed randomly demonstrates that in the case of n-hexane
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spinodal dewetting does not significantly influence the deposition of the aggregates, which is likely the
result of the limited mobility of the large aggregated species in the thin film, i.e. it behaves like a
(supramolecular) polymer.11 The size distribution of the fibres is rather large (Figure 4.21A-B). Because of
the presence of several very long aggregates, the calculated average length of the fibres is 535 ± 450 nm.
The majority of them, however, has a length in the range of 100-325 nm (Figure 4.21B).

Figure 4.22. Artistic impression of the aggregation behaviour of c-TAP in solution and at the solid-liquid interface with
chloroform or n-hexane as a solvent.
The aggregation behaviour of c-TAP in n-hexane suggests that the periodic patterns formed upon
evaporation of a chloroform solution are not composed of preformed columnar stacks of this compound
in solution. Instead, it is proposed that they are generated by a highly directional self-assembly process,
which is templated by the undulating patterns caused by the spinodal dewetting, that occurs simultaneously
(Figure 4.22).
In contrast to c-TAP and n-TAP, the tris-amide porphyrin with meso-tolyl substituents, t-TAP did not selfassemble into large fibre-like assemblies upon drop-casting of the compound in chloroform onto a mica
surface (3μl, [t-TAP] = 5 μM). Instead, mainly droplet-like features of material were observed (Figure
4.23), which exhibited a well-defined mutual distance within a single domain, e.g. 0.7 ± 0.05 μm, which is
indicative for the occurrence of spinodal dewetting.45 This indicates that in the case of t-TAP the substrate
dewets in a similar manner as observed for n-TAP and c-TAP. The small difference in critical aggregation
concentration of t-TAP in comparison to that of c-TAP can not account for the large difference in selfassembly behaviour at the solid-liquid interface; compared to the change in concentration due to
evaporation of the solvent, this relatively small difference seems insignificant. It is possible that the
interactions between the substrate and the molecules are different for t-TAP, which might influence the
assembly properties at the interface. However, it is more likely that the solubility and self-assembly
114

The aggregation behaviour of porphyrin disks at the solid-liquid interface
properties of the compound are responsible for the change in aggregation behaviour. It seems that during
the self-assembly process a certain persistence length of the columnar assemblies is required in order to
form the extended linear line patterns. The persistence length of the assemblies of t-TAP is too small and
they are clustered together in small droplets of solution upon the dewetting of the surface.45 Upon further
evaporation of the droplets, the material is deposited onto the surface to generate a pattern of droplet-like
assemblies.
A
B

Figure 4.23. AFM images obtained after evaporation of a droplet of a solution of t-TAP in chloroform dropcasted onto mica.
A) The contact-pinning line, resembling the local solvent front, surrounded by small droplet-like assemblies of material. B)
Zoom-in on these assemblies.
Compared to t-TAP, the ether- and ester-linked porphyrin disks (TEP, TEsP and HEsP) displayed a
reduced tendency to self-assemble in chloroform. Hence, it can be expected that also these porphyrin disks
will form droplet-like assemblies upon drop-casting a chloroform solution of these compounds onto mica
at low relative humidity (RH < 20%). Indeed, for all three compounds droplets of porphyrin material were
observed (Figure 4.24). The presence of contact pinning lines (Figure 4.24A,C) and the local periodic
distribution of the droplets indicates that also in this case the dewetting of the surface proceeds via a
combination of the coffee-stain mechanism and spinodal dewetting. Occasionally, patterns reminiscent of
fibre-like assemblies were observed, but these structures appeared to be ill-defined (Figure 4.24A).
A
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Figure 4.24. AFM image of the droplet-like structures formed after evaporation of a droplet of TEP in chloroform onto mica
(3 μl, 5 μM). B) Idem, of HEsP drop-casted from chloroform. C) Idem, of TEsP drop-casted from chloroform
(3 μl, 5 μM).
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Dynamic light scattering studies demonstrated that in n-hexane solution TEP formed larger structures than
TEsP, which in turn formed larger assemblies than c-TAP (Table 3.5). Remarkably, at the mica–n-hexane
interface, at a low relative humidity (RH < 20%) TEsP did not form fibre-like assemblies at all. Instead,
large and irregularly shaped blob-like assemblies were observed (Figure 4.25A). In contrast, at high relative
humidities (RH > 75%) large fibre-like assemblies were obtained with a height of 4.5 ± 0.7 nm (Figure
4.25B). This latter value roughly corresponds to the diameter of a single molecule of TEsP, suggesting that
these assemblies are single molecule thick columnar stacks of TEsP. Compared to the fibres of c-TAP, the
fibres of TEsP seemed to exhibit a smaller persistence length. In addition, they showed a higher degree of
overlap, which makes the localisation of the ends of a single fibre-like assembly difficult. Although fibrelike assemblies with a length of at least 2.5 μm are present, an accurate comparison between the length
distributions of the fibre-like assemblies formed by TEsP and c-TAP is not possible.
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Figure 4.25. A) AFM image of the architectures formed by TEsP at the n-hexane–mica interface via drop-casting (3 μl,
[TEsP] = 5 μM) at a low relative humidity. B) Idem at a high relative humidity; inset: cross section. C) AFM image of the
architectures formed by TEP at the n-hexane–mica interface via drop-casting (3 μM, [TEP] = 5 μM); inset: cross section.
Remarkably, AFM showed that TEP formed very large fibre-like assemblies at the mica/n-hexane interface
(Figure 4.25C), which exhibited a large distribution of heights ranging from 3 to 40 nm. The first value
again corresponds roughly to the diameter of a molecule of TEP, which suggests that TEP first assembles
into columnar stacks and then, via a hierarchical process, further into the observed fibre-like structures. The
one-dimensional order most likely originates from solvent flows in the evaporating droplet. The AFM
image demonstrates that the bundles are coiled together, which suggests that they are formed before
deposition onto the mica surface. Their occurrence is in line with the light scattering measurements and
confirms the suspicion that the assemblies consist of multiple intertwined columnar stacks.
The aggregation behaviour of the various porphyrin disks has shown that apparent small changes in the
experimental conditions can have a very large influence on the assembly behaviour at the solid-liquid
interface. Intuitively, it is expected that the formation of larger assemblies in solution will result in the
formation of larger assemblies at the solid-liquid interface.42 The results in this chapter clearly show that
this is not necessarily true. It was unambiguously demonstrated that, by combining dewetting and selfassembly very large periodic line patterns can be created. The likelihood that the formation of such patterns
is unique for c-TAP and n-TAP is very small. The ability to form such extended and well-defined patterns
seems to require that the molecule exhibits a high tendency to self-assemble into columnar stacks with a
(relatively) long persistence length. When these conditions are fulfilled, the experimental conditions are very
critical and likely need to be deduced separately for each type of compound.
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Liquid crystal alignment layers
Like in solution, the aggregation behaviour of n-TAP at the solid-liquid interface is amongst factors
governed by π-π interactions and hydrogen bonding. The formation of the hydrogen bonds between two
n-TAP molecules generates a small dipole. Since three hydrogen bonds are formed upon dimerisation,
there are two possible mutual orientations: either all the hydrogen bonds have a parallel orientation of their
dipoles, or two have a parallel and one has an anti-parallel orientation. Upon elongation of the assembly,
the mutual orientation of the hydrogen bonds is expected to be preserved. Hence, when n-TAP selfassembles into long columnar stacks, a large macroscopic dipole parallel to the column axis will be
generated.50
In the following these large dipoles will be applied to align the dipoles of the liquid crystal (LC) molecules
4-cyano-4’-pentyl biphenyl (5CB) and the patterns of n-TAP will be used as a command layer for the
alignment of these liquid crystal molecules (Figure 4.26).
A
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Figure 4.26. A) Schematic representation of the (macroscopic) dipole resulting from the intermolecular hydrogen bonding
network between the n-TAP molecules in a columnar stack. B) Artistic view of the line pattern acting as a alignment layer
for liquid crystal molecules as a result of dipole-dipole interactions.
Due to the birefringence of mica it is not possible to characterise these command layers by means of optical
techniques. Since glass is not birefringent this substrate was used for these experiments. A droplet of a
solution of n-TAP in chloroform (5 μl, [n-TAP] = 5 x 10-5 M) was dropcasted onto a glass plate and the
solvent was allowed to evaporate. This glass plate covered with the aggregates of n-TAP was used together
with a non-rubbed counter plate, spin-coated with a commercially available polyimide, to construct a liquid
crystal cell (Figure 4.27).

Figure 4.27. Schematic drawing of a liquid crystal cell.
The cell was filled with 5CB in the isotropic phase to avoid flow alignment, and then studied with
polarising microscopy (Figure 4.28). This technique showed that large domains of aligned 5CB molecules
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were present, interrupted by concentric circles, which were the contact pinning lines formed during the
dewetting of the solution of n-TAP on glass. Interestingly, the contact pinning lines themselves do not
align the liquid crystal molecules, and remain visible, indicating that the radially organised aggregates of nTAP (Figure 4.14) are the ones that act as a command layer.
To unambiguously demonstrate that assemblies of n-TAP align the liquid crystal molecules, the sample was
studied by Second Harmonic Generation measurements (SHG, also called frequency doubling). SHG is a
nonlinear optical process (the polarisation responds nonlinearly to the electric field of the light), in which
photons interacting with a nonlinear material are effectively "combined" to form new photons with twice
the energy, and therefore twice the frequency of the initial photons. This phenomenon depends on the
properties of the studied material. Due to the anisotropy of 5CB, which serves as the nonlinear material,
SHG can be used to determine the orientation of these molecules within a liquid crystal film. SHG
measurements on the samples confirmed that the mesogenic molecules were uniformly aligned parallel to
the radial lines over exceptionally large domains of 1 cm2 (Figure 4.28). As for most anisotropic surfaces
that show LC alignment,51 the alignment mechanism probably involves a combination of the minimisation
of elastic energy and molecular interactions between the liquid crystal molecules and the orienting columnar
stacks.52
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Figure 4.28. Application of the patterns, formed by n-TAP on a glass substrate, as alignment layers for 5CB molecules.
Polarising microscopy images of a liquid crystal cell between crossed polarisers: A) LC ordering parallel to the analyser. B)
Texture after rotation of the sample over 45˚. The local orientation of the LC molecules, deduced from the SHG rotational
anisotropy patterns (insets), is depicted schematically in both images. The alignment direction of the mesogen was found to be
parallel to the direction of motion of the receding droplet.
In most cases it is difficult to assign the nature of the interaction. However, in this case, van der Waals
interactions between the tails of n-TAP molecules and the liquid crystal molecules would result in an
alignment perpendicular to the radial lines. Therefore, dipole-dipole interactions most likely govern the
alignment of the mesogens. By tilting the surface at an angle of approximately 5°, a flow was induced
during the construction of the porphyrin lines, which resulted in an alignment of the porphyrin lines and
eventually an alignment of the LC molecules parallel with respect to the flow, suggesting that the direction
of the alignment layer can be controlled. The use of periodic patterns created by controlled selforganisation may lead to a viable and cheap alternative to current methods of forming alignment layers. The
remaining challenge in exploiting this phenomenon will now be to further control the self-assembly in such
a way that surface patterns can be oriented at will.
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Inducing directionality
The elegance of generating well-defined patterns by simply drop-casting a solution is very appealing, but a
main disadvantage of the approach is the lack of control over the directionality of the patterns. Therefore,
possibilities were explored to induce directionality into the patterns.

Patterning via sliding
An elegant method for preparing polymer patterns on a surface has been described by Yabu et al.53 A
solution of a polymer was introduced into a gap between two glass plates, and the upper plate was allowed
to slide over the lower one (Figure 4.29A). The meniscus of the polymer solution followed the edge of the
top glass plate and various line patterns were formed on the bottom plate after evaporation of the solvent
(Figure 4.29B). These lines, however, consisted of a large number of randomly agglomerated polymers.
A

B

C

D

Figure 4.29. A) Schematic illustration of the experimental setup used by Yabu et al. for preparing polymer line patterns.53
B-D) Polymer patterns formed on a glass plate using different concentrations of polymer solution.
This method could be appealing for patterning of n-TAP because it can offer control over the properties
of the pattern by tuning the concentration, the retraction speed and dimensions of the meniscus, and it is
applicable to large areas. In addition, it should offer the advantage of “straight patterning”, in contrast to
the drop-casting technique, which is confined to the shape of a droplet.
In analogy with the experiment of Yabu et al., a solution of n-TAP in chloroform was placed between two
glass plates. Slowly, the top glass plate was slid over the bottom glass plate. Simultaneously with the sliding
the substrate was allowed to dewet, due to evaporation of the solvent. A variety of concentrations of nTAP were applied, ranging from 5 to 70 μM, but in none of the cases regular patterns of fibre-like
assemblies were observed. Instead, large areas with dots and other ill-defined morphologies of various
dimensions were obtained. Although variation in the retraction speed and the distance between the glass
plates might provide additional control, the absence of any well-defined fibre-like assemblies suggests that
this approach is not suitable for introducing directionality into the parallel line patterns formed by n-TAP.
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Patterning via dip-coating
An alternative approach was reported by Huang et al.,11,54 who used a dip-coating technique to assemble
polymer-coated nano-particles into one-dimensional lines on a submillimetre scale. The particles were
deposited on a substrate from a dilute Langmuir-Blodgett monolayer, via a stick-slip motion of the watersubstrate contact line (Figure 4.30). The substrate is raised slowly so that water is evaporated when a new
surface is exposed. The ‘wet’ contact line containing uniformly dispersed nano-particles breaks up into
aggregates owing to the fingering instability during the initial dewetting stage. This leads to the
unidirectional growth of the stripes across the entire substrate. The particle density within the lines was
controlled by the particle concentration in the monolayer, in combination with the pulling speed of the
substrate. The method could be used for a wide diversity of polymer-coated nano-particles like silica, gold,
silver and platinum, and mixtures of them. The main factors affecting the formation of single particle lines
were the wettability of the substrate, the presence of surfactant in the water phase, and the particle
concentration in the water-supported film.

Figure 4.30. A) Schematic drawing illustrating the formation of an aligned stripe pattern of nano-particles by vertical
deposition. B) Optical microscopy image of the patterned surface.
The above described experiment was carried out in an attempt to make ordered unidirectional patterns of

Surface pressure (mN/m)

n-TAP in a controlled fashion. n-TAP was dissolved in chloroform ([n-TAP] = 10 μM) and this solution
was placed on the water surface of a Langmuir-Blodgett trough. After evaporation of the chloroform, the
layer of molecules on the water surface was compressed and the resulting force was measured (Figure 4.31).
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Figure 4.31. Surface pressure surface area isotherm of n-TAP on water.
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At a surface pressure of 35 mN/m, the area isotherm showed a bend which indicates a phase transition.
Extrapolation of the curve to zero surface pressure revealed that one molecule occupied 1.4 nm2 at the
air/water infterface,55 which suggests that the molecules of n-TAP are oriented in an edge-on fashion. To
prevent monolayer formation on the substrate, a lower surface pressure of 25 mN/m was applied. This less
dense packed layer was transferred to mica by pulling the substrate vertically out of the water at a constant
pulling speed, while keeping the surface pressure constant at 25 mN/m. Unfortunately, this technique
turned out to be unsuccessful, since inspection of the samples by AFM revealed no ordered assemblies.It
was reasoned that pulling a substrate out of a solution of n-TAP in chloroform would create a similar
situation as an evaporating droplet. However, this pulling will create vibrations, which will intervene with
the dewetting process. Draining the solution should yield similar results, without being accompanied by
these vibrations, and actually is experimentally easier. Upon submerging a mica substrate in a solution of nTAP in chloroform ([n-TAP] = 5.7 μM), and gradually draining the solvent, a part of the solvent
evaporates. This evaporation mainly takes place at the solid-liquid-air interface.7 As a result, a considerable
fraction of the molecules is deposited onto the substrate (Figure 4.32).

Figure 4.32. AFM image (45 x 30 μm2) of n-TAP deposited at solution-air-substrate boundary, showing a gel-like
morphology.
In analogy with an evaporated droplet, areas with a thick gel-like morphology were observed, alternated
with areas containing small fibre-like assemblies. The gel-like morphologies can be considered as an
equivalent of a contact pinning line formed during the evaporation of a drop-casted solution containing
solutes (Figure 4.14). In addition, a preferential direction of the deposited assemblies, oriented orthogonal
with respect to the macroscopic solvent front was observed. Unfortunately, there were no indications for
the occurrence of spinodal dewetting nor were any linear line patterns observed. The fact that gel-like
morphologies were formed suggests that the local concentration is too high. By lowering the concentration
or increasing the draining speed it might be possible to generate the desired patterns.6,7 However, this finetuning is very laborious and requires several major improvements of the experimental setup.

Magnetic field-induced alignment
A completely different and elegant approach to introduce directionality into the surface patterns of n-TAP
is the use of external fields. The advantages of such fields are the easy-to-set experimental conditions and
the clean and contact-free nature of the methodology. In addition, an external field delivers a homogeneous
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effect over the whole sample volume and the observed effect can be directly correlated with the induced
alignment. There are two types of external fields that are commonly applied for alignment purposes: electric
and magnetic fields. The main advantages of using a magnetic field are that (i) no kinetic energy is
dissipated into the system and (ii) no electrodynamic instabilities or induced charge currents are generated.39
In a magnetic field, a molecule gains additional potential energy, depending on its molecular susceptibility
and the magnitude of the applied magnetic field. If the molecule has an anisotropic susceptibility this
energy depends on its orientation, and in general molecules tend to align in a magnetic field in such a way
that their magnetic energy is minimised.38,41 For a single molecule the additional potential energy is much
smaller than the energy involved with thermal fluctuations and alignment does not occur. In contrast, for
large ordered assemblies of molecules the total potential energy gain is larger than the energy involved with
thermal fluctuations and as a result these assemblies will be aligned.
For disk-shaped porphyrinoids, like porphyrins and phthalocyanines, the magnetic energy is minimal when
their aromatic planes are oriented parallel to the magnetic field.56 Boamfa and co-workers have aligned
diamagnetic crown ether-substituted phthalocyanine molecules (PCs) in a magnetic field.57 These molecules
are magnetically anisotropic and have a tendency to self-assemble into columnar stacks, which might act as
one-dimensional wires (Figure 4.33).

Figure 4.33. A) Chemical structure of the PC molecule and B) sketch of a molecular aggregate of PCs.
Another reported example concerns a magnetically aligned sample of substituted hexabenzocoronenes,
which showed enhanced carrier mobility when compared to unaligned samples.58 This offers possibilities
for the fabrication of organic electronic devices, such as field-effect transistors and light-emitting diodes,
since mesoscopic order is of great importance for these semiconductor devices. Magnetic alignment of the
sample changes its optical polarisibility and its refractive index becomes different in directions parallel and
perpendicular to the field. As a result, light polarised in a plane parallel to the magnetic field will travel
through the sample with a different speed than perpendicularly polarised light, viz. the sample becomes
birefringent. Hence, the induced alignment of a sample can be easily monitored by probing the
birefringence. The setup used to measure the birefringence (Figure 4.34) also gives the sign and therefore
the orientation directions of the molecular optical axes.39 The arrangement of the optical parts in the setup
is such that a positive birefringence signal corresponds to, for example, an orthogonal orientation of the
aromatic plane of n-TAP with respect to the magnetic field direction, while a negative signal corresponds
to a parallel orientation.
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Figure 4.34. Schematic overview of the setup to measure the birefringence of a sample. Polarised white light (represented by a
sinusoidal light wave) enters the anisotropic crystal where it is refracted and divided into two separate components that vibrate
parallel to the crystallographic axes and perpendicular to it. Subsequently, the polarised light waves travel through the analyser,
which lets only those components of the light waves pass which are parallel to its polarisation direction. From the retardation,
the difference in speed between the ordinary and extraordinary rays refracted by the anisotropic crystal (Δn • t), the
birefringence of the material can be calculated.
To study the alignment of the assemblies of n-TAP and to fixate them to enable further studies, magnetic
field-induced birefringence measurements were performed using a gel of n-TAP in chloroform ([n-TAP] =
4.3 mM) in a closed cuvette. In order to dissolve the gel, the sample was heated to 40° C. Subsequently the
sample was cooled to 10 °C, which caused the molecules to reassemble and simultaneously these assemblies
were subjected to the magnetic field. Eventually, n-TAP gelated the solution again, which also fixated the
alignment of the assemblies. The birefringence was monitored in the presence of magnetic fields of various
strengths (Figure 4.35).
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Figure 4.35. Plots of the birefringence induced by a magnetic field at various field strengths upon cooling from 40 to 10° C.
A) Plot of the first 90 minutes and B) 900 minutes.
In the presence of a magnetic field, the retardation started to increase slowly after 20 minutes, which is
indicative of the formation of aligned aggregates. All graphs exhibited a dip, which is caused by the
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magnetic field being switched off. This effect dominated a few minutes and is attributed to a small
relaxation of the gel, which was tensed by the force exerted by the magnetic field.59,60 Remarkably, after a
few minutes the magnitude of the retardation signal continued to increase. Likely, the gel of n-TAP in
chloroform is not completely at equilibrium. The further increase in retardation is attributed to an effect in
which the aligned assemblies of n-TAP act as a template for the alignment of additional assemblies. The
negative sign of the birefringence signal indicates a parallel orientation of the aromatic plane of n-TAP with
respect to the magnetic field, which is in agreement with previous experiments.56,61
The alignment of the assemblies can easily be visualised by polarising microscopy. The transmission of the
sample and the fact that this transmission exhibited a dependence on the angle between the sample and the
cross-polarisers clearly demonstrates that the sample was anisotropic, viz. the assemblies were aligned
(Figure 4.36). Blanco samples, which were not exposed to an external magnetic field, did not show
significant changes in transmission. The latter observation proves that the alignment is induced by the
magnetic field and not the result the so-called “container effect”, which involves the alignment of material
by the surface of the container acting as a template for the aggregation.61 These experiments show that in a
closed cuvette it is possible to align the aggregates of n-TAP by a strong magnetic field. The logical next
step is to investigate the alignment of n-TAP molecules on a substrate.
A
B

Figure 4.36. Snapshots between crossed polarisers of the cuvette with an aligned gel of n-TAP (B = 20 T) in chloroform at
A) 0° and B) 45° rotation.
In order to be able to control the aggregation of n-TAP on a glass substrate, a sealable container was
constructed. A glass plate with a droplet of a solution of n-TAP in chloroform ([n-TAP] = 4 mM) was put
in the container, with a saturated chloroform atmosphere. Unfortunately, it appeared extremely difficult to
control the temperature of the system due to its very slow response to temperature changes. In addition,
the system was prone to leakage of solvent vapour. To circumvent these problems, a completely different
solvent system was used for the experiments. n-TAP was dissolved in a n-hexane–1-phenyloctane mixture
(7/1 v/v). n-Hexane was used to dissolve the gel, but after its evaporation it leaves n-TAP at a high
concentration in 1-phenyloctane ([n-TAP] ≈ 8 mM) causing this solution to gelate. This solvent mixture
allowed the gradual generation of a gel within the magnetic field without the requirement of changing the
temperature.
A solution of n-TAP in an n-hexane–1-phenyloctane mixture (7/1, v/v) was put on a glass plate inside a
magnetic field of 18 T. After 15 minutes, the solution was almost completely gelated. Polarising microscopy
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revealed that the majority of the aggregates were aligned by the magnetic field (Figure 4.37). As expected,
these aligned aggregates were oriented perpendicular to the magnetic field direction. It is possible that the
few randomly oriented aggregates were formed after the magnetic field was switched off. Blanco samples,
which were treated similarly but were not exposed to an external magnetic field, did not show any
significant alignment. This unambiguously shows that it is possible to introduce directionality into the
assemblies by using a magnetic field.
A
B

Figure 4.37. Snapshots of an aligned gel of n-TAP in 1-phenyloctane on a glass substrate between crossed polarisers. A) 0°
and B) 45° rotation. Note that the molecules are organised in assemblies perpendicular to the direction of the imposed magnetic
field.

4.3 Concluding remarks
In this chapter, the self-assembly of several porphyrin disks at the solid-liquid interface has been described.
It was demonstrated that the combination of dewetting and self-assembly can generate a myriad of
architectures, ranging from blob-like ones, to rings and very large periodic line patterns. It was established
that the formation of the architectures at the solid-liquid interface is influenced by many parameters, among
which are solubility, temperature, humidity, dewetting, intermolecular interactions, interactions between the
molecules and the surface, substrate roughness, and the nature of the substrate and solvent. It is important
to realise that several parameters have a mutual dependence.
In addition, it seems that the complexity of the architectures is closely related to the narrowness of the set
of parameters, that are required to form them. The latter is highlighted by the formation of the linear linepatterns of c-TAP and n-TAP, which consist of very long single molecule thick columnar assemblies that
exhibit a highly defined spatial distribution. Only at a low humidity, within a specific concentration range,
using chloroform as a solvent at room temperature and mica as a substrate, these patterns were observed. It
is remarkable that the simplicity of the experiment does not match the very delicate and complicated
balance between several parameters: the astonishing patterns are generated just by simply drop-casting a
solution of the compound onto the substrate. The delicacy of the balance is highlighted further by the
assembly behaviour of t-TAP, which has a high structural resemblance with n-TAP, but does not form line
patterns. Instead this compound gave poorly defined blob-like architectures under similar experimental
conditions.
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By using the approach of self-assembly combined with dewetting to create patterned surfaces, a variety of
applications can be foreseen in the areas of photophysics, sensor development and molecular electronics.
For example, it was demonstrated that the linear line patterns can be successfully applied as alignment
layers for liquid crystals. Because of its simplicity the drop-casting method is very appealing, but it is not yet
suitable to generate patterned surfaces for applications, due to the restricting shape and size of the droplet.
To really make these patterned surfaces of practical use, control over the directionality of the assemblies is
required. In order to obtain such directionality, two promising approaches have been developed. It has
been demonstrated that it is possible to align the assemblies in an external magnetic field and it has been
shown that via a dip-coat procedure directionality can be introduced into the dewetting process. However,
although both approaches seem to be promising, unidirectional periodic line-patterns over a long surface
area have not yet been obtained.

4.4 Experimental section
General
Chloroform was pre-dried and freshly distilled over CaCl2 under a nitrogen atmosphere. All other chemicals
were commercially obtained and used as delivered. The synthesis of n-TAP, c-TAP, t-TAP, HEsP, TEsP
and TEP is described in Chapter 2.

Atomic Force Microscopy
For AFM measurements a Nanoscope III controller with multimode instruments (Veeco / digital
instruments, Santa Barbara, California) equipped with a 12 µm (E scanner) and a 125 µm scanner (J
scanner), and a Nanoscope IV with dimension 3100 were used.
Tapping in air was performed with 100 µm long standard silicon tips (NSG 10, ND-MDT, Moscow,
Zelenograd, Russia) with average nominal resonant frequencies of 255 kHz and average nominal force
constants of 11.5 N/m. Scanning was performed at a speed of 0.3-1 lines/s with amplitude setpoint
between 0.9 – 1.6 V. Standard software (Nanoscope, version 5.12r3) was used for image processing (1st or
2nd order flattening) and analysis. The length of the aggregates in n-hexane was determined by the use of
“scanning adventure”, an analysis program by J. Barbet.7 The length distributions were determined with the
help of a Gaussian fit (Origin 7.5).
The AFM samples of TEP, TEsP, HEsP, c-TAP and t-TAP were prepared in the glove box-like glass
cabinet (Figure 4.17) by drop-casting a droplet of approximately 3 μl of solution onto freshly cleaved mica
under a nitrogen atmosphere. The majority of the n-TAP samples were prepared in the same way, except
the initial samples, which were prepared at ambient conditions. After evaporation of the solvent the
sample was studied by tapping mode AFM.

Statistics
Statistic analysis was performed by the fitting of the data with a Gaussian peak functions, using Origin 7.5.

Electron microscopy
Transmission electron micrographs were recorded on a JEOL JEM-100CX II microscope and scanning
electron micrographs on a JEOL JSM-6330F. The samples were prepared by drop-casting a droplet of 3 μl
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of a solution onto a carbon-coated copper grid inside a desiccator with the desired relative humidity. After
evaporation of the solvent, the grids were placed in Petri dishes for transport to the electron microscope.

Langmuir monolayer
Langmuir monolayer experiments were performed at room temperature on a thermostatted (20.0 °C Lauda
RM6) double barrier R&K trough (20 × 45 cm). n-TAP was dissolved in chloroform (10 μM). The
solution was spread on the water subphase and compression isotherms were recorded after 15 minutes.

Optical Second Harmonic Generation experiments
The SHG technique is described in detail elsewhere.62 For the SHG measurements, a pulsed laser beam
from a Ti–sapphire laser (76 MHz×100 fs pulses) with a wavelength of 800 nm was focused onto a 100 μm
spot at the sample and the outgoing SHG signal was detected after proper filtering with a photomultiplier.
The sample was rotated in between two polarizers and rotational anisotropy patterns were measured on
different spots of the sample. The LC cells were made from optical glass, one glass wall was coated with
indium-tin oxide (ITO) and untreated polyimide, and the other one was made from optical glass with on
one place a droplet of solvent with molecular wires. Using spacers the cell was adjusted to 6 μm thickness.
The cells were filled with 5CB nematic LC molecules, in the isotropic phase, in order to avoid flow
alignment.

Optical microscopy
For optical microscopy a Zeiss Axiolab optical microscope with an Epiplan-Neofluar ocular was used. The
images were recorded with a Nikon Eclopse ME 600 camera.

Draining pattering setup
A freshly cleaved mica sheet, glued on an iron sample holder, was placed on an aluminium standard, which
allowed one to vary the angle between the mica and the solution, in a beaker under argon atmosphere. The
beaker was filled with a solution of n-TAP in chloroform ([n-TAP] = 5.7 μM) until the whole sample was
wetted. The solution was drained at a continuous speed varying from 3 to 15 mm of substrate per minute.

Linear birefringence
The birefringence measurements were carried out by utilizing equal components of sinusoidally phase
modulated laser light polarised at 45° with respect to the magnetic field direction. The depolarised
contribution of the transmitted light was measured by a photodetector (5 mm2 Silicon Photo-Conductive
detector/preamplifier, Thorlabs PDA 55). The AC phase shift between the original polarizations was
recovered via lock-in amplifiers (SR830 Lock-In Amplifier, Stanford Research Systems) and referenced to
the modulator signal (Photo-elastic modulator, PEM90, Hinds Instruments). A He-Ne laser (1 mW output,
Melles Griot) with a wavelength of 632.8 nm was used as a source of monochromatic light. The DC part of
the signal was measured by a voltmeter (K199, Keithley) and used for monitoring the transmission level of
the sample (Figure 4.38).58
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Figure 4.38. Experimental setup to measure the linear birefringence.
All these signals are combined and compared to the measured light intensity on the detector and by
introduction of the Bessel functions the magnetic field induced phase shift δ (the retardation) can be
calculated. The birefringence Δn can then be calculated using the relation Δn = δλ/2πd, where λ is the
wavelength of the applied beam and d is the thickness of the sample. Since all birefringence measurements
were carried out using the same laser beam and sample cell, the retardation instead of the birefringence is
shown in the experimental results. The sign of the birefringence is used to determine the orientation
directions of the molecular optical axes. The arrangement of the optical parts in the setup is such that a
positive birefringence signal corresponds to the aromatic plane of n-TAP, oriented perpendicular to the
magnetic field direction, while a negative signal corresponds to a parallel orientation.
The gel of n-TAP in chloroform was prepared by adding chloroform to solid n-TAP ([n-TAP] = 4.3 mM),
which was dissolved by refluxing. Sequentially, the warm solution was transferred to a pre-heated cuvet
with a heated syringe. The cuvet was closed with a stopper and carefully secured with parafilm.
The solution of n-TAP in a n-hexane–1-phenyloctane mixture (1/7 v/v), used for the alignment in
evaporation experiments, was prepared by adding the solvents to n-TAP ([n-TAP] = 1.3 mM), which was
dissolved by refluxing.
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The self-assembly of corrole and perylene trimers

Abstract:
In this chapter the concept of linking three porphyrins to a central trimesoylamide core is extended to other chromophores, viz.
corroles and perylene bisimides. The aggregation behaviour in solution and at the solid-liquid interface of the corrole and
perylene trimers was investigated and compared to that of the tris-amide-porphyrin. In addition, the possibility to induce
chirality into the assemblies by co-assembly of amino acid-based trimers was explored.

Chapter 5

5.1 Introduction
In the previous chapter the remarkable self-assembly properties of n-TAP and c-TAP at the solid-liquid
interface were described. The concept of self-assembly and self-organisation of chromophoric molecules
into well-defined structures is very interesting for many research areas. Hence, it would be useful to extend
the concept of linking of porphyrins to a trimesoylamide core to other chromophores and investigate their
assembly properties.
Perylenes and especially perylene bisimide (Figure 5.1A) are well-known chromophoric compounds and
were initially applied as pigments for industrial purposes. Recently, perylene bisimides have been very
successfully applied in the field of electronic materials and to date they are among the best n-type
semiconductors available.1,2 In addition, due to the combination of favourable optical, redox, and stability
properties they are very promising compounds in the field of photovoltaics.3 Nowadays, the challenge is to
design new self-assembled materials from these chromophores, in order to improve their performance and
to generate novel properties.4
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Figure 5.1. Chemical structure of a perylene bisimide (A) and corrole (B)
A relatively new chromophore in the field of materials science is the corrole molecule (Figure 5.1B).5
Although the first corrole was already reported in 1964, it took until 1999 to develop an efficient synthetic
procedure for this porphinoid, which gave a satisfactory yield.6 This synthetic route paved the way to a
myriad of new synthetic corroles.7,8
Concurrently, several potential applications arose in a variety of scientific fields. Like porphyrins, corroles
can be used as catalysts. Especially oxidation catalysis by manganese and iron derivatives and
cyclopropanation catalysis by rhodium corroles seems promising.5,9 Also in the field of medicine,10-13
sensors,14-18 and solar cells 19 potential applications of corroles have been reported.
In this chapter the concept of linking 3 chromophoric moieties to a trimesoylamide core will be extended
to both corroles and perylene bisimides. Focus will be on the self-assembly properties of these trimers in
solution and at the solid-liquid interface, and their behaviour will be compared to that of n-TAP and cTAP.

5.2 Results and discussion
The aggregation behaviour of the tris-amide corrole in solution
The tris-amide corrole (TACo, Figure 5.2) is structurally similar to n-TAP and hence its aggregation
behaviour was expected to be comparable. In analogy with n-TAP, the 1H-NMR-spectra of the compound
in chloroform ([TACo] ≈ 2 mM) revealed only extremely broad signals, which suggests that in this solvent
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and at these concentrations it forms columnar assemblies. The signals sharpened upon the addition of
DMSO-D6, which is most likely the result of a breaking up of the hydrogen bonding network and the
dissolution of the columnar assemblies.
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Figure 5.2. Chemical structure of tris-amide-corrole (TACo).
UV-vis studies in chloroform ([TACo] = 10 mM) revealed spectra which are typical for molecularly
dissolved corrole moieties (Figure 5.3A).20,21 When the absorbance is plotted as a function of the
concentration, the plot clearly followed Beer’s Law: a linear relationship was observed between the
concentration and the absorbance (Figure 5.3B).22 This strongly suggests that in chloroform in the
concentration range of 1-25 μM TACo is molecularly dissolved and as such seems to exhibit a similar
assembly behaviour as n-TAP and c-TAP in this solvent.
A
B

C

D

Figure 5.3. Overview of the concentration dependence of the UV-vis spectra of TACo in chloroform (A) and in n-hexane
(C). Upon plotting four absorbance maxima of the Soret band against the concentration for both TACo in chloroform (B)
and in n-hexane (D), linear relationships are observed (solid lines).
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In n-hexane, TACo exhibited a broadened Soret band, which indicates aggregation of the compound in this
solvent (Figure 5.3C). It was attempted to measure the UV-vis absorbance as a function of the
concentration. However, because TACo has only a limited solubility in n-hexane ([TACo] < 3 μM), a
saturated solution of the trimer in n-hexane was prepared and diluted, and the concentrations of the diluted
samples were expressed relative to the saturated concentration. In analogy with c-TAP and n-TAP in nhexane (Figure 3.17), a linear relationship was observed between the absorbance and the concentration.
Deconvolution showed that the Soret-band was built up from two absorbance maxima, viz. at 410 and 435
nm (Figure 5.4).
When going from chloroform to n-hexane, the deconvolution clearly highlights the broadening of the
Soret-band (Figure 5.4C): its full width at half height of λmax 1 in chloroform is 36.1 nm, whereas this value
in n-hexane is 66.1 nm. This broadening suggests that in n-hexane TACo is self-assembled into columnar
stacks. The fact that Beer’s Law is obeyed indicates that the assemblies of TACo are stable, even at low
concentrations ([TACo] < 3 μM).
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Solvent
Width (nm)
Width (nm)
λmax 1 (nm)
λmax 2 (nm)
Chloroform
410.8
36.1
432.2
27.4
n-hexane
410.3
66.1
435.1
27.7
Figure 5.4. Deconvolution of the main absorbance band of TACo in chloroform (A, [TACo] = 25 μM) and n-hexane (B,
saturated solution). C) Overview of the maxima and the full widths of the peak at half height of the Lorentzian fitting used for
the deconvolution of the Soret bands of TACo in chloroform and n-hexane.
Compared to c-TAP and n-TAP, the solubility of TACo is largely reduced, which might originate from an
enhanced tendency of the latter compound to self-assemble. It is likely that this decrease in solubility
originates from the number of aliphatic tails. Both c-TAP and n-TAP are equipped with nine long aliphatic
tails, whereas TACo has only six tails. In addition, the smaller number of meso-substituents of a corrole
when compared to a porphyrin might enhance lateral interactions between the columnar stacks formed by
TACo.

The aggregation behaviour of TACo at the solid-liquid interface
Based on the high similarity in structure between corrole and porphyrin framework, it was a priori expected
that TACo would form comparable structures at the solid-liquid interface as n-TAP. After evaporation a
solution of TACo in chloroform (3 μl, [TACo] = 4 μM), which was drop-casted onto mica, at first sight
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the results looked very promising (Figure 5.5) since patterns reminiscent of spinodal dewetting were
observed with AFM. These patterns had a relatively high degree of similarity with the spinodal dewetting
patterns observed for n-TAP and c-TAP (Figure 4.15).
A
B

Figure 5.5. Patterns formed on mica after evaporation of 3 μL droplets of TACo in chloroform. (A) AFM-image of a
“contact pinning line” from which fibre-like structures seemed to have grown. B) AFM-image of a typical spinodal dewetting
domain.
In the previous chapter it was described that two dewetting processes are involved in the pattern formation
by n-TAP and c-TAP: the coffee-stain mechanism and spinodal dewetting. After drop-casting a solution of
TACo (3 μl, [TACo] = 8.8 μM) onto the mica surface, and after the evaporation of the solvent, contact
pinning lines resulting from the coffee-stain mechanism were observed (Figure 5.5A). From these large
lines consisting of randomly deposited material, fibre-like assemblies seemed to grow. In addition large
domains reminiscent of spinodal dewetting patterns were observed (Figure 5.5B). Highly ordered domains
consisting of parallel lines as visible in the case of the porphyrin trimers n-TAP and c-TAP were never
observed.
A
B

Figure 5.6. A) Magnification of the AFM-image of the spinodal dewetting domain formed by TACo. B) The cross-section as
indicated in the AFM-image.
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A detailed investigation of the spinodal dewetting patterns revealed that a single patch typically has a height
of 2.9 ± 0.2 nm (Figure 5.7). This value corresponds with the diameter of a molecule of TACo, which
indicates that the patterns are one molecule thick and that the molecules are arranged in an edge-on
orientation.
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Figure 5.7. Analysis of the height of the patches formed after drop casting a chloroform solution of TACo onto mica, revealing
a height of 2.9 nm with a standard deviation of 0.2 nm.
Only sporadically, micrometer long single columnar stacks of TACo were observed (Figure 5.8), but
generally they seemed to pack up into wider patches. The latter is most likely the result of lateral
interactions between the columnar stacks. Remarkably, a discrete height was observed and no coiling of
the stacks into larger fibre-like structures occurred. In the case of n-TAP, it was suggested that the line
patterns were formed when the concentration of the n-TAP in the film subject to spinodal dewetting
became comparable to the critical aggregation concentration. The fact that almost solely clustered columnar
assemblies of TACo are observed, suggests that these columnar assemblies exhibit relatively strong lateral
interactions. The monodisperse height distribution corresponding to the width of a single molecule
suggests that this clustering does not occur in solution, but during the dewetting of the substrate.
A
B

Figure 5.8. A) AFM image of architectures formed by TACo at the mica-chloroform interface. In this case, the cross-section
(B) suggests the presence of single columnar stacks, as highlighted by the markers.
The random shapes and sizes of the patches suggest an ill-defined organisation of the columnar assemblies.
The proposed lateral interactions between the columnar stacks seem to impede the formation of single
molecule thick columnar assemblies and periodic parallel line patterns.
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UV-vis spectroscopy revealed that in n-hexane the tendency of TACo to self-assemble is enhanced. This
enhancement in the intermolecular interactions was also observed at the mica–n-hexane interface. A
saturated solution of TACo in n-hexane (3 μl) was drop-casted onto the mica surface and the solvent was
allowed to evaporate. Upon dewetting of the mica surface, TACo formed large fibre-like assemblies. AFM
analysis revealed a broad variation in the height of these fibre-like assemblies. The smallest height
difference was approximately 3.5 nm, which is roughly the diameter of one TACo molecule, and this
suggests that the assemblies are built up from several columnar stacks. The apparent alignment is most
likely the result of a solvent flow, which arises during evaporation of the n-hexane. Despite several
attempts, no single columnar stacks could be isolated. This behaviour is in line with the aggregation
behaviour at the mica-chloroform interface, where the lateral interactions between the stacks also seem to
play a major role. A large difference, however, is that at the mica/n-hexane interface the columnar stacks of
TACo form much larger and thicker fibre-like architectures. It should be noted that the concentrations of
the saturated TACo solutions are lower than the concentration of c-TAP in n-hexane used to study the
aggregation behaviour of the latter compound at the mica/n-hexane interface (See Chapter 4). In that case
mainly isolated columnar stacks were observed. The fact that for TACo no isolated columnar stacks are
formed can not be related to the saturation of the solvent, but seems to be an intrinsic assembly property of
the TACo molecules in this solvent.
A
B

Figure 5.9. (A) AFM image of large fibre-like structures formed by TACo at the mica–n-hexane interface. (B) Cross-section
revealing a large variation in height differences in the range of approximately 3.5 - 20 nm.
In n-hexane, TACo self-assembles already in solution into columnar stacks. Upon evaporation of the
solvent these stacks will precipitate from the solution. Since with AFM no isolated columnar assemblies
were observed, it is proposed that in solution also a second but less defined aggregation step takes place in
which stacks of TACo cluster together to form the large fibre-like assemblies as observed in Figure 5.9A.
At the mica-chloroform interface, such a coiling of columnar stacks of TACo was not observed at all,
which again confirms that the packing of the stacks occurs in a final stage of the dewetting of the substrate,
when the thin film in which the TACo molecules are dissolved is subject to spinodal dewetting. Apparently,
the 2-dimensional lateral packing of the columnar stacks “competes” with the formation of 1-dimensional
aggregates. The origin of this competition might be related to a smaller persistence length of the assemblies,
or the reduced solubility of TACo and its assemblies compared to that of c-TAP and its assemblies.
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The difference in self-assembly between TACo and c-TAP most likely finds its origin in the substitution
patterns of the chromophoric building blocks. Whereas c-TAP contains nine aliphatic tails at its periphery,
TACo has only six. As a result, at the periphery of the columnar stacks of TACo, the aromatic surfaces of
the corrole moieties are available for lateral interactions with adjacent columnar stacks, which can have a
stabilising character as a result of π-π stacking between the columnar stacks. At the mica-chloroform
interface, these interactions give only rise to self-assembly in two dimensions, since self-assembly of the
molecules takes place only during the dewetting process. In n-hexane, aggregation already occurs in
solution and it is proposed that, as a result of the lateral interactions, supercoiling occurs in which multiple
columnar stacks form thicker fibres, which precipitate upon evaporation of the solvent.

The aggregation behaviour of the tris-amide perylene in solution
As mentioned in the introduction section of this chapter, perylenes are interesting compounds for the
development of materials for organic photovoltaic devices.3 One of the most promising approaches
towards the construction of such materials is self-assembly.23,24 A wide variety of perylene-based molecules
has been designed and synthesised, e.g. single perylene compounds with different side-chains,25-34 polymers
with perylene side-arms35,36 and disk-shaped perylene oligomers.23,37-39 The latter compounds are generally
based on a central core with a varying number of perylene side-arms, and the extended π-surface of these
compounds governs their self-assembly into columnar stacks.
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Figure 5.10. Chemical structure of the tris-amide-perylene bisimide (TAPe). (B) Schematic representation of TAPe. (C)
Schematic representation of a columnar stack of TAPe.
In the disk-shaped tris-amide-perylene TAPe (Figure 5.10A) the perylene bisimide moieties are connected
to a benzene core via amide linkages. It was expected that the ability of this compound to form an
intermolecular hydrogen bonding network, combined with the stabilising π-π stacking interactions between
the perylene side-chains would lead to the formation of self-assembled columnar stacks (Figure 5.10C).
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The 1H-NMR spectrum of TAPe in CDCl3 ([TAPe] = 5 mM) appeared to be significantly broadened
(Figure 5.11). However, compared to the 1H-NMR spectra of other amide-linked chromophoric disks at
similar concentrations, the spectrum was remarkably sharp. Furthermore, the addition of DMSO-D6 to the
solution did not seem to have a significant influence on the broadness of the 1H-NMR signals. The latter
observations indicate that TAPe does not self-assemble into columnar aggregates. The broadening of the
1H-NMR spectra most likely originates from intramolecular interactions between the perylene bisimide
moieties.

Figure 5.11. 1H-NMR spectra of TAPe in CDCl3, CDCl3 with a droplet of DMSO-D6, and toluene-D8 ([TAPe] =
5μM).
In contrast, in toluene-D8 TAPe was found to self-assemble. A 1H-NMR spectrum of TAPe in this
solvent showed very broad peaks in the aliphatic region, whilst in the aromatic region only one extremely
broad signal was observed which almost vanished in the base-line (Figure 5.11). Remarkably, upon the
addition of DSMO-D6 to this solution, TAPe precipitated.
A
B
C
O
NH

O

N

O

Fluorescence (a.u.)

HN

Absorbance (a.u.)

O
1.0
0.8
0.6
0.4
0.2
0.0
400

450

500

550

600

Wavelength (nm)
O
C6H13

N

1.0
0.8
0.6
0.4
0.2
0.0
500

550

600

650

Wavelength (nm)

O
C6H13

Figure 5.12. A) Chemical structure of the perylene bisimide reference compound40 and (B) its UV-vis absorbance (λmax: 458,
490 and 527 nm) and (C) fluorescence spectrum (λexc = 492 nm, λmax: 533 and 578 nm). These spectra are typically
obtained for molecularly dissolved perylene bisimide moieties.33,35,40
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The self-assembly of TAPe was further studied with the help of UV-vis spectroscopy. Initially, the aim was
to study the aggregation behaviour of TAPe in chloroform and n-hexane, but unfortunately TAPe
appeared to be hardly soluble in the latter solvent. The UV-vis spectrum of TAPe in chloroform showed
two large absorbances at 493 and 529 and a smaller one at 461 nm (Figure 5.13A, Table 5.1). Compared to
the spectrum of a perylene bisimide reference compound, (Figure 5.12), the maxima are slightly shifted to
the red and the relative intensities are changed (higher intensity at 494.5 nm and lower at 529.1 nm), which
suggests the presence of π-π stacking interactions between the perylene bisimide moieties of TAPe.33
Table 5.1. Overview of the absorbance maxima of TAPe determined by deconvolution of the UV-vis spectra.
Solvent
Chloroform
Toluene
Toluene
Toluene
Toluene/DMSO (100:1, v/v)
Toluene/DMSO (10:1, v/v)

Concentration (μM)
11
1.1
5.1
11
5.2
4.8

λmax 1 (nm)
460.8 ± 1.0
465 ± 2
467 ± 2
467 ± 2
465 ± 2
462 ± 2

λmax 2 (nm)
493.2 ± 0.5
494.9 ± 0.5
495.8 ± 0.5
496.6 ± 0.6
495.1 ± 0.5
494.8 ± 0.5

λmax 3 (nm)
529.2 ± 0.5
531.7 ± 0.5
533.2 ± 0.5
535.2 ± 0.6
531.3 ± 0.5
530.5 ± 0.5

When the absorbances of TAPe are monitored as a function of the concentration, Beer’s Law was
obeyed.22 Also in this case, the addition of DMSO to a solution of TAPe in chloroform did not result in a
significant change of the UV-vis spectrum. These observations are interpreted as the perylene bisimide
moieties of TAPe aggregating in an intramolecular fashion in chloroform, which is in line with the 1HNMR data.
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Figure 5.13. A) UV-vis spectra of TAPe in chloroform at various concentrations. B) Graph of the three absorbance
maxima as a function of the concentration. Clearly, the absorbances follow Beer’s Law.
The UV-vis spectrum of TAPe in toluene showed a larger change in the relative intensities of the three
absorbance maxima (Figure 5.14). In addition, the spectra in this solvent are dependent on the
concentration of TAPe and do not follow Beer’s Law (Figure 5.14C). Instead, with increasing
concentration the relative intensity of the absorbance band at 531 nm slightly increased while the relative
intensity of absorbance of the band at 467 nm, and simultaneously the absorbance maxima showed a red
shift (Table 5.1, Figure 5.14A). Such behaviour is indicative of stacking of the perylene bisimide moieties.
In this case aggregation is most likely governed by intermolecular π-π interactions between the perylene
bisimide moieties of TAPe, which is in line with the extremely broad 1H-NMR spectrum of this compound
in toluene-D8.
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Figure 5.14. UV-vis spectra of TAPe in toluene as a function of A) the concentration and B) of the volume percentage
DMSO. C) Graph of two absorbance maxima of TAPe in toluene as a function of the concentration. Clearly, the Beer’s
Law is not obeyed for λ = 533 nm.
To investigate the aggregation of TAPe into columnar assemblies further, small amounts of DMSO were
added to a solution of this compound in toluene ([TAPe] = 5.2 μM). Upon addition of DMSO, all the
absorbance maxima in the UV-vis spectrum increased in magnitude and showed a blue shift (Table 5.1).
This observation suggests that the assemblies dissolve upon the addition of DMSO, which is likely a result
of DMSO breaking up the hydrogen bonding network.
The previous results indicate that TAPe self-assembles in toluene into columnar stacks as a result of
hydrogen bonding and π-π interactions between the perylene bisimide moieties. In contrast, the UV-vis
data suggest that in chloroform at the same concentrations, TAPe is molecularly dissolved. This difference
might be explained by the strength of the intramolecular π-π interactions between the perylene bisimide
moieties. Toluene likely interferes with these interactions, making the TAPe molecules to adopt a disk-like
shape and as a result enabling the formation of columnar stacks by a the combination of intermolecular π-π
interactions and hydrogen bonding In chloroform, the intramolecular π-π interactions might be stronger.
Consequently, the molecule cannot adopt a disk-like shape and hence no columnar aggregates can be
formed.

Fluorescence spectroscopy
To investigate the aggregation behaviour of TAPe in chloroform and toluene in more detail, fluorescence
spectroscopy studies were carried out. In both solvents, the fluorescence spectra (λexc = 494 nm) exhibited a
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characteristic perylene bisimide monomeric-like emission (Figure 5.12). In addition a broad red-shifted
emission band was observed (Figure 5.15). In the literature this broad and red-shifted emission has been
described to an excimer-like emission. An excimer is a complex of identical molecules between which the
interactions are repulsive in the ground state, but attractive in the excited state. These species are formed
after excitation of a monomeric species and, as a consequence, they are not observed in a UV-vis spectrum.
In contrast, in the emission spectra the presence of excimers is clearly revealed by the presence of an extra
red-shifted band. An excimer-like species has similar characteristics as an excimer, but can involve multiple
chromophoric units and are formed in the ground state (unexcited state) of an aggregate.35,41,42 Hence, the
presence of this excimer-like emission band in Figure 5.15 is indicative of an aggregation of the perylene
bisimide moieties of TAPe. Compared to chloroform, the excimer-like emission band of TAPe in toluene
is more intense and exhibits a somewhat larger red-shift (Table 5.2).
Table 5.2. Fluorescence emission maxima of TAPe determined by deconvolution of the emission spectra (λexc = 494 nm).
Solvent
Chloroform
Chloroform/DMSO (10:1, v/v)
Toluene
Toluene/DMSO (10:1, v/v)

Concentration (μM)
1.3
1.2
5.3
4.8

λmax 1 (nm)
537 ± 1.0
537 ± 1.0
539 ± 1.0
539± 1.0

λmax 2 (nm)
584
583
585 ± 2
583 ± 2

λmax 3 (nm)
611 ± 2
615 ± 2
617 ± 2
618 ± 2

The gradual addition of DMSO to the solution of TAPe in chloroform resulted only in a small change in
the normalised fluorescence spectra; a red shift of approximately 4 nm was observed for the excimer-like
emission band, located at 611 nm (Figure 5.15, Table 5.2). Apparently, the presence of DMSO does not
have a significant influence on the excimer formation or on the assembly properties of the perylene
bisimide moieties of TAPe. It is proposed that the excimers result from intramolecular interactions
between the perylene bisimide moieties, which is in line with the previous observations from UV-vis and
1H-NMR spectroscopy.
A
B

Figure 5.15. Normalised fluorescence emission spectra (λexc = 494 nm) of a solution of TAPe in respectively chloroform (A,
[TAPe] ≈ 1.3 μM) and toluene (B, [TAPe] ≈ 5.2 μM) upon the stepwise addition of DMSO.
In contrast, the gradual addition of DMSO to the solution of TAPe in toluene resulted in a clear decrease
of the excimer-like emission band and in the presence of 5-10% of DMSO a fluorescence spectrum
reminiscent of TAPe in chloroform was obtained. A further increase in the concentration of DMSO
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resulted in the precipitation of the TAPe. These results are interpreted as DMSO breaking up the hydrogen
bonding network, which dissolves the columnar assemblies. The remnant excimer-like emission very likely
originates from intramolecular stacking of the perylene bisimide moieties of the molecularly dissolved
TAPe molecules.

Molecular mechanics modelling study
To get more insight in the structure of the columnar assemblies of TAPe in toluene, a molecular mechanics
modelling study was performed. UV-vis and fluorescence spectroscopy suggested that the columnar
assemblies of TAPe are stabilised by π-π interactions between the perylene moieties and hydrogen bonds
between the trimesoylamide cores. Taking these interactions into account, a columnar assembly consisting
of four TAPe molecules, from which the aliphatic tails were omitted, was modelled (Figure 5.16). The
calculations revealed that the TAPe molecules have a propeller-like-shape within the columnar stack
(Figure 5.16A). Since TAPe does not have a chiral centre, both the right-handed and left-handed forms of
the propellers will be present in solution. The trimesoylamide cores are positioned off-set with respect to
each other, but in contrast to the amide-linked porphyrins, they do not exhibit significant mutual rotation
(Figure 5.16B), which suggests that the columnar stack of TAPe does not exhibit a helical shape. The
diameter of the aromatic part of the columnar stack was determined to be 3.6 nm, whilst the mutual
distance between the TAPe molecules is 4.7 Å.
A
B

Figure 5.16. Computer-generated images of a columnar stack of four TAPe molecules. The top view (A) shows a propellerlike shape of the TAPe molecule within its columnar stack. In this case, all the perylene bisimide moieties exhibit a right-twist
with respect to the central trimesoylamide core. The handedness of this twist, however, is arbitrary since no source of chirality is
present. The side view (B) shows that the trimesoylamide cores have a mutual offset (two of the three perylene bisimide moieties
of each molecule of TAPe are omitted for clarity).

The aggregation behaviour of TAPe at the solid-liquid interface
The aggregation behaviour of TAPe at the mica-chloroform interface was studied in a similar fashion as for
the porphyrin disks and TACo. A droplet of a solution of TAPe in chloroform ([TAPe] = 4.3 μM) was
drop-casted onto the mica surface and the solvent was allowed to evaporate. AFM measurements showed
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that at the mica-chloroform interface no fibre-like architectures were formed. Instead randomly oriented
blob-like structures were observed (Figure 5.17). Nanoscope software was used to measure the height of
each of the blobs (Figure 5.18), and analysis of the data revealed that their mean height was 4.8 nm.
However, a very large standard deviation was obtained, viz. 1.5 nm.
A

B

Figure 5.17. A) AFM-image of the blob-like structures formed by TAPe at the mica-chloroform interface. B) The crosssection, indicated in Figure 5.17A shows that the heights of the assemblies indicated by the markers measure respectively 2.1,
4.7 and 5.4 nm (from left to right).
Upon plotting the occurrence of blobs at a height interval of 0.25 nm, the height distribution appeared to
be irregular (Figure 5.18B), which suggests that at the mica-chloroform interface TAPe does not to selfassemble into columnar stacks.
A
B
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Figure 5.18. Analysis of the blobs formed by TAPe at the chloroform/mica interface. A) Blobs indentified by the Nanoscope
software in the AFM-image. B) Height distribution diagram showing a broad and irregular distribution of the height of the
blobs.
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The aggregation behaviour of TAPe was also investigated at the mica-toluene interface, by drop-casting a
droplet of TAPe in toluene ([TAPe] = 4.8 μM) onto a mica surface. On the surface, the observed tendency
of TAPe to form columnar assemblies in toluene was clearly expressed: AFM images showed the presence
of isolated fibre-like assemblies (Figure 5.19A). Generally, these fibre-like structures seemed to be aligned,
which is probably the result a solvent flow in the evaporating film.
A
B

Figure 5.19. A) AFM-image of fibre-like architectures formed by TAPe at the mica-toluene interface. B) Cross-section
showing that the height of these fibre-like assemblies is 3.2 nm.

Counts

The average height of the assemblies was 3.3 ± 0.2 nm (Figure 5.20). The AFM-images also indicated that
there was an additional layer present on the mica surface (Figure 5.19A) with a thickness of 1.0 ± 0.2 nm.
Unfortunately, a proper estimation of the diameter of a TAPe molecule was difficult, due to the flexibility
of the propyl-linkers. The computer-generated image suggested that the radius of a TAPe molecule is 1.8
nm (Figure 5.16) and the diameter of the aromatic part of the molecule can be estimated to be 3.6 nm.
Hence, the discrete height of the assembly, in combination with the roughly estimated diameter of the
molecule, indicates that the columnar stacks of TAPe are one single molecule thick.
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Figure 5.20. Height distribution diagram of the fibres formed by TAPe at the mica-toluene interface. Nanoscope software was
used to indentify each object and determine its height. The Gaussian fit demonstrated a mean height of the fibre-like assemblies
of 3.3 nm, with a standard deviation of 0.2 nm.
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Inducing chirality into the columnar assemblies of TAPe
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Figure 5.21. Chemical structure of the alanine-based trimer (L-TAAla) (A), and its schematic representation (B).
The internal organisation of chromophores within a assembled structure is crucial for its excitonic
behaviour.35,43 In the previous sections, columnar stacks of TAPe have been described, in with the perylene
bisimide moieties are expected to have various orientations due to the flexibility of propyl spacer. In
addition, because of the absence of chiral centres in the molecules, no overall homochirality was induced in
the stacks, as was revealed by circular dichroism. CD-spectra of TAPe in toluene ([TAPe] = 0.15 mM)
showed no dichroism. To investigate whether the columnar stacks of TAPe could be made chiral, alanine
based trimers (L-TAAla, Figure 5.21) were co-assembled with the TAPe molecules.
In analogy with the study of Ballester et al.,44 L-TAAla was expected to co-assemble with TAPe, with the
formation of a triple helical hydrogen bonding motif as a driving force (Figure 5.22).45 In such a mixed
stack, the molecules of TAPe and of L-TAAla molecules are expected to be positioned in an alternating
fashion. It was envisioned that upon the co-assembly of L-TAAla the chirality of the latter compound
would be transferred to its surrounding, vis. the perylene bisimide trimers.

Figure 5.22. Schematic representation of the 1:1 co-assembly of L-TAAla and TAPe. The two components are positioned
with a mutual rotation of approximately 60 degrees with respect to each other, allowing the formation of a triple hydrogen
bonding motif.45

CD experiments
CD spectroscopy is a powerful technique to probe the dichroism induced in the perylene bisimide moieties.
In the previous section, it was demonstrated that TAPe self-assembles into columnar stacks in toluene.
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Unfortunately L-TAAla was only partially soluble in this solvent and for this reason a stock solution of LTAAla in chloroform was injected into a solution of TAPe in toluene.
A
B

Figure 5.23. CD (A) and H.T. (B) spectra of a 1:1 mixture of TAPe and L-TAAla ([TAPe] = [L-TAAla] = 0.15
mM) in a solvent mixture of toluene and chloroform (99: 1 v/v) as a function of time (hours).
For the 1:1 mixture of TAPe and L-TAAla this changed the solvent to 1% chloroform in toluene v/v
([TAPe] = [L-TAAla] = 0.15 mM). Directly after mixing the two solutions, no CD effect was observed.
However, upon standing, clearly a CD was observed coinciding with the absorbance spectra of the
compound. Deconvolution of the complicated CD-spectrum revealed the presence of 4 bisignate Cotton
effects (Figure 5.25). The Cotton effects at 457, 496 and 538 nm can be directly correlated to the main
absorbance bands of TAPe (Table 5.1), whilst the Cotton effect at 314 nm originates from a minor
absorbance band.

Cotton effect
(nm)
314
457
496
538

λmax (nm)

λmin (nm)

330.5 ± 0.4
551.7 ± 0.2
516.6 ± 0.2
579.1 ± 0.9

296.9 ± 0.5
362.7 ± 0.4
474.7 ± 0.3
497.2 ± 0.3

Figure 5.24. Deconvolution of the CD spectrum of a 1:1 mixture of TAPe and L-TAAla in toluene/chloroform 99:1
(v/v) after 8.5 hours (Figure 5.23).
The presence of the dichroic effects indicates that the chirality of L-TAAla is transferred to the perylene
bisimide moieties of TAPe. The decrease in the UV-vis absorbance (Figure 5.23B) indicates that upon
introducing the chirality the stacking of the perylene bisimide is enhanced by the presence of the LTAAla.33 The mutual orientation of the perylene bisimide moieties, however, did not seem to change and,
i.e. no significant shifts in the maxima of the absorbance bands were observed. The degree of dichroism is
clearly time-dependent, reaching a maximum after approximately 8 hours. Surprisingly, the presence of
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dichroism appeared to be only temporary: after 8.5 hours the dichroism started to decrease until it
disappeared completely. This disappearance was accompanied by an increase in intensity of the signals in
the H.T.
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Figure 5.25. Degree of dichroism (λ = 475 nm) as a function of time at varying ratios of TAPe and L-TAAla.
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To further investigate the temporary transfer of chirality by L-TAAla to the perylene moieties of TAPe,
different amounts of the stock solution of L-TAAla in chloroform were added to a solution of TAPe in
toluene (Figure 5.25). In all cases a temporary CD-effect was observed, however, neither between its
duration and the compound ratio, nor between the magnitude of the CD-effect and the compound ratio
could a relationship be established. A complication is the fact that in all cases an amount of chloroform was
added to the solution, which might be a non-innocent factor in the process, which is responsible for the
temporary transfer of chirality.
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Figure 5.26. A) CD spectra (φ = CD intensities) of a 1:1 mixture of TAPe and D-TAAla in toluene ([TAPe] = [DTAAla] = 0.14 mM, t = 54 days) and a 1:1 molar mixture of TAPe and L-TAAla in a solvent mixture of toluene and
chloroform (99:1 v/v, [TAPe] = [L-TAAla] = 0.15 mM, t = 8.5 hrs.). B) Dichroism intensities (φ, λ = 475 nm) as a
function of time for a 1:1 molar mixture of TAPe and D-TAAla [TAPe] = [D-TAAla] = 0.14 mM).
To unambiguously show that L-TAAla is responsible for the induced chirality and to investigate the
influence of chloroform, an additional experiment was performed in which a 1:1 molar mixture of TAPe
and D-TAAla in toluene was used ([TAPe] = [D-TAAla] = 0.14 mM). Figure 5.26 shows that D-TAAla
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also transfers its chirality to the perylene bisimides of TAPe, but a chirality that is opposite to that induced
by L-TAAla. It turned out that the process of the temporary induction of chirality also occurred in the
absence of chloroform. This process was, however, much slower that in its presence: after approximately
60 days the maximum dichroism was obtained and after more than 200 days the dichroism had fully
disappeared. These results clearly demonstrate that the presence of chloroform enhances the chirality
transfer process.
So far it was only established that either L-TAAla or D-TAAla can temporarily induce chirality into the
columnar stacks of TAPe. Before discussing the origin of this process it is important to realise the
following points:

•

L-TAAla and D-TAAla are poorly soluble in toluene.

•

The driving force for the incorporation of either L-TAAla or D-TAAla is the formation of a triple
helical hydrogen bonding motif.44,45

•

The stacking of TAPe is influenced by the addition of either L-TAAla or D-TAAla, but no
significant shifts of the absorbance maxima in the UV-vis spectra are observed (Figure 5.23B).

•

The chirality of either L-TAAla or D-TAAla is only transferred if the alanine moieties generate a
chiral surrounding for the perylene bisimide moieties.

•

The usage of toluene prohibits the investigation of the chirality of the amide-functions and hence
only the induced chirality in the periphery of the columnar assemblies of TAPe, viz. the perylene
bisimides, can be studied.

Figure 5.27. PM3 geometry optimisation of a columnar stack consisting of two TAPe and two L-TAAla molecules
organised in an alternating fashion.
The temporarily induced chirality can be explained in two different ways: (i) either the complexation of LTAAla or D-TAAla to the columnar stacks of TAPe has only a temporary character, or (ii) the chirality of
L-TAAla or D-TAAla is only expressed in an intermediate, metastable complex. Since L-TAAla and D149
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TAAla are poorly soluble in toluene and the equilibration of the self-assembly process in this solvent
requires several months, the former explanation seems unlikely. The second explanation implies that
chirality is not expressed in a mixed stack consisting of TAPe and either L-TAAla or D-TAAla at the
moment that thermodynamic equilibrium is reached.
A
C

B

D

Figure 5.28. Schematic representations of a columnar stack in which either (A) two L-TAAla molecules sandwich two
TAPe molecules, or (B) two TAPe and two L-TAAla molecules are organised in an alternating fashion. PM3-optimised
geometry of (C) the alternating stack and (D) the sandwiched stack. Four of the perylene bisimide and alanine moieties have
been omitted for clarity.
To examine this possibility, a PM3 geometry optimisation of a stack consisting of two TAPe and two LTAAla derivatives, which were organised in an alternating fashion, was performed (Figure 5.27). This
optimisation predicts the formation of a helical hydrogen bonding motif,45 but more importantly, it also
suggests that the orientation of the chiral centres is such that it is possible that their chirality is not
transferred to the perylene bisimides: the methyl groups of the alanine moieties are located in the no man's
land between the dye side-groups and do not seem to have significant interaction with them.
An additional optimisation was performed to verify the hypothesis that in the alternated organisation of
TAPe and L-TAAla (Figure 5.28B) is energetically more favourable than an organisation in which two
TAPe molecules are sandwiched by two L-TAAla molecules (Figure 5.28A). PM3 calculations indeed
predicted that the alternating organisation is the most favourable one. In that case the system converged to
a total energy of -4215 kJ, as compared to -4200.3 kJ for the sandwiched complex. Closer investigation of
the hydrogen bonding motif in the alternating organisation of TAPe and L-TAAla revealed that between
all disks the hydrogen bonds have a similar length and orientation (Figure 5.29). In addition, the mutual
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rotation of two adjacent disks was observed to be approximately 60°, which is optimal for hydrogen
bonding.44 In the case of the sandwiched organisation, the lengths of the hydrogen bonds are comparable
to those of the alternation organisation. However, the average H-bond angles and the average dihedral
angles reveal a distortion of the triple helical hydrogen bonding motif. Hence, the energy difference
between the sandwiched an alternating organisation is probably related to differences in the triple helical
hydrogen bonding motif, which in case of the sandwiched complex appears to be disordered (Figure 5.28).
A
Average length
Average H-bond
Average dihedral
Assembly
H-bond (Å)
angle (O•••H-N, °)
angle (°)
Sandwiched
X (L-TAAla - TAPe)
1.81
167.1
58.6
Y
(TAPe - TAPe)
1.77
155.8
40.2
Z (TAPe - L-TAAla)
1.83
165.2
55.6
Alternating
X (TAPe - L-TAAla)
1.79
168.2
58.9
Y (L-TAAla - TAPe)
1.77
166.5
57.2
Z (TAPe - L-TAAla)
1.84
158.6
55.7
B
C

Figure 5.29. A) Average hydrogen bonding lengths, angles and dihedral angles in various assemblies of TAPe and LTAALa. The parameters are annotated for two adjacent disks (X, Y and Z). B) Schematic picture of the mutual orientation
of the disks of X, Y and Z. C) Graphic representation of the definition of the dihedral angle.
The PM3 calculations predict that in an alternating stack containing a 1:1 ratio of the components no
transfer of chirality occurs, which is in line with the observed absence of CD effects when the system is at
thermodynamic equilibrium. However, the question still remains why CD effects are observed before this
equilibrium is reached. In that situation, the existence of an intermediate, metastable complex in which
chirality is expressed seems to be a possibility.
In toluene, L-TAAla and D-TAAla are proposed to be assembled in small columnar stacks. Upon mixing a
solution containing these stacks with a solution containing stacks of TAPe it seems unlikely that single
chiral alanine trimers will slide one-by-one into a columnar stack of TAPe, or vice versa. In contrast, it is
proposed that small stacks of either L-TAAla or D-TAAla get incorporated in a stack of TAPe or vice versa.
As a result of the dynamics of the self-assembly process, the system eventually reaches a thermodynamic
equilibrium situation in which the molecules of TAPe and either L-TAAla or D-TAAla are positioned
alternatingly within the columnar assemblies. Since the solubility of the alanine trimers is low, this process is
probably slow. The CD effects that are observed during equilibration are tentatively ascribed to the transfer
of chirality of small stacks of either L-TAAla or D-TAAla to the stacks of TAPe. If a TAPe molecule in
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such a columnar assembly is located next to a pair of alanine trimers, the triple helical hydrogen bonding
motif orients it “face-to-face" to the methyl group of the second alanine trimer (Figure 5.30). It is proposed
that in such a binding motif a chiral environment for the perylene bisimide moieties of TAPe is generated,
resulting in circular dichroism in the absorbances of these moieties.

Figure 5.30. Schematic representations of an assembly consisting of a TAPe molecule and a pair of adjacent alanine trimers,
in which the chirality of the second alanine trimer is transferred to the perylene bisimide moieties of TAPe.
The PM3-calculations predicted that an alternating orientation (Figure 5.28B) is the most favourable
binding motif. In that case the system exhibited a total energy of -4215 kJ compared to -4200.3 kJ for the
sandwiched complex (Figure 5.28A). Most likely, this difference originates from the differences in the triple
helical hydrogen bonding motif (Figure 5.28C), which in case of the sandwiched complex is disordered.
The previous calculations predict that in a 1:1 ratio of TAPe and L-TAAla no transfer of the chirality
occurs, which is in line with our observations. Hence the option of an intermediate complex in which the
chirality is expressed seems to be plausible.

Dynamic light scattering and time-resolved fluorescence studies
In order to gain more insight in the process of inducing chirality, dynamic light scattering (DLS) studies
were performed. Because the assemblies of TAPe in toluene ([TAPe] = 12 μM) have dimensions below
the detection limit of this technique, a more sensitive technique was used to study the aggregation
behaviour of TAPe in toluene in the presence of L-TAAla: time-resolved fluorescence.
Table 5.3. Fluorescence photophysical parameters of TAPe in various toluene solutions containing various amounts of
chloroform or L-TAAla ([TAPe] = 12μM) (relative amplitude (Ai), lifetime (τi) and asymptotic anisotropy (r0(∞))),
determined by fitting of the fluorescence decay plots (grey solid curves, Figure 5.31).
Sample
TAPe
TAPe
TAPe + L-TAAla
TAPe + L-TAAla
TAPe + L-TAAla
TAPe + L-TAAla

Time
16 hrs.
2 days
3 days
7 days

% CHCl3
0
1
1
1
1
1

A1

τ1 (ns)

τR (ns)

r0(∞)

A2

τ2 (ns)

r0(∞)

0.47
0.55
0.6
0.7
0.55
0.6

0.6
0.5
0.5
0.4
0.5
0.5

≅1
≅1
≅1
≅1
≅1
≅1

0.01
0.01
0.01
0.018
0.01
0.01

0.53
0.45
0.4
0.3
0.45
0.4

26
24
25
25
23
25

0.02
0
0
0
0
0.02

In analogy with the DLS measurements, time-resolved fluorescence measurements revealed that TAPe in
chloroform does not form large aggregates. In toluene, the fluorescence decay traces of TAPe exhibit biexponential behaviour, which is characterised by two different lifetimes τ1 and τ2 (Figure 5.31, Table 5.3).
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The faster rotational correlation time (τ1) is of the order of nanoseconds and corresponds to a rotational
correlation time of a sphere-like molecule with a radius of about 1 nm.46 The slower lifetime (τ2) involves a
very large rotational correlation time (higher than 10 ns), which corresponds reasonably to a slow rotation
of an aggregated species. In addition, the asymptotic anisotropy r0(∞), i.e. the anisotropy in the absence of
rotational diffusion, shows a polarisation of the fluorescence, which confirms the presence of small
cylindrical assemblies of TAPe.47
The introduction of chloroform into the solution has a significant influence on the system, and is expressed
in an increase in relative occurrence of the faster rotational correlation time at the expense of the slower
one. In addition, the asymptotic anisotropy r0(∞) seems to disappear. These observations suggest that
chloroform (partly) dissolves the assemblies.

Figure 5.31. Time-resolved fluorescence measurements of TAPe ([TAPe] = 12 μM) and a 1:1 molar mixture of TAPe
and L-TAAla ([TAPe] = [L-TAAla] = 12 μM in toluene). The dark line is the fit assuming a bi-exponential decay.
The inset of each figure reports the emission measured in vertical and horizontal direction, while the excitation beam is
vertically polarised.
In analogy with the CD and UV-vis data, the time-resolved fluorescence spectra of TAPe in the presence
of L-TAAla exhibited a time dependency. Initially, the average (weighted) decay time decreased upon the
introduction of L-TAAla, as a result of the increase in relative amplitude of the faster component (A1,
Table 5.3). Also in this case, the asymptotic anisotropy seemed to be lost. The increase in relative amplitude
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of the fast component is interpreted as the alanine trimer binding to TAPe, and its progressive increase
until the second day might suggest an increase in the number of alanine trimers that interact with the
perylene bisimide trimers.
After two days, the relative amplitude of the slower component A2 started to increase at the expense of that
of the faster one, and eventually the asymptotic anisotropy reappeared. These observations suggest that
after 2 days the stacking between the perylene bisimide moieties of TAPe is restored and eventually is
comparable to the stacking observed in the initial situation. It should be noted that the relative amplitude of
the faster component remained larger than its value obtained in the case of TAPe in toluene (Table 5.3).
The time-resolved fluorescence measurements clearly reveal that the presence of chloroform in a solution
of TAPe in toluene has a large influence on the assembly properties of the trimer. Its role in the process of
inducing chirality is proposed to be two-fold: it enhances the solubility of the alanine trimers and it weakens
the intermolecular interactions between the TAPe molecules. As a result, it can be expected that the
process of mixing and the related induction of chirality evolves faster with an increasing amount of
chloroform. Hence, chloroform can be considered to “catalyse” the process.
The time-resolved fluorescence data suggest that the stacking between the perylene bisimide moieties of the
TAPe molecules is minimal when the induced CD effect is maximal, and that the L-TAAla trimers indeed
interact with the TAPe trimers. It should, however, be noted that the concentration of TAPe used for the
time-resolved fluorescence was 10 times lower than for the CD experiments, which means that the
interpretation of the results using the former technique cannot be completely correlated to those using the
latter.

Tryptophan-based trimers
The limited solubility of L-TAAla and D-TAAla is suspected to be a key factor in the transfer of chirality
to the stacks of TAPe. To investigate the influence of the solubility of the chiral additive, the transfer of
chirality by a L-tryptophan trimer, vis. L-TATrp (Figure 5.32A), which is equipped with long aliphatic tails
to enhance its solubility, was investigated. The indole moiety of the tryptophan group is fluorescent, and
hence the binding of L-TATrp to assemblies of TAPe might be probed by time-resolved fluorescence.
A
B
C

Figure 5.32. A) Chemical structure of L-TATrp. B) Time-dependence of the UV-vis spectra of a 1:1 molar mixture of

TAPe and L-TATrp in toluene ([TAPe] = [L-TATrp] = 2.8 μM). C) Idem, of the normalised UV-vis spectra.
TAPe and L-TATrp were both dissolved in toluene and the solutions were mixed to give a 1:1 ratio of the
components ([TAPe] = [L-TATrp] = 0.21 mM). CD spectra of this solution were recorded over a period
of several days, but no dichroic effects were observed. Repetition of the experiment in the presence of 5
154

The self-assembly of corrole and perylene trimers
and 11% of chloroform respectively, which should speed up the mixing of the trimers, also yielded no
dichroism. It is therefore concluded that the chirality of L-TATrp is not transferred to the stacks of TAPe.
In contrast, UV-vis spectra of a 1:1 molar mixture of TAPe and L-TATrp did show a time-dependence
(Figure 5.32B). Upon standing, the relative intensity of the absorbances at 465 and 532 nm increased when
compared to the relative intensity of the absorbance of 495 nm (Figure 5.32C). The spectroscopic
measurements suggest that upon standing of the mixed samples the stacking of the TAPe is altered, which
might be interpreted as molecules of L-TATrp blending into a stack of TAPe molecules, but without
(temporarily) transferring their chirality to the perylene bisimide moieties.

5.3 Concluding remarks
The self-assembly of disk-like chromophoric trimers linked to a trimesoylamide core seems to be a
promising approach to construct well-defined columnar stacks of such compounds. The solvent can be
used to tune the self-assembly and hence the optical properties of the stacks. In addition, it seems possible
to selectively co-assemble other trimers based on the same core by including them into the stacks via the
triple helical hydrogen bonding motif. TAPe was co-assembled with L-TAAla, D-TAAla and L-TATrp,
and in all cases co-assembly occurred. Notably, the chirality of the amino-acid based trimers was not
permanently transferred to the perylene bisimide moieties of TAPe. In the case of alanine based trimers (LTAAla and D-TAAla) only a temporary induced circular dichroism was observed, which was attributed to
an intermediate and metastable binding motif.
At the solid-liquid interface, besides the specific self-assembly properties of the molecules themselves, the
dewetting of the substrate plays a major role in the construction of well-defined molecular patterns.
Dewetting is an extremely complicated phenomenon and its interplay with molecular self-assembly
processes is still poorly understood. A general approach to obtain assemblies of which the size and shape
can be predicted is the use of specific solvents which allow the molecules to pre-assemble into
thermodynamically equilibrated supramolecular polymers, which upon evaporation of the solvent are
deposited onto the substrate. In this chapter it was demonstrated that by using this method large assemblies
can be obtained for both TACo and TAPe at the liquid-solid interface. The application of self-assembly in
tandem with dewetting, however, remains rather unpredictable. In addition to the experimental conditions,
e.g. concentration and humidity, the construction of highly defined surface patterns (Figure 4.9) appears to
be also strongly influenced by slight structural changes in the molecular building blocks. For example, while
TACo has a high structural resemblance with n-TAP and c-TAP, it does not form the same linear patterns
as the latter molecules, but much thicker patches, likely as a result of lateral interactions between the
columnar stacks. The propyl spacers between the chromophores and the core of TAPe induce a larger
degree of flexibility into this disk-shaped molecule, which allows intramolecular stacking of the
chromophores. This lack of rigidity within this molecule is clearly observed at the mica-chloroform
interface, where after dewetting only blob-like assemblies are found. In summary, the results in this chapter
suggest that the formation of highly defined line patterns at the solid-liquid interface requires that the
columnar assemblies of disk-like molecules based on the trimesoylamide core have a long persistence length
and exhibit only weak intercolumnar interactions.
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5.4 Experimental section
General
Chloroform was pre-dried and freshly distilled over CaCl2 under a nitrogen atmosphere. All other chemicals
were commercially obtained and used as delivered. The synthesis of TACo, TAPe, L-TAAla, D-TAAla
and L-TATrp is described in Chapter 2.
1H-NMR experiments were recorded on a Varian Inova 400 MHz spectrometer. UV-vis spectra were
recorded on a Varian Cary 50 Conc spectrophotometer at room temperature. Fluorescence spectra were
measured on a Perkin Elmer Ls50B spectrometer at room temperature. (λexc= 494 nm). CD spectra were
measured on a Jasco J-810 spectropolarimeter with a Peltier temperature control unit, at 293 K or at
variable temperatures. Dynamic light scattering and time-resolved fluorescence were performed at the CNR
in Messina, Italy. The experimental details of the setups are described in Chapter 3.

Deconvolution
UV-vis and CD-spectra were deconvoluted by fitting the absorption and dichroic bands with multiple
Lorentzian peak functions in Origin 7.5.

Atomic Force Microscopy
For AFM measurements a Nanoscope III controller with multimode instruments (Veeco / Digital
Instruments, Santa Barbara, California) equipped with a 12 µm (E scanner) and a 125 µm scanner (J
scanner) and a Nanoscope IV with Dimension 3100 were used.
Tapping in air was performed with 100 µm long standard silicon tips (NSG 10, ND-MDT, Moscow,
Zelenograd, Russia) with average nominal resonant frequencies of 255 kHz and average nominal force
constants of 11.5 N/m. Scanning was performed at a speed of 0.3-1 lines/s with an amplitude setpoint
between 0.9 – 1.6 V. Standard software (Nanoscope, version 5.12r3) was used for image processing (1st or
2nd order flattening) and analysis. The samples were prepared by drop-casting a droplet of approximately 3

μl of solution onto freshly cleaved mica under a nitrogen atmosphere. After evaporation of the solvent the
sample was studied by tapping mode AFM.

Statistics
Statistic analysis of the data was performed by fitting with a Gaussian peak function, using Origin 7.5.

Modelling
Modelling calculations were performed with the Spartan modelling program using PM3 or MMFF94
parameters.
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Scanning
tunneling
microscopy
studies
(metallo)porphyrins at the solid-liquid interface
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Abstract:
Self-assembled monolayers of a variety of metalloporphyrins on a HOPG or Au(111) substrate were constructed and studied
by Scanning Tunneling Microscopy (STM). STM was also used for the in real-time and -space imaging of the epoxidation of
cis-stilbene catalysed by manganese porphyrins which are adsorbed at a Au(111)/n-tetradecane interface. The remarkable role
of the surface and the implications for the catalytic activity of the manganese catalysts will be discussed.

Chapter 6

6.1 Introduction
After its invention in 1982,1 the scanning tunneling microscope (STM) has evolved rapidly. Since then,
besides the STM a myriad of scanning probe microscopes have been developed, all with a specific function
(e.g. the atomic force microscope,2 the magnetic force microscope,3 and the photon scanning tunneling
microscope4). The working principle of the STM is relatively simple and is based at the concept of quantum
tunneling (Figure 6.1). If two (semi)conducting materials are in very close proximity, electrons can tunnel
between them. Upon the introduction of an electric potential, a tunneling current can flow between the
materials. The magnitude of this current mainly depends on the local density of states of the materials, their
mutual distance, and the magnitude of the electric potential. The STM-tip is constructed in such a manner
that it is “atomically sharp”. Since the tunneling current ( I tunnel ) has a very strong dependence on the
distance d ( I tunnel ∝ e − d ), 95% of all the current flows via the final atom of the tip. Thus, in combination
with the possibility to very accurately move the tip in the x-, y- and z-directions, it is possible to probe the
local density of states of the substrate with atomic resolution. The surface of the sample is scanned in a
point-by-point and line-by-line fashion, and simultaneously the tunneling current at each point of the
sample is monitored. From all these measurements, the electronic topography of the surface is
reconstructed.1
A
B

Figure 6.1. Schematic representation (A) and the explanation (B) of the principle of operation of the STM by Binnig et al.1
In the first couple of years after the invention of the STM, mainly highly ordered inorganic surfaces were
studied under ultrahigh vacuum (UHV) conditions.2 The first example of the molecular imaging of a welldefined organic layer at a solid-liquid interface was published in 1988 by Frommer and Foster at IBM.5
They imaged 4-cyano-4'-octylbiphenyl (8CB) on a highly oriented pyrolytic graphite (HOPG) substrate
under ambient conditions. A droplet of 8CB was put onto the HOPG substrate and the STM tip was
immersed into it (Figure 6.2). Several hours later a layer of the liquid crystal molecules was formed at the
HOPG surface, which was stable for several days and could be imaged with the STM at submolecular
resolution.

Figure 6.2. Schematic representation of the principle of a liquid-STM. The STM tip is immersed into a droplet containing the
molecules of interest. After the formation of an adlayer of these molecules, they can be imaged.
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The ability to image and study solid-liquid interfaces and molecules adsorbed at these interfaces at ambient
conditions opened a completely new field of research. In these “chemically friendly” environments, it is
also possible to study dynamic processes of molecules, such as self-assembly,6-21 binding events 10,17-24 and
even chemical reactions.21,24-29 A beautiful example of such a chemical reaction was reported by Okawa et
al.27 Using STM, they visualised a polymerisation reaction within a self-assembled monolayer of 10,12nonacosadiynoic acid at the graphite-air interface (Figure 6.3).

Figure 6.3. Overview of the initiation and termination of a linear chain polymerisation with molecular resolution. An artificial
defect was created in the monomolecular layer of 10,12-nonacosadiynoic acid (a) with the help of an STM tip (b). With the
STM tip, the chain polymerisation was initiated at the point indicated by arrow 1 (c) and terminated at the previously created
artificial defect. Similarly, a second (d) and third (e) chain polymerisation were performed, initiated at arrows 2 and 3
respectively.
To date, the majority of the liquid scanning tunneling microscopes are homebuilt. In the group of Van
Kempen, the Nijmegen Ambient STM was developed.30 This liquid-STM can accurately measure tunneling
currents in the pico-ampere regime, whilst the majority of the scanning tunneling microscopes operate with
a tunneling current in the nano-ampere regime. Because of this thousand-fold decrease in current, the
average distance between the tip and the substrate (~1 nm) can be increased, which allowed the imaging of
very large molecules with protein-like dimensions.16-18
A
B

Figure 6.4. Photographs of the Nijmegen Ambient STM (A) and the Nijmegen liquid-cell STM (B).
One of the main advantages of the UHV-STM has always been the large control over the conditions under
which many experiments can be performed. However, it has been shown that the conditions in a liquid161
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STM can be maintained equally well as in UHV; the topographic signatures of a Au(111) substrate covered
with n-tetradecane molecules could be visualised with atomic resolution in the presence of the
spectroscopic signature of the Shockley surface state of Au(111).31 These well-defined conditions were
achieved by equipping the liquid-STM with a bell-jar, which enables the STM experiments to be performed
under inert atmosphere (Figure 6.4B).
Although scanning tunneling microscopy in a liquid is a powerful technique to image molecules with atomic
resolution, it also has several drawbacks. A first important requirement is that the substrate on which the
molecules adsorb is conductive. Conventionally, mica and glass were used to study molecules at the solidliquid interface, but these substrates are non-conductive. The substrate should also be flat over large areas
to prevent tip-crashes. Because of its layered structure and conductance, HOPG became very popular as a
substrate for liquid-STM: atomically flat surfaces with a size of several square micrometres can be generated
easily just by simple cleavage of the material.
A second requirement for successful liquid-STM studies is the ability of the molecules of interest to form
an ordered physisorbed layer at the substrate. Successful adlayer formation and STM imaging require
balanced molecule-substrate interactions: a too strong interaction immobilises the molecules and impedes
their self-assembly into ordered 2D layers, while a too weak molecule-substrate interaction leads to high
mobility, making high-resolution STM imaging impossible. To promote successful monolayer formation,
the molecules of interest are often equipped with long aliphatic tails to enhance their physisorption at the
HOPG substrate.
A third and very important factor is the nature of the liquid. It should have a low vapour pressure so that it
does not evaporate too quickly. It should also be not too polar so that faradaic currents between tip and
sample interfere with the tunneling process. And finally, it should not compete with the solutes for
adsorption at the solid-liquid interface. For these reasons, in many STM studies high-boiling solvents like 1phenyloctane, n-tetradecane and 1,2,4-trichlorobenzene are used.
Finally it should be noted that the STM images are not just topological images of a surface or an interface.
They are actually a combination of the height and the local density of states. Hence, a brighter spot implies
either an increase in height or an increase in conductivity of a certain part of the molecule, compared with
its surroundings. As a result, STM images of adlayers consisting of (relatively) flat molecules can often be
correlated with the HOMOs and LUMOs of the molecules, depending on the tunneling conditions.32
Generally, if a negative surface bias potential is applied the STM image can be correlated with the HOMO
whilst in case of a positive surface bias potential the STM-image can be correlated with the LUMO.

Porphyrins at the solid-liquid interface
The organisation of functional molecules into highly organised arrays is an area of research with great
potential in material sciences,33 and scanning tunneling microscopy experiments can yield valuable
information about their (electronic) properties. (Metallo)porphyrins are particularly attractive molecules for
the construction of such arrays, because they can be used as building blocks for (photo)catalytic, electronic
and magnetic materials.34,35 In 1992, the group of Lindsay reported the first example of porphyrins studied
by STM.36 Nowadays, numerous examples of STM studies have been published, in which a wide variety of
adlayers of porphyrin moieties have been visualised. A nice example was reported by the group of Bai.32
They obtained high resolution STM images of tetra(p-dodecoxyphenyl)porphyrin (TDPP) at the HOPG/1phenyloctane interface at both positive and negative surface bias voltages (Figure 6.5A&D). In addition,
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they calculated the charge density distributions of the HOMO and LUMO, which appeared to correlate
very well with the high-resolution STM images. At a positive surface bias voltage, the images resembled the
lowest unoccupied molecular orbital (LUMO) of the molecule, whilst the measurement with a negative bias
surface voltage resembled its highest occupied molecular orbital (HOMO).

Figure 6.5. A) High-resolution STM image of TDPP at the HOPG/1-phenyloctane interface, measured with a positive
surface bias. B) Calculated charge density distributions of TDPP of the HOMO. C) Idem of the LUMO. D) Highresolution STM image of TDPP at the HOPG/1-phenyloctane interface, measured with a negative surface bias.32
As mentioned date, many studies have been reported in which STM is applied to study ordered 2D layers
of porphyrins. Only very recently, it was demonstrated that STM can also be applied as a probing tool to
study dynamic processes (e.g. metal-ligand coordination) under realistic chemical conditions.16-18,24
The research in this chapter describes visualisation of 2D layers of 'flat' (metallo)porphyrins at a
(sub)molecular level by means of STM. In addition, STM was used to visualise the catalytic activity of
manganese porphyrins in real-time and -space.

6.2 Results and discussion
The imaging of porphyrin catalysts by means of STM requires that chemically realistic conditions are
applied, i.e. ambient conditions. In the majority of liquid-STM studies of porphyrins, compounds with
phenyl rings at the meso-positions have been used. These meso-phenyl rings have an angle of ca. 60° with
respect to the central porphyrin plane, and hence it can be expected that the metal-centre can only weakly
interact with the underlying surface. In terms of function of the molecules, a strong interaction with the
surface might be desired since in this way its electronic properties can be studied and, ideally, controlled.
Hence the porphyrins used for the STM studies in this chapter were equipped with only n-undecyl tails at
their meso-positions, in order to enhance physisorption onto the HOPG substrate (Figure 6.6).

N
N

M

N

N

Figure 6.6. Chemical structures of the (metallo)porphyrins.
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Before the catalytic properties of adlayers of Mn-TP (Figure 6.6) were studied, the ordering of this
porphyrin and a variety of analogous porphyrins at the substrate was investigated. First experiments on
adlayers of TP, its nickel (Ni-TP) and copper (Cu-TP) derivates at the HOPG/1-phenyloctane and
Au(111)/1-phenyloctane interface were carried out. These planar and stable compounds bear no axial
ligands, which makes them excellent model compounds.37

STM studies on adlayers of flat (metallo)porphyrins at the solid-liquid
interface
Adlayers of 5,10,15,10-tetrakis(meso-n-undecyl)porphyrin (TP)
A drop of a nearly saturated solution of TP in 1-phenyloctane was brought onto the basal plane of freshly
cleaved HOPG. Instantaneously taken STM images showed the presence of extended arrays of porphyrin
molecules at the solid-liquid interface (Figure 6.7). The well-defined pattern of bright and dark areas
corresponds to the aromatic cores of the porphyrins and the aliphatic parts of the molecules of TP,
respectively.32 The size of each of the bright areas (1.2 x 1.2 nm2) was in good agreement with the
dimensions of the aromatic plane of the porphyrin. These planes could be imaged with submolecular
resolution, and appeared to consist of four bright spots, surrounding a dark hole in the centre. In these
images, the brightest parts of the molecule are the edges of the porphyrin plane. The porphyrins are
arranged in a lamellar structure, in which the alkyl chains are located on both sides of the arrays of closely
packed aromatic planes.

Figure 6.7. STM image (Vbias = -800 mV, Ibias = 5.0 pA) of a self-assembled monolayer of TP at the HOPG/1phenyloctane interface (unit cell: a = 1.26 ± 0.04 nm, b = 2.12 ± 0.04 nm and γ = 68 ± 2°).
In terms of visualising the molecules of TP, the change of the substrate from HOPG to Au(111) turned
out to be troublesome. Despite numerous attempts, TP could neither be imaged at the Au(111)/1phenyloctane interface nor at the Au(111)/n-tetradecane interface. In recent studies, however, it was shown
that it was possible to image an analogue of TP with dodecyl instead of undecyl-chains at the Au(111)/ntetradecane interface.38 These experiments were performed using a positive bias potential, while we applied
a negative one. Hence, it is clear that the interactions between the HOPG surface and the TP molecules are
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different in origin and/or magnitude compared to the interactions between the Au(111) surface and the TP
molecules.

Adlayers of 5,10,15,10-tetrakis(meso-n-undecyl)porphyrinato nickel(II)
In contrast to TP, Ni-TP could be imaged at both the HOPG/1-phenyloctane and the Au(111)/1phenyloctane interface (Figure 6.8). At the former interface, imaging was relatively easy and Ni-TP could
be visualised with submolecular resolution. Like in the adlayer of TP, the Ni-TP molecules are arranged in
lamellar structures. The bright area (1.2 x 1.2 nm2) is in good agreement with the dimensions of the
aromatic plane of the porphyrin. Correlation filtering was used to enhance the resolution within these
aromatic parts, which appeared as bright cross-like structures (Figure 6.8B). The alkyl tails could not be
resolved, but are likely located on both sides of the arrays of closely packed aromatic planes.
A
B

C

D

Figure 6.8. A) STM image (Ibias = 2.3 pA, Vbias = -244 mV) of a self-assembled monolayer of Ni-TP at the HOPG/1phenyloctane interface. B) Idem, magnification (Ibias = 0.9 pA, Vbias = -276 mV, unit cell: a = 2.30 ± 0.05 nm, b = 1.59
± 0.05 nm and γ = 71 ± 2°). C and D) STM-images (Ibias = 5.9 pA, Vbias = -609 mV) of Ni-TP at the Au(111)/1phenyloctane interface (unit cell: a = 1.52 ± 0.06 nm, b =1.38 ± 0.06 nm and γ = 77 ± 2°).
Lamellar arrays of Ni-TP were also observed at the Au(111)/1-phenyloctane interface. The bright and dark
stripes in the STM image are caused by a superposition of the herringbone reconstruction of the Au(111)
165

Chapter 6
surface and the Ni-TP adlayer (Figure 6.8C).39-41 The molecules of Ni-TP could be visualised with
submolecular resolution (Figure 6.8D). The area of each bright structure is 1.2 x 1.2 nm2, which in good
agreement with the dimensions of the aromatic plane of the porphyrin. These planes appeared to consist of
four bright spots, surrounding a dark hole in the centre. The smaller and more square unit-cell of Ni-TP at
the Au(111)/1-phenyloctane interface when compared to the unit cell at the HOPG/1-phenyloctane
interface indicates a difference in adsorption of the aliphatic tails. It is possible that these tails are not fully
physisorbed at the gold-substrate, but partly dangling in the liquid-phase.38 A second difference observed
between the two samples is the change in electronic signature of the aromatic planes of the porphyrin rings,
which indicates that the surface has a pronounced influence (vide infra).

Adlayers of 5,10,15,10-tetrakis(meso-n-undecyl)porphyrinato copper(II)
In analogy with Ni-TP, the copper derivative (Cu-TP) could also be imaged with submolecular resolution
on both interfaces. Figure 6.9 shows that at the HOPG/1-phenyloctane interface the compound selfassembled into lamellar structures and appear as bright cross-like structures. The image appears to be
compressed in the vertical direction, which is due to (thermal) drift during the measurement, preventing the
reliable determination of the unit cell.
A
B

Figure 6.9. A) STM image of a self-assembled adlayer of Cu-TP at the HOPG/1-phenyloctane interface (Ibias = 2.4 pA,
Vbias = -266 mV) and (B) at the Au(111)/1-phenyloctane interface ( Ibias = 1.9 pA, Vbias = -220 mV, unit cell: a =
1.37 ± 0.08 nm, b =1.85 ± 0.08 nm and γ = 55 ± 4°). The insets show magnifications of these adlayers.
At the Au(111)/1-phenyloctane interface, Cu-TP forms lamellar structures at negative bias voltages.
Clearly, the electronic signature of Cu-TP is completely altered upon changing the surface from HOPG to
Au(111). The most striking difference is the appearance of the copper centre, which at the Au(111)-surface
appeared dark instead of bright, a phenomenon which was also observed for Ni-TP. Since the tunneling
conditions at both interfaces are roughly comparable, the change in electronic signature is attributed to the
influence of the substrate. It might be possible that different molecular orbitals are involved in the
tunneling process. Alternatively, interactions between the aromatic planes of the metalloporphyrin moieties
and the substrate may induce (small) changes in these orbitals.42 Likely, the observed change in electronic
structure is a combination of both effects.
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STM studies on adlayers of manganese porphyrins
In contrast with the previous model compounds, Mn-TP (Figure 6.6) has an axial chloride ligand, which is
expected to have an important influence on the surface adsorption behaviour and hence the tunneling
process and the STM images.17,22 At the HOPG/1-phenyloctane interface the imaging of this compound
using the ambient STM turned out to be troublesome. The measurements were accompanied by large
leakage currents of several pico-amperes. With the idea to work in a better defined environment, the
experiments were performed in a newly designed and developed home-built liquid-cell STM (Figure 6.4B),
which is equipped with a bell-jar that allows the experiments to be performed under a controlled
atmosphere. Another difference in the design is the presence of a liquid-cell. Instead of using a droplet, a
larger amount of solvent can be applied, which simplifies the addition of chemical reagents. An additional
benefit of the larger solvent volume above the interface is that the diffusion of contaminants through the
liquid is slower. Under an argon atmosphere, the ability of Mn-TP to form self-assembled monolayers at
the interface of an Au(111) surface and argon-saturated n-tetradecane was investigated. In addition, the
concentration of Mn-TP was lowered from 10-3 to 10-8 M, which is expected to reduce the amount of
leakage current. Under these altered experimental conditions, it was now possible to more easily image an
adlayer of Mn-TP at the Au (111)/n-tetradecane interface with submolecular resolution (Figure 6.10). The
molecules appeared as rounded squares, which are divided into two pieces. It is remarkable that at first
sight the axial ligand was not observed. The presence of such a ligand on top of the porphyrin plane should
be easily observed, since the distance between the tip and the substrate is expected to be reduced, resulting
in an increase in the tunneling current.17,22 The absence of such an increase suggests that either the chlorine
atom is expelled from the coordination sphere of the manganese centre of the porphyrin or that it is
sandwiched between the porphyrin and the Au(111)-surface. The latter seems highly unlikely, since this
would result in a larger difference in apparent height between Mn-TP and the substrate than the observed
apparent height of 40 pm (Figure 6.10A).
A
B

Figure 6.10. A) Liquid-cell STM image (I = 3 pA, V = 200 mV) of a monolayer of Mn-TP self-assembled at the
Au(111)/n-tetradecane interface. Several domains of molecules of Mn-TP are visible. The black arrow indicates a molecule
with much higher apparent height. B) Correlation averaged magnification with the suggested molecular orientation drawn in the
picture(unit cell: a = 1.96 ± 0.05 nm, b =1.20 ± 0.05 nm and γ = 66 ± 2°).
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Expulsion of the chlorine atom from the coordination sphere can be achieved via two possible
mechanisms. The most likely one is that a surface gold atom coordinates to Mn-TP in an axial ligand-like
fashion, allowing a chlorine radical to dissociate, thereby reducing the manganese(III) centre to
manganese(II).43 This mechanism is further supported by a recently published theoretical study by Leung et
al.42 Their DFT-calculations predicted that upon adsorption of manganese(II)-porphines at a Au(111)substrate, electron transfer occurs from the manganese(II) porphine to the gold surface. As a result, the
manganese centre adopts a 3+ oxidation-state character. Remarkably, despite the changes in spin
multiplicity, this transfer involves at most 0.2 electron; hence upon the adsorption a bond is formed, which
can be best described as a metal-metal bond.
A second possible mechanism is the active reduction of Mn-TP by the surface through donation of an
electron, followed by a dissociation of the chloride anion. This mechanism, however, is not very likely,
because it requires the unfavourable solvation of anions by the apolar n-tetradecane or a reaction of these
anions with the negatively biased Au(111) surface. The latter process would be visible in the STM images,
which was however not the case.

Figure 6.11. UV-vis reflectance spectra of Mn-TP at the Au(111)/n-tetradecane interface (light grey trace) and of a
solution of Mn-TP in n-tetradecane (black trace), both under argon atmosphere.
To further investigate the apparently non-innocent character of the gold substrate, UV-vis reflection
measurements of the adlayer of Mn-TP at a Au(111)/n-tetradecane interface were performed (Figure 6.11).
Compared to the Soret band of Mn-TP in a n-tetradecane solution saturated with argon, the Soret band of
a Mn-TP adlayer at the solid-liquid interface showed a blue shift from 480 nm to 470 nm (Figure 6.11).
This observation strongly suggests a direct interaction between the manganese centre of Mn-TP and the
gold substrate, which is in line with the proposed reduction of this centre upon adsorption of the
porphyrin. The latter reaction suggests an active role of the Au(111)-surface and demonstrates that
reduction of the Mn-TP is not necessarily a phenomenon initiated by the STM tip.

Real-time STM study of oxidation catalysis by manganese porphyrins
The clean and highly defined STM images of monolayers of Mn-TP at the interface of Au(111) and ntetradecane indicate a nearly uncontaminated interface. However, occasionally, a porphyrin with a much
higher apparent height was observed (Figure 6.10A). Realising that manganese porphyrins can react with
molecular oxygen,44 a small contamination of the liquid with this gas was suspected. In order to test this
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hypothesis, the setup was purposely contaminated by flushing the bell jar with molecular oxygen. This led
to a gradual increase in the number of bright-appearing porphyrins (Figure 6.12A), suggesting that the
adsorbed Mn-TP species are interacting with molecular oxygen.
A
B

Figure 6.12. A) Liquid-cell STM image (I = 10 pA, V = 200 mV) of an adlayer of Mn-TP at an Au(111)/ntetradecane interface, 4 hours after flushing the bell jar with molecular oxygen. The overall population of bright spots is
approximately 8%. B) Cross-section analyses of the corresponding lines A and B in Figure 6.12A.
The molecules of Mn-TP adsorbed at the interface were also investigated by means of UV-vis reflection
experiments, which demonstrated that concomitant with the change in topography the Soret band of MnTP exhibited a red shift from 470 nm to 478 nm upon the introduction of molecular oxygen (Figure 6.13).
In contrast, the UV-vis measurements of Mn-TP in n-tetradecane solution in absence of the gold-substrate
did not show any shift in the Soret band of Mn-TP at 480 nm upon the introduction of molecular oxygen
(Figure 6.13). Hence, it is proposed that the surface activates Mn-TP to react with molecular oxygen, in a
comparable manner as an electron-donating axially coordinating ligand.44

Figure 6.13. UV-vis reflectance spectra of a monolayer of Mn-TP at an interface of Au(111) and of an argon-saturated ntetradecane solution (light grey trace), of a monolayer of Mn-TP after oxidation with O2 (dark grey trace), and the UV-vis
solution spectrum of Mn-TP in n-tetradecane saturated with argon (continuous black trace) and saturated with O2 (dotted
black trace).
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To study the nature of the interaction between adsorbed Mn-TP and molecules oxygen in more detail, the
distribution of bright-appearing porphyrins was investigated in an adlayer of Mn-TP, which was in contact
with molecular oxygen. By analysing many locations at the adlayer, it became apparent that the oxygencontaining species primarily occurred in pairs of adjacent molecules. To quantify this observation, a
statistical analysis was carried out on a 75 x 75 nm area (approximately 2,000 molecules) of a typical STM
image. For a completely random distribution of oxygen atoms over the porphyrin catalysts, it can be
calculated that the majority of the oxidised Mn-TP molecules should not have an oxidised neighbour
(Figure 6.14, left). Clearly, the experimentally observed distribution of oxygen-containing Mn-TP
molecules is not random, but there is a significant preference for pairs of adjacent porphyrins at the cost of
monomeric species (Figure 6.14, middle). This suggests that each molecule of O2 preferably dissociates
upon or after its reaction with Mn-TP at the surface and forms adjacent pairs of two identical monooxygen-coordinated species.45
To verify this hypothesis, simulations were performed which assume a pair-wise distribution of oxygen
atoms over the catalysts. In addition, the chance of the loss of an oxygen-containing species was taken into
account. The latter can proceed either by the loss of oxygen from a Mn-TP molecule, or the complete
dissociation of a Mn-TP-oxygen complex from the interface after which the vacant spot is occupied by a
fresh molecule of Mn-TP from solution. Clearly, the simulated distribution of nearest neighbours meets
the distribution of the experimentally observed one and not that of the random process (Figure 6.14, right).

Figure 6.14. Bar diagrams of nearest-neighbour distributions of oxygen-binding Mn-TP molecules: left, random distribution;
middle, distribution as measured in the STM images; right, simulation of a model system. See text for details.
The reaction of molecular oxygen with a metalloporphyrin is well-known from the studies on the natural
enzyme system cytochrome P450,46 which contains a Fe(III)protoporphyrin to which an axial ligand is
coordinated. After a stepwise two-electron reduction, this complex has bound and cleaved O2, leaving one
oxygen atom at the porphyrin to produce a reactive high-valent iron-oxo intermediate, and the other one to
combine with two protons to produce a molecule of water. In the presence of axially binding ligands,
Mn(III)porphyrins in solution can bind and cleave O2 in a similar manner, after first being reduced by
electrons from an added co-reductor.44
In the liquid-cell STM experiment neither an axial ligand, nor protons, nor an added co-reductor are
present. In the previous paragraph the non-innocence of the gold surface, which resulted in the formal
reduction of Mn-TP was described. This reduction of the manganese centre is required for the binding of
molecular oxygen. Hence, this remarkable mechanism of binding molecular oxygen and the subsequent
distribution of its two oxygen atoms over adjacent catalysts is attributed to the influence of the Au(111)
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surface. The binding of an oxygen atom leads to the oxidation of the manganese centre of Mn-TP, which
accounts for the observed red-shift of the Soret-band of this compound from 470 to 478 nm (Figure 6.13).
The STM measurements indicate that each reaction with molecular oxygen generates two identical oxidised
Mn-TP-oxygen species. It is tentatively proposed that these species are formed by a homolytic dissociation
of molecular oxygen and the distribution of both oxygen atoms over two Mn-TP neighbours to generate
two Mn(IV)=O species (Figure 6.15).46 Such a homolytic dissociation has been reported for the oxidation of
cyclohexane with manganese porphyrin catalysts in the bulk, albeit only under high pressure and at high
temperatures.47 The observed shifts in the UV-vis reflection spectra for both the gold surface-induced
reduction and subsequent oxygen binding of Mn-TP are similar in nature to those observed for analogous
reduction and subsequent oxidation of manganese porphyrins in solution, although in the latter case the
shifts in wavelength are generally somewhat larger.48

Figure 6.15. Overview of the proposed catalytic reaction. Upon binding of Mn-TP to the gold surface, a chlorine radical
dissociates resulting in the formal reduction of the manganese centre. This activated Mn-TP molecule can bind molecular
oxygen, which is cleaved, and its atoms are distributed among two neighbouring Mn-TP molecules. In a final step, the oxygen
atom is transferred from Mn-TP to the cis-stilbene, resulting in the formation of cis-stilbene oxide and regeneration of the
activated Mn-TP species.
From the literature it is known that high-valent manganese oxygen complexes are the active species for the
chemical transformation of alkenes into epoxides (Figure 6.15).49 However, the oxidised surface could also
act as a heterogeneous catalyst for such an epoxidation reaction. To exclude this possibility, all steps of the
catalytic epoxidation of cis-stilbene were followed in real-time and real-space in the liquid-cell STM, by
monitoring a fixed 75 x 75 nm2 area of the surface. This surface contained approximately 2,000 porphyrin
molecules and during the experiment the number of oxygen-free and oxygen-binding molecules of Mn-TP
(Figure 6.16) was monitored.
Whilst the adlayer of Mn-TP was still under an argon atmosphere, the number of oxidised Mn-TP
molecules was negligible. Upon flushing the bell jar with O2, their population started to increase gradually.
In order to be able to perform reliable statistical analyses, and because it was feared that a high local
concentration of oxidised manganese porphyrin species would lead to catalyst autodestruction,50 at
t = 3 hours, 50 μl of cis-stilbene was added very carefully to the surface of the liquid in the STM cell. After
2.5 hours, a period that may correspond well with the expected diffusion time required for an additive to
reach the interface, a sudden and significant drop in the number of oxidised Mn-TP molecules was
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observed, which is attributed to correspond with the start of the epoxidation of cis-stilbene. In the following
four days, the number of oxidised Mn-TP molecules in the adlayer remained nearly constant. The fact that
it was possible to monitor the adlayer of Mn-TP for several days clearly illustrates the long-lasting activity
and connected stability of these surface-bound catalysts.

Figure 6.16. A-C) Liquid-cell STM images (I = 10 pA, V = 200 mV) of an adlayer of Mn-TP at the Au(111)/ntetradecane interface. A) System under argon. B) Four hours after flushing the bell jar with O2. Approximately 10% of the
molecules of Mn-TP are oxidised. C) Three hours after the addition of cis-stilbene. It is evident that the number of oxidised
Mn-TP molecules has decreased significantly. D) Plot of the number of oxidised molecules of Mn-TP in a fixed 75
x 75 nm2 area of the surface versus time, upon addition of molecular oxygen to the bell jar (at t = 70 min) and subsequently
the addition of cis-stilbene to the top of the liquid in the liquid-cell (at t = 3 hour).
To verify this assumption, the solution in the liquid-cell STM was analysed by gas chromatography.
Although the amount of formed products after almost four days is still very low, the measurement clearly
showed a significant increase in concentration of mainly the cis-isomer of stilbene oxide (Figure 6.17). The
stereoselectivity can be explained by the gold surface, which acts as an axial ligand to the catalysts, and axial
ligands are known to be able to increase the selectivity of manganese porphyrins for the cis-product over
the energetically more favourable trans-product.51 In the absence of the gold surface, no significant amounts
of either cis-stilbene oxide or trans-stilbene oxide were formed. This observation highlights the active role of
the Au(111)-substrate in the activation of the manganese catalyst.
The results presented in this paragraph describe the first example of real-time single-molecule studies of
oxidation catalysis under ambient conditions at a liquid-solid interface. It was demonstrated that the STM
can be used to study chemical reactions in a dynamic environment. In this case, the approach clearly
demonstrated a fascinating aspect of oxidation chemistry with molecular oxygen: both oxygen atoms of
molecular oxygen are incorporated in the substrates. The distribution of the oxygen atoms over two
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neighbouring catalysts at the surface is a unique phenomenon, revealing a mechanistic aspect of the
reaction which can not be revealed by conventional techniques that lack the extremely high spatial
resolution that can be achieved in an STM. In addition, this study has shown the potential of immobilising
catalysts at a surface to develop “green catalysts”. The catalytic reaction seems to be fully atom efficient,
there are no waste products and the normally relatively labile manganese porphyrin catalysts showed a
remarkable stability, since the adlayer of Mn-TP remained active and stable for several days.
The oxidation reaction was also carried out on a larger scale outside the liquid-cell STM, in a test tube

using spherical gold nuggets (~30, Ø 2-4 mm) in 2 ml of oxygen-saturated n-tetradecane containing
Mn-TP ([Mn-TP] = 10–7 M). After the addition of cis-stilbene (50 μL), the solution was analyzed by
GC at different time intervals, also showing the formation of cis- and trans-stilbene epoxide (the latter is
a common isomerisation product of epoxidation reactions with Mn-porphyrins, Figure 6.17B). In
addition, the formation of several side products, which so far could not yet be identified, was evident.
In the absence of a gold surface, the reaction appeared not to occur (Figure 6.17C).
A

B

C

Figure 6.17. GC-thermograms in which the oxidation of cis-stilbene is followed versus time (note that a little cis-and transstilbene oxide are already present in the cis-stilbene starting material). A) GC-traces of the n-tetradecane solution of the STMcell recorded 19 hours (light trace) and 92 hours (dark trace) after the addition of cis-stilbene. The peaks corresponding to cisstilbene oxide (retention time = 7.3 min) and trans-stilbene oxide (retention time = 11.5 min) are indicated. B) Reaction
carried out in a test tube containing spherical gold nuggets (~30, Ø 2-4 mm) in 2 ml of oxygen-saturated n-tetradecane
containing Mn-TP ([Mn-TP] = 10-7 M), to which 50 μl of cis-stilbene was added; dark trace: t = 0; light trace: t = 72
hours C) Blanc experiment carried out in a test tube in 2 ml of oxygen-saturated n-tetradecane containing Mn-TP ([Mn-

TP] = 10-7 M) to which 50 μl of cis-stilbene was added; dark trace: t = 0, light trace: t = 72 hours.
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6.3 Concluding remarks
At the HOPG/1-phenyloctane interface TP and its nickel and copper derivatives form stable and welldefined lamellar structures, which could be visualised by means of scanning tunneling microscopy at submolecular resolution. At the Au(111)/1-phenyloctane interface, an adlayer of TP molecules could not be
made visible by means of STM, despite several attempts. In contrast, adlayers of Cu-TP and Ni-TP could
be visualised at that interface with submolecular resolution. Upon comparing the adlayers of Cu-TP and
Ni-TP at the Au(111) surface with those formed by the same molecules at the HOPG surface, clear
differences in unit cell dimensions and in the electronic signature of the aromatic planes of the compounds
was observed. These differences were both attributed to the influence of the surface at the ordering of the
molecules. The changes in the unit cells were attributed to a change in the physisorption of the aliphatic
tails of the compounds, while the altered interactions between the surfaces and the porphyrin planes were
proposed to cause the changes in electronic signature.
STM studies of Mn-TP at the Au(111)/n-tetradecane interface revealed an active role of the gold substrate.
Upon binding of Mn-TP, the axially coordinated chloride was expelled from the coordination sphere of
the manganese centre, leading to the formal reduction of Mn-TP. It is proposed that the gold substrate
acts as some kind of axial ligand to the manganese centre and activates it to bind and split molecular oxygen
into oxygen atoms which were distributed over adjacent pairs of catalysts at the surface. A remarkably
stable manganese-oxygen species were obtained of which could be applied as heterogeneous catalyst of
which the performance in the oxidation of cis-stilbene was studied in real-time on a single catalyst level.
These study showed the unique potential of the STM as a tool to study reactions at a molecular level under
ambient conditions, in the chemically relevant environment of a liquid. In addition, the surface-confined
oxidation reaction appeared to display 100% atom efficiency, since both atoms of molecular oxygen are
incorporated into the product and no waste products were generated.

6.4 Experimental section
UV-vis reflectance measurements were performed on a Perkin Elmer Lambda 35, the UV-vis spectra in
solution were recorded on a Cary 50 conc photospectrometer. TP, Ni-TP, Cu-TP and Mn-TP were
kindly provided by the group of Prof. M. J. Crossley.

Ambient STM measurements
STM measurements were carried out in the constant current mode using a home-built low-current STM.
STM tips were mechanically cut from a Pt80Ir20 wire. For the experiments on highly oriented pyrolytic
graphite (HOPG), the surface was freshly cleaved before each measurement. The Au(111) films were
prepared in an evaporator using 99.99% gold and freshly cleaved mica. The gold was grown epitaxially at
the heated mica (300 °C), at a pressure of 10-7 mbar, and annealed for 2 hours at 300 °C, 10-8 mbar.
A drop of a nearly saturated solution of the molecules in 1-phenyloctane was brought to the surface. The
piezo was calibrated in situ by lowering the bias voltage to 100 mV and raising the tunnelling current to 50
pA, which allowed imaging of the HOPG surface underneath the molecules. Typically, an STM image
(1024 lines 1024 points) was recorded over a period of 10 min. The STM raw data were processed by the
application of a background flattening and the spike noise was removed by filtering the data through a
median filter with a [3 x 3] pixel filter size.
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Liquid-cell STM measurements
STM experiments were performed with the home-built Nijmegen Liquid-cell STM and an Omicron
SCALA SPM controller. All measurements were performed in the constant current mode on freshly grown
Au(111) films, in n-tetradecane. Prior to each measurement, the liquid-cell, sample holder, and tip material
were cleaned with acetone and isopropanol. After cleaning these were rinsed 3 times with argon-purged and
distilled n-tetradecane. Subsequently, the Au(111) surface was flame annealed, the tip was mechanically cut
from a Pt80Ir20 wire, and the sample was mounted into the cell. The liquid-cell was filled with n-tetradecane
and placed in the STM, which was then covered with a bell-jar, which was purged with Argon (99.999%
pure) before commencing the measurements. The time elapsed between the flame annealing of the gold
film, and the flushing of the bell-jar with argon was never longer than 1 min. All measurements were
performed in the closed environment of the filled bell-jar. The STM images shown in this chapter have
been corrected for background slope (by subtracting a plane). Some spike noises were removed by filtering
the data through a median filter with a [3 × 3] pixel filter size.

Gaschromatographic analysis
GC analyses were carried out on a Varian 3800 GC instrument with a flame ionisation detector using a
Supelco fused silica capillary column (15 m length, diameter 35 μm, df 1.0 μm) and Varian Star 5.2 software
to analyse the data. Compounds in the GC thermograms were identified by comparison with commercial
products. Since the relative amount of oxidised products derived from cis-stilbene generated during the
catalysis experiments was extremely small, their formation was followed by normalizing the cis-stilbene peak
in the GC thermograms. Peak assignments: retention time (rt) = 5.6 min: cis-stilbene; rt = 7.4 min: cisstilbene oxide; rt = 10 min: trans-stilbene; rt = 11.6 min: trans-stilbene oxide; the identity of the compounds
belonging to the other signals are unknown.

Statistics
A computer algorithm was used to count the number of oxidised porphyrins in the STM images of
extended monolayers. It is based on a simple highpass filter with a local maximum finder, and its
effectiveness was checked manually for a few images. It was found to detect around 90% of the oxidised
porphyrins, and to give less than 5% false positives.

Simulations
If each porphyrin molecule Mn-TP in the monolayer has the same chance of being oxidised, and an
oxidation event is not dependent at the neighbouring porphyrin molecules, then at any given time the
oxidised porphyrins in the monolayer have a binomial distribution. The binomial distribution is the discrete
probability distribution of the number of successes in a sequence of n independent yes/no experiments,
each of which yields success with probability p. The chance of having exactly k oxidised porphyrins in a
monolayer of n molecules of which pn are oxidised is given by the probability mass function:
⎛n⎞
f(k;n,p) = ⎜ ⎟ p k ( 1 − p) n −k
⎝k⎠
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With the binomial coefficient:

n!
⎛n⎞
⎜ ⎟=n
k ! ( n − k )!
⎝k⎠
Equation 1 can be used to describe the distribution of neighbouring oxidised porphyrin molecules. As can
be seen from Figure 6.10 the porphyrin molecules form an (almost) square lattice. In a square lattice, each
molecule has 8 direct neighbours, so if a fraction p of the molecules in the monolayer is oxidised, the
chance that an oxidised porphyrin molecule has i oxidised neighbours is:

⎛8⎞
f i = ⎜ ⎟ p i ( 1 − p)8−i
⎝i⎠

(2)

The simulation described in the text has been performed using Matlab© software. To verify whether the
hypothesis of the oxidation of two neighbouring porphyrins by one molecule of O2 can explain the
observed distribution of oxygen-containing porphyrins in the STM images quantitatively, a simulation
involving two independent processes was carried out, the first one being the simultaneous oxidation of two
adjacent molecules of Mn-TP by O2, and the second one the disappearance of an oxygen-binding single
porphyrin molecule ('bright' molecule goes 'dark', either involving the loss of oxygen from a Mn-TP
molecule, or the complete dissociation of a Mn-TP-oxygen complex from the interface after which the
vacant spot is occupied by a fresh molecule of Mn-TP from solution). The rates of these processes were
tuned such that the simulation converged to the same fraction of ‘bright’-appearing molecules as observed
in the STM image (~ 8%).
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Catalytic nano-assemblies

Abstract:
An enzyme allows the conversion of a substrate to occur in a stereoselective fashion, amongst others because it contains a cavity
in which the substrate is selectively bound. Inspired by the efficiency of these natural systems, a catalyst molecule was designed
that self-assembles into a superstructure, which possesses such substrate binding cavities. It involves a manganese porphyrin
trimer, which forms columnar stacks with cavities as a result of π-π interactions and hydrogen bonding. In addition, axially
coordinating ligands that activate the catalysts can be co-assembled in the stacks. The characterization of these stacks and their
performance as stereoselective catalysts in the epoxidation of alkenes will be discussed.

Chapter 7

7.1 Introduction
Metallo-porphyrins are abundantly present in Nature. A well known example is the enzyme cytochrome
P450 (Figure 7.1A),1 which occurs in a myriad of living organisms, among which mammals, insects, fish,
yeasts and plants. In mammals, for example, cytochrome P450 plays an essential role in the detoxification
of foreign substances in the liver. It belongs to the group of mono-oxygenases, a class of enzymes which
incorporate one oxygen atom of molecular oxygen into organic substrates, while the second oxygen atom is
combined with two protons into water. Whilst cytochrome P450 is famous for its catalytic oxidation of a
variety of substrates, it also exhibits catalytic activity in dehydrogenation, oxidative deformylation and
dehydration reactions, and it is even known to reduce nitric oxides.2 In the active site of the enzyme, an iron
protoporphyrin IX molecule, which carries an axial coordinating thiolate of a cysteine amino acid, is present
(Figure 7.1B).3
A
B

N

N

COOH

N

COOH

Fe
N

S

Figure 7.1. A) Structure of cytochrome P450.3 The iron protoporphyrin IX molecule, depicted in a space filling model, is
located at the bottom of the active site. B) Chemical structure of the iron protoporphyrin IX
Under physiological conditions, cytochrome P450 systems require the stoichiometric consumption of either
NADPH or NADH for the mono-oxygenation of substrates by molecular oxygen (Scheme 7.1).1,4 In vitro,
however, the combination of molecular oxygen and a cofactor turned out to be troublesome. The
regeneration of the cofactor appeared to be difficult and the reducing agents used for the regeneration of
the cofactor, competed with the substrate for the active oxidant. To circumvent such problems, instead of
molecular oxygen single oxygen donors can be applied, such as (pentafluoro-)iodosylbenzene, hydrogen
peroxide and peracids (Scheme 7.1).5
Despite numerous studies, the exact nature of the high-valent iron-oxo complex is still under debate., in
particular whether the active intermediate is a (porphyrin)FeV=O species or a (porphyrin radical
cation)FeIV=O species.1 In recent literature, the latter has been postulated to be the catalytic species, but
unambiguous experimental evidence is still absent.6-10
The unique oxidation chemistry of cytochrome P450 has inspired many chemists to construct a variety of
synthetic model systems.2,6,11-14 One of the first was reported by Groves et al., who mimicked the enzyme
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by using the relatively simple iron derivative of meso-tetraphenylporphyrin as the catalyst and iodosylbenzene as the oxygen donor.12 Synthetic iron porphyrins can be highly active epoxidation catalysts, but
their turnover numbers, selectivities and stability tend to be inferior to their manganese counterparts, unless
the reactions are executed under strictly controlled conditions.2,11 For this reason, many synthetic
cytochrome P450 mimics employ a manganese porphyrin instead of an iron porphyrin moiety.1,2,11,13-24
Remarkably, in contrast to the paramagnetic (porphyrin radical cation)FeIV=O species, it is postulated that
in case of manganese porphyrins the diamagnetic (porphyrin)MnV=O species is responsible for the catalytic
activity.19,20,24

Scheme 7.1. Simplified reaction pathway of cytochrome P450. In artificial analogues of this system, the reductive activation of
molecular oxygen is often bypassed via the application of a single oxygen donor.
Synthetic cytochrome P450 mimics can epoxidise a wide variety of substrates, but generally their catalytic
performance is tested using styrene or cis-stilbene as a substrate. In most cases the epoxidation of cisstilbene will give a product mixture of cis- and trans-stilbene oxide.16,21,25 The thermodynamically more stable
trans-stilbene oxide can be formed from cis-stilbene upon rotation of the C-C bond in the transition state in
which the substrate is connected to the manganese-oxygen species (Scheme 7.2).26 Typically a cis/trans ratio
of approximately 1.5 is obtained when “simple” manganese porphyrin systems are used, such as
(5,10,15,20-meso-tetraphenylporphyrinato) manganese(III) chloride.21 By coordinating axial ligands, such as
pyridine or imidazole, to the manganese centre, an increase in the cis/trans ratio is observed, i.e. the catalyst
becomes more selective.16,25,26 It was postulated that this selectivity is caused by the axial ligand pulling the
manganese centre into the plane of the porphyrin,21 which then leads to an increase of the steric barrier
imposed on the phenyl ring of the substrate to rotate around its C-C bond. Consistently, an increase in
steric bulk around the manganese metal centre has a similar effect.23 In addition, this increase in steric bulk
also decreases the decomposition rate of the catalyst. Manganese porphyrins that bear no meso-substituents,
like in heme, degrade fairly rapidly under catalytic oxidation conditions and generally a complete loss of
activity after about 50 catalytic cycles is observed.17
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Scheme 7.2. Schematic representation of the rotation of the C-C bond in the transition state of the cis-stilbene connected to a
manganese oxygen species, leading to the formation of the thermodynamically more stable trans-stilbene oxide.
With the advent of supramolecular chemistry new catalytic systems have evolved. Supramolecular chemistry
has been used to enhance substrate selectivity of homogeneous catalysis2,15,21,22 and to assemble libraries of
(bidentate) ligands around metal centres with the aim of catalyst screening.27-30 In heterogeneous catalysis,
supramolecular tools are applied to encapsulating and/or immobilizing a catalyst 17,31-36 or to construct selfassembled catalytic monolayers.37,38
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Figure 7.2. Chemical structure of the capsulated manganese-porphyrin moiety bound within a supramolecular square.17
A very elegant example of the application of supramolecular chemistry in catalysis has been reported by the
group of Hupp (Figure 7.2).17 Inspired by the protective environment of the heme group in the enzyme
cytochrome P450, they designed and prepared a "supramolecular square box" in which a catalytic
manganese porphyrin moiety can be bound. The square consists of four zinc porphyrin "walls" connected
to four ReI(CO)3Cl moieties, which were used as corners.39 Upon its binding within the square by
coordination to two of the zinc ions, the catalytically active manganese porphyrin is “encapsulated”.
Compared to the non-encapsulated manganese porphyrin, the lifetime of the encapsulated catalyst in the
oxidation of alkenes was increased 20-fold because of the protective environment of the molecular square.17
In addition, it was claimed that upon the coordination of nitrogen-based ligands to the remaining two zinc
centres, the properties of the cavities within the square can be tuned and hence a substrate size/shapeselectivity might be accomplished.
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The goal of this chapter is to investigate the possibilities construct catalytically active supramolecular
structures by self-assembly. Inspired by the enzyme cytochrome P450, it is the aim to design and develop a
supramolecular assembly in which manganese porphyrin catalysts are situated in a cavity-containing
protective environment. In analogy with the natural enzyme, it is expected that these cavities will enhance
the selectivity of the catalytic system. To date no examples of such an approach to mimic an enzyme have
been reported. A relatively simple design was used, i.e. the self-assembly of the manganese derivative of nTAP into catalytically active columnar stacks (Figure 7.3).

7.2 Results and discussion
As observed for n-TAP, it can be expected that Mn-TAP self-assembles into helical columnar stacks as a
result of π-π interactions and hydrogen-bonding. The small open spaces between adjacent porphyrin
molecules in the stacks might be considered to mimic the cavities of an enzyme (Figure 7.3). The
dimensions of these cavities might be tuned by the addition of bidentate nitrogen-based axial ligands,40,41
e.g. pyrazine, 1,4-diazabicyclo[2.2.2]-octane (DABCO), and 4,4'-bipyridine, which can be sandwiched
between the adjacent manganese porphyrin moieties upon their coordination to the manganese centres
(Figure 7.3).40

Figure 7.3. Schematic representation of the formation of supramolecular stacks by Mn-TAP and the binding of DABCO
within these stacks. The small open spaces between adjacent porphyrin molecules in the stacks might be considered to mimic the
cavities of an enzyme.
The synthesis of Mn-TAP was carried out via a standard procedure.42 n-TAP was reacted with
manganese(II) acetate in refluxing DMF, and subsequently the intermediate was oxidised by stirring it in a
mixture of chloroform and brine (1:1 (v/v)) open to the air. After purification by column chromatography,
Mn-TAP was obtained in 88% yield, and the identity of the compound was confirmed by UV-vis and
accurate mass spectroscopy (Figure 7.4).
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Figure 7.4. A) Accurate mass spectrum of Mn-TAP (black trace) and its simulated spectrum (grey trace). B) Theoretical
mass-spectrum of Mn-TAP 3+ and the assignment of each peak.

Aggregation of Mn-TAP into helical stacks
Generally, 1H-NMR spectroscopy is a powerful technique to study self-assembly processes in solution (see
Chapter 2), however, since Mn(III) centres are paramagnetic this technique can not be applied in the case of
Mn-TAP. For this reason, the assembly behaviour of Mn-TAP was investigated by means of infrared
spectroscopy and small angle neutron scattering (SANS).

Infrared spectroscopy
Infrared spectroscopy can be a powerful method to investigate the presence of hydrogen bonding networks
within an aggregate and can even yield information about the strength of the hydrogen bonds. An IR
spectrum was recorded of a thin film of Mn-TAP resulting from the evaporation of a 1 μM solution of the
compound in dichloromethane (Figure 7.5A, black trace). The second derivate of the spectrum suggested
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the presence of two amide I stretching vibrations and a single amide II stretching vibration, which could
indicate the presence of two different binding motifs within a stack (Figure 7.5A inset). The infrared
spectrum of a solution of Mn-TAP in CD2Cl2 ([Mn-TAP] = 0.3 mM) gave a broad spectrum with a rather
small signal to noise ratio. As a result, the exact peak positions of the amide I and amide II stretching
vibrations could only be roughly estimated (Figure 7.5B, black trace). The differences between the amide I
and amide II stretching frequencies (Δν) was estimated to be 90 ± 10 cm-1, which suggests that it is roughly
comparable with the Δν obtained from the spectrum of the film.
A

B

Figure 7.5. A) FT-IR spectra of films of Mn-TAP (black trace) and Mn-TAP with 1.5 equivalents of DABCO (grey
trace). The inset shows a magnification of the spectra in the 1700-1500 cm-1 range and their second derivative. B) FT-IR
spectra of solutions of Mn-TAP (black trace) and Mn-TAP in the presence of 1.5 equivalents of DABCO (grey trace) in
CD2Cl2 ([Mn-TAP] = 2 mmol) and their second derivatives.
Upon the addition of DABCO to a solution of Mn-TAP in CD2Cl2, conformational changes of the
columnar stack are required in order to accommodate the bidentate DABCO ligand in a sandwich-like
fashion between the porphyrins. Inevitably, also the hydrogen-bonding network will change upon such
conformational changes. The IR spectrum of a film resulting from the evaporation of a dichloromethane
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solution containing Mn-TAP and 1.5 equivalents of DABCO yielded the spectrum shown in Figure 7.5A
(grey trace). In this case, the second derivative of the spectrum indicated the presence of a single νamide I and

νamide II, frequency with a Δν comparable to the Δν film in the absence of DABCO. The broadening of the
amide I and amide II stretching vibrations, however, suggests a weakening of the hydrogen bonding
network.
Table 7.1. FT- IR spectroscopy data of thin films of Mn-TAP.
Compound
Mn-TAP
Mn-TAP + 1.5 eq.
DABCO

Sample
Film from CH2Cl2 solution

νamide I (cm-1)

νamide II(cm-1)
1587

85 ± 2, 95 ± 2

Film from CH2Cl2 solution

1678

1589

89 ± 2

1672, 1682

Δν (cm-1)

Upon titrating Mn-TAP in CD2Cl2 with 4.0 equivalents of DABCO in steps of 0.5 equivalents, an
additional broadening of the IR spectra was observed. It can be concluded that the addition of DABCO
has an influence on the stretching vibrations, however, the data give no conclusive information about the
exact influence of the ligand on the hydrogen bonding network within the stack. The broadening of the IR
spectra prohibits the precise assignment of the νamide I and νamide II.

Small angle neutron scattering
Small angle neutron scattering (SANS) studies were successfully applied to investigate the aggregation
behaviour of Mn-TAP in CD2Cl2. The scattering intensity profile of Mn-TAP in CD2Cl2 ([Mn-TAP] = 6.6
mM) could be fitted to a solid cylinder with a radius of 2.3 ± 0.1 nm, which is in excellent agreement with
the diameter of the aromatic part of the molecule (Figure 7.6A). The length of the solid cylinder was
determined to be 7.1 ± 0.1 nm.
The presence of the cylindrical-shaped particles unambiguously demonstrates that in dichloromethane MnTAP self-assembles into relatively small columnar stacks, consisting on average of ~14 molecules of MnTAP when a distance between two molecules of 0.5 nm is assumed (molecular mechanics modeling, force
field: MMFF94). At lower Q-values, a deviation from the cylindrical fit is observed, which is most likely due
to interparticle interactions that start to arise at relatively high concentrations.
A
B

Figure 7.6. A) Fit (black line) through the scattering intensity profile of Mn-TAP (6.6 mM) in CD2Cl2 (circles) assuming
a solid cylinder with a radius of 2.3 nm and a length of 7.1 nm. B) Scattering intensity profile of Mn-TAP at two different
concentrations. The vertical bars represent the experimental errors.
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In a typical catalysis experiment, usually a solution with a concentration of 2.0 mM of catalyst is used, but
since Mn-TAP contains 3 porphyrins a 6.6 x 10-4 mM solution of this molecule in CD2Cl2 was applied to
mimic the conditions of a catalysis experiment. SANS measurements also confirmed the presence of
cylindrical particles at this concentration. The data could be fitted assuming a cylinder with a diameter of
2.3 ± 0.1 nm and an average length of 7.7 ± 0.7 nm. It should, however, be noted that in this case the
experimental error is rather large due to the reduced scattering intensity of the diluted Mn-TAP solution
(Figure 7.6B).
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B
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Figure 7.7. A) Scattering intensity plots of Mn-TAP ([Mn-TAP] = 6.6 mM) in the presence of 0, 1.5 and 3 equivalents
of DABCO. B) Average length and radius dependence of the columnar stacks of Mn-TAP as a function of the number of
equivalents of DABCO, as determined by means of SANS.
Upon the gradual addition of DABCO to a solution of Mn-TAP in CD2Cl2 (([Mn-TAP] = 6.6 mM), the
diameter of the cylinder remained constant within experimental error, while the average length of the stack
decreased (Figure 7.7). Apparently, the binding of these bidentate axial ligands competes with the stacking
process, resulting in the formation of progressively shorter columnar stacks of Mn-TAP.
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B
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Figure 7.8. A) Scattering intensity profiles of Mn-TAP ([Mn-TAP] = 6.6 mM) in the presence of 0, 1.0 and 2.0
equivalents of pyrazine. B) Average length and radius dependence of the columnar stacks of Mn-TAP ([Mn-TAP] = 6.6
mM) as a function of the number of equivalents of pyrazine, as determined by SANS.
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A similar, but somewhat less pronounced effect was observed upon the introduction of pyrazine into a
solution of Mn-TAP ([Mn-TAP] = 6.6 mM); a gradual decrease in the average length of a columnar stack
of Mn-TAP was observed (Figure 7.8). The difference effect on the stack length between added pyrazine
and DABCO ligands might be related to the slightly smaller N-N distances of DABCO compared to that
of pyrazine, which are 0.28 and 0.26 nm for the unbound ligands respectively (Semi-Empirical calculations,
parameters: PM3). In addition, DABCO is bulkier and hence its incorporation into a stack might reduce the
intermolecular interactions between the Mn-TAP molecules to a larger extent than in the case of pyrazine.
Finally, also the influence of other components used in the catalysis experiments, viz. mesitylene (internal
standard) and cis-stilbene (substrate), on the stacking behaviour of Mn-TAP were investigated. The SANS
experiments revealed that the scattering intensity profiles for the samples with and without these additives
were similar (Figure 7.9A). In both cases, cylindrical particles were observed with similar dimensions
(Figure 7.9B). The difference in scattering profile between the two samples originates from a background
effect due to the presence of non-deuterated material (originating from the two additives). From the
scattering profiles it can thus be concluded that the presence of these additional compounds does not
significantly alter the dimensions of the stacks of Mn-TAP in CD2Cl2.
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Figure 7.9. A) Scattering intensity profiles and B) dimensions of the cylindrical stacks of Mn-TAP ([Mn-TAP] = 6.6
mM) with 2.5 equiv. of DABCO in the absence or presence of the internal standard ([mesitylene] = 0.2 M) and the
substrate for catalysis ([cis-stilbene] = 0.27 M).
The SANS measurements unambiguously demonstrate that in dichloromethane-D2, Mn-TAP selfassembles into columnar assemblies and that the presence of DABCO reduces the average length of the
assemblies. In contrast, the assembly properties of Mn-TAP are not significantly altered due to presence of
the cis-stilbene and mesitylene used in the catalytic experiments, which are discussed in the next paragraph.

Catalytic properties of the supramolecular assemblies of Mn-TAP
The activity of Mn-TAP as a catalyst in epoxidation reactions was studied in CD2Cl2 and the progress of
the reactions was followed by 1H-NMR spectroscopy. Typically, 500 μl of a 0.66 mM solution of Mn-TAP
in CD2Cl2 was prepared in an NMR-tube. To this solution 375 equivalents of cis-stilbene (125 equivalents
with respect to one porphyrin moiety), and the internal standard (mesitylene), were added. 1,2,3,4,5188
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pentafluoroiodosylbenzene (375 equiv.), which is better soluble in halogenated organic solvents than the
often applied iodosylbenzene, were used as the oxygen donor, Directly after the addition of the oxygen
donor, the NMR-tube was placed in the NMR-machine and every five minutes an 1H-NMR spectrum was
recorded for a period of ten hours. The decrease in substrate concentration and the amounts of formed
products were determined by integration of the relevant NMR signals and plotted versus time (Figure
7.10A).
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Figure 7.10. A) Conversion-time plot of the conversion of cis-stilbene into stilbene-oxide catalysed by Mn-TAP. B) Turnover number as a function of the number of equivalents of DABCO added to Mn-TAP. The vertical lines are the
experimental error bars.
The turnover number (T.O.N.) after ten hours was found to be rather low for this reaction: 70 ± 3
molecules of cis-stilbene per Mn-TAP molecule, corresponding to 24 ± 2 per manganese porphyrin moiety.
Figure 7.10A shows that after two hours almost all catalytic activity is lost, which is related to the observed
bleaching of the catalyst which points to its decomposition. Van der Made et al. proposed that this
bleaching occurs after the formation of μ-oxo-species in which two manganese porphyrins are bridged by a
single oxygen atom.14 Since in a columnar stack of Mn-TAP the manganese centres are in close proximity,
the formation of such μ-oxo-species might be promoted.
In order to unambiguously ascribe the observed catalytic activity to the manganese porphyrin catalysts, a
series of control experiments were performed. In the absence of Mn-TAP no catalytic activity was
observed. Also DABCO (0.825 mM), used in subsequent experiments (vide infra), was found to be unable to
catalyse the epoxidation of cis-stilbene. In addition, the nature of the internal standard was varied: instead of
mesitylene, either TMS or the CH2Cl2 present in the CD2Cl2 were used. In both cases similar epoxide yields
were obtained, which rules out that the internal standard has an influence on the catalytic activity of MnTAP. In summary, these experiments demonstrate that the observed catalytic activity can be completely
ascribed to Mn-TAP.
In a second series of experiments, the influence of the amount of DABCO on the catalytic activity of the
columnar stacks of Mn-TAP was investigated. Catalysis experiments was performed in which the number
of equivalents of bidentate ligand with respect to the trimer was increased stepwise from 0.5 to 3
equivalents. Surprisingly, when the turnover numbers were plotted versus the number of equivalents, a
sinusoidal curve was obtained which reached a minimum at 0.5 equivalents and a maximum at 2.5
equivalents of DABCO (Figure 7.10B). This complex curve is proposed to be the result of the interplay of
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several effects: (i) by its coordination to the manganese porphyrins the DABCO ligand is known to increase
their catalytic activity, which will result in both an increase in substrate conversion and μ-oxo formation;14
(ii) the accommodation of DABCO within the columnar stacks of Mn-TAP reduces their average length
and alters the shape of the stacks and the cavities within these stacks (Figure 7.3); (iii) the accommodation
of DABCO leads to a decrease in the number of available catalytic sites.

Mechanism of the epoxidation reaction
In the literature, various (simplified) model systems for the reaction kinetics of epoxidation reactions
catalysed by manganese porphyrins have been proposed.14 Unfortunately, in all these model systems the
decomposition of the catalyst is neglected. In case of the self-assembled system described in this chapter,
the auto-degradation of Mn-TAP plays a major role and should therefore be implemented into a model
which describes the observed reaction kinetics. In order to derive such a model, the following assumptions
and simplifications were made:

• The epoxidation of double bonds catalysed by manganese porphyrins is pseudo-zero order in
substrate. Because of the excess of substrate in combination with the relatively low conversions
displayed by the Mn-TAP system (< 30%), the catalytic reactions are considered to be zero order in
substrate.21
• The rate-determining step of the catalytic reaction is proposed to be the formation of an MnV=O
species.14,43,44 1,2,3,4,5-Pentafluoroiodosylbenzene is only partially soluble in CD2Cl2, and after
performing the reaction, a part of the oxygen donor is still present as a solid. As a result, its
concentration in solution is considered to be constant.
• Each molecule of Mn-TAP consists of 3 porphyrin manganese catalysts, and the catalyst
concentration is considered to be 3 times the concentration of Mn-TAP, i.e. [cat] = 3 x [Mn-TAP].
This implies that cooperative effects between manganese porphyrin moieties within one molecule of
Mn-TAP are neglected.
• It is proposed that the formation of the μ-oxo species plays a key role in the decomposition process
of the catalysts; after its formation, the manganese porphyrins will decompose.14,45
• In the decomposition process, a manganese porphyrin might be considered to act as a “substrate”.
Hence, the rate-determining step in the formation of the μ-oxo species is considered to be the
formation of the MnV=O species.

• Like the substrate conversion, the formation of the μ-oxo species is envisioned to be a zero order
process in “substrate” (viz. manganese moiety). However, a first order process in “substrate” (viz.
manganese moiety) can not be ruled out in advance. In the following description of a new model
system for the catalytic stacks of Mn-TAP, both possibilities will be taken into account.
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Scheme 7.3. Simplified model of the catalytic circle including the auto-degradation of the catalyst.
Based on these assumptions and combined with the mechanism proposed by Van der Made, a simplified
reaction model was derived (Scheme 7.3), which now also takes the auto-degradation of the catalyst into
account. In this model system, the change in the concentration of product ([product]) in time is only
dependent on the concentration of the catalyst ([cat]) multiplied by its activity (kcat):

d [ product ]
= [cat ] * kcat
d (t )

(3)

If the decomposition of the manganese porphyrin is considered to be zero order in “porphyrin substrate”
(viz. manganese porphyrin moiety), the decomposition of the catalyst is first order in the concentration of
manganese porphyrin moiety. Hence, the change in catalyst concentration in time is dependent on the
concentration of catalyst multiplied by the tendency to form the μ-oxo species (kdest):

d[cat]
= −k dest* [ cat ]
d(t)

(4)

Integration of equation (4) results in the following expression:

ln ([cat]t) − ln ([cat]0 ) = −k dest*t ,

(5)
with [cat]t = the concentration of catalyst on moment t. Equation (5) can be easily rewritten to the function
of the concentration of catalyst in time (equation (6)).

[cat]t = [cat] 0*e −(kdest*t)

(6)

Substitution of equation (6) into equation (3) results in:

d[product]
= [cat] 0*e −(kdest*t)*k cat
d(t)

(7)

After integration of equation (7), the following expression is obtained for the concentration of product in
time:

[product]t =

k cat
*[cat] 0*( 1 − e −(kdest*t) )
k dest
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A similar expression for the concentration of product in time can be derived for the destruction process
when this would be first order in “porphyrin substrate”. In this case the destruction process becomes
second order in manganese porphyrin moiety and the time-dependence of the concentration of catalyst
becomes:

d[cat]
= −k dest*[cat] 2
d(t)

(9)

In analogy with the mathematical approach to derive equation (8), the time-dependence of the second order
destruction process becomes:

[product] t =

k cat
( ln ( 1 − [cat] 0 k dest t))
k dest

(10)

Both the first order (equation (8)) and second order decomposition model (equation (10)) were used to fit
our experimental data (Figure 7.11). In all cases, good fits were obtained when the first order
decomposition model was applied, while in contrast the application of the second order decomposition
model showed rather large deviations. These observations indicate that the auto-degradation of the catalyst
is first order in manganese porphyrin moiety.
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Figure 7.11. Plot of the formation of stilbene-oxide (cis- and trans-siomer combined) from cis-stilbene catalysed by Mn-TAP
in the presence of 2.5 equiv. of DABCO, fitted by assuming the first order (R2 = 0.982) and the second order decomposition
model (R2 = 0.943).
In principle, these fits can also be applied to determine the kcat and kdest of these reactions. Unfortunately,
the fit and thus the kcat and kdest are very much dependent on the first data point, which, however, has the
largest experimental error. As a result an accurate value for kcat and kdest cannot be obtained from these fits.
The values of kcat and kdest can be rather accurately determined by looking at the speed of product
formation, which can be determined from the derivate of the concentration of product versus time plot.
This speed of product formation is also described by equation (5), which is the derivative of equation (8).
Upon plotting equation (5) on a logarithmic scale, a linear relationship is obtained between

⎛ d[product] ⎞
⎟⎟ and time, viz.:
ln⎜⎜
d(t)
⎠
⎝
⎛ d[product] ⎞
⎟⎟ = ln([cat]0*k cat ) − k dest*t
ln⎜⎜
d(t)
⎠
⎝
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This implies that upon fitting the the derivative of the concentration of product versus time plot on a
logarithmic scale, kcat and kdest can be determined by a simple linear fit (y = a – bx, Figure 7.12) of which the
slope is equal to kdest and the intercept (a) equal to ln([cat]0*kcat ) .
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Figure 7.12. Example of the determination of kcat and kdest. The derivative of the concentration of product versus time plot for
the epoxidation of cis-stilbene catalysed by Mn-TAP in the presence of 2.5 equiv. of DABCO (Figure 7.11) is calculated
and plotted on a logarithmic scale. The slope of the linear fit yields kdest, from the intercept kcat can be derived.
Via the latter method the turnover frequencies of Mn-TAP (3*ka) were determined as a function of the
number of equivalents of DABCO with respect to the trimer (Figure 7.13A). The observed trend in T.O.F.
is in line with the previously described influence of DABCO with regard to the turnover numbers.
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Figure 7.13. Plot of the turnover frequencies as a function of the number op equivalents of DABCO with respect to MnTAP determined by applying the mathematical approach (A) and via a tangent line (B).
Obviously, the large decrease in T.O.F. upon the introduction of the first 0.5 equivalents of DABCO is in
disagreement with an activation of the catalyst, and thus a different process is likely to occur. It is proposed
that the initial incorporation of a DABCO molecule between the molecules of Mn-TAP induces a
conformational change in the columnar stack, which has a negative influence on the catalytic activity, e.g.
by reducing the size of the cavities between the trimers. In the regime in which 0.5-2.5 equivalents of
DABCO are present, a gradual increase in the T.O.F. is observed, which is attributed to activation of the
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manganese catalysts upon binding of the axial ligand.21 Additionally it might be possible that the
progressive occupation of the cavities by DABCO gradually opens the other cavities. The steep drop in
T.O.F. after the addition of three equivalents of DABCO is most likely due to saturation of the active sites
by the bidentate ligand.
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Figure 7.14. Graphical illustration of the determination of the turnover frequencies by determining the slope of a tangent.
The turnover frequencies were also determined by measuring the slope of the tangent of the initial part of
the turnover numbers versus time plot, and were used to validate the model and the mathematical approach
(Figure 7.14). Although this approach is a rather coarse and generates large errors, a similar trend was
observed for the T.O.F. of Mn-TAP as a function of the amount of DABCO (Figure 7.13), revealing that
the mathematical approach based on the proposed model is in good agreement with the measured data.

Auto-degradation
The mathematical approach to determine the turnover frequencies also yields information about the autodegradation rate of the manganese porphyrins but the error in these values is rather large (Figure 7.15).
Surprisingly, in contrast to the changes in T.O.F. the auto-degradation rate does not significantly change
upon increasing numbers of equivalents of DABCO; the apparent small increase in auto-degradation rate
lies within the experimental error. These observations imply that the catalytic degradation activity of the
manganese porphyrin moieties is not significantly influenced by the binding of DABCO.
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Figure 7.15. Auto-degradation rate of the manganese porphyrin moieties of Mn-TAP as a function of the amount of
DABCO.
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The rate-determining step in the auto-degradation process is considered to be the same as the ratedetermining step in the epoxidation of cis-stilbene, viz. the formation of the MnV=O species. A change in
reactivity of the manganese centre upon the coordination of a DABCO ligand should thus, in principle,
influence both substrate conversion and auto-degradation. The latter effect is not observed to occur, which
indicates that the changes in T.O.F. observed for the epoxidation reaction can not be attributed to a change
in reactivity of the manganese centre. Hence, it is proposed that the changes in catalytic activity arise from
conformational changes within the stacks upon the binding of DABCO.

Location of catalysis – does it occur inside the “cavities”?
Hitherto, the observed changes in T.O.F. and T.O.N. were explained by assuming that the catalytic
reactions take place within the cavities present in the stacks, but so far no evidence for this hypothesis has
been provided. Indirectly, the observed stereoselectivity suggests that steric factors play an important role.
A typical epoxidation reaction catalysed by manganese porphyrins yields a mixture of cis- and trans-stilbene
oxide (Scheme 7.2).21 The epoxidation of cis-stilbene by the assemblies of Mn-TAP gave a mixture which
contained approximately 80% of cis-stilbene oxide (Figure 7.16A).
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Figure 7.16. A) Cis/trans epoxide ratios as a function of the amount of DABCO (per Mn-TAP molecule). B) Chemical structure of
reference catalyst 5,10,15,20-tetrakis-(mso-p-dodecoxyphenyl)porphyrinato manganese(III)chloride (Mn-TDP).
Under the used conditions, reference catalyst Mn-TDP ([Mn-TDP] = 2 mM, figure 7.16B) is molecularly
dissolved and does not form stacks with cavities. Table 7.2 shows that this catalyst exhibits a much higher
T.O.F. and T.O.N. than Mn-TAP, taking into account that the latter has three porphyrin moieties.
Table 7.2. Turnover numbers and frequencies, and cis-trans ratios observed for the epoxidation of cis-stilbene by various
catalytic systems.
Compound a
Axial ligand
T.O.N. a
T.O.F. (min-1)a
Mn-TDP
None
60 ± 3
4.8 ± 0.3
Mn-TAP
None
69 ± 3
6.9 ± 0.5
Mn-TAP
0.5 eq. quinuclidine
71 ± 5
3.9 ± 0.5
Mn-TAP
0.5 eq. DABCO
23 ± 6
3.0 ± 0.3
Mn-TAP
5.0 eq. quinuclidine
48 ± 3
5.7 ± 0.3
Mn-TAP
2.5 eq. DABCO
87 ± 3
11.1 ± 0.5
a: The T.O.N. and T.O.F. are annotated per Mn-TDP or Mn-TAP molecule.

Cis/trans ratio
1.2
5
3
6
1.5
4

More importantly, however, in the reaction catalysed by Mn-TDP a cis/trans selectivity was found to be
nearly absent. These observations demonstrate that the ability of Mn-TAP to self-assemble into columnar
stacks and to form cavities seems to enhance the selectivity, which is accompanied by a decrease in T.O.F.
and T.O.N. The latter can be rationalised by assuming that the substrate has to enter a cavity present in the
assembly of Mn-TAP, which is no requirement when Mn-TDP is applied as a catalyst. Once sitting in one
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of these cavities, the rotation of the C-C bond of the substrate to form the energetically more favourable
trans-stilbeneoxide is proposed to be hindered. However, these observation still do not necessarily imply
that the catalysis indeed takes place within these cavities.
Besides the “cavity model”, the catalytic behaviour of Mn-TAP and its observed dependence on the
amount of DABCO present might also be explained by an “active-ends model”. Theoretically, it is possible
that the manganese porphyrin moieties located within the stack can not significantly participate in the
epoxidation of the substrate; in that case, the observed reactivity is mainly caused by the activity of the two
Mn-TAP molecules that endcap the columnar assembly (Figure 7.17). Upon the addition of 0.5 equivalents
of DABCO, these axial ligands bind to outer porphyrin moieties and occupy the catalytically most active
sites. The later would also result in the observed drop in catalytic activity. By increasing the amount of
DABCO, the average length of the stacks is decreased and as a result more stacks and stack-ends are
generated. The latter would lead to an increase in T.O.N. and T.O.F., which was indeed what is observed
(Figure 7.10B). This explanation can however not account for the fact that a large decrease in T.O.N. is
observed when going from 2.5 to 3.0 equivalents of DABCO. In addition, the “active-ends model” does
not explain the observed cis/trans selectivity of the epoxidation reaction.

Figure 7.17. Schematic illustration of the active ends model.
To further investigate the possibility of the “active-ends model”, binding experiments with the
monodentate nitrogen-based ligand quinuclidine were carried out. If the assumption that the first 0.5
equivalent of DABCO blocks the outside of the stacks, resulting in a drop in T.O.N. and T.O.F, is correct,
it implies that this ligand coordinates in a monodentate fashion, and as such the analogous monodentate
ligand quinuclidine should have a similar effect on the catalytic performance. In contrast, the results in
Table 7.2 clearly show that the performance of the catalytic assembly with 0.5 equivalents of DABCO
differs completely from the assembly with 0.5 equivalents of quinuclidine. In fact, with the latter system a
relative high T.O.N. and a decreased cis/trans selectivity were observed, which is in contradiction with the
“active-ends model” It is however in line with the “cavity model”, since it appears that quinuclidine breaks
down the assemblies, which can explain the increase in T.O.N. and the decreased selectivity.
To obtain additional information about the effect of the cavities on the catalytic performance, ideally the
performance of Mn-TAP in the absence of these cavities should be monitored. It was decided to dissolve
the assemblies of Mn-TAP by the addition of DMSO, which breaks up the intermolecular hydrogen
bonding network. Unfortunately, when the catalytic activity of Mn-TAP was monitored in the presence of
DMSO-d6 (10 μl), no product formation was observed due to the insolubility of the 1,2,3,4,5pentafluoroiodosylbenzene in this DMSO/CD2Cl2 solvent mixture.
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Alternatively, the stacks of Mn-TAP can be influenced via metal-ligand coordination interactions. Upon
binding 5 equivalents of the monodentate ligand quinuclidine, the intermolecular interactions within the
stacks are expected to be prohibited, resulting in the dissolution of the assemblies of Mn-TAP. The
catalytic performance of this system was found to be completely different from the performance of the
analogous system of Mn-TAP with 2.5 equivalents of the bidentate ligand DABCO (Table 7.2). In the case
of the latter system, the T.O.N. and T.O.F., but more importantly also the cis/trans selectivity are much
higher. In particular this difference in selectivity of the reaction suggests the importance of the aggregation
of the catalysts into columnar assemblies. This relation, in combination with the observed dependence of
the T.O.N. and T.O.F. on the amount of DABCO, indicates that the epoxidation of cis-stilbene indeed
occurs within the catalytic assemblies formed by Mn-TAP.

7.3 Concluding remarks
In this chapter it was demonstrated that Mn-TAP self-assembles into columnar stacks and that these stacks
are able to catalyse the epoxidation of cis-stilbene. In addition, it was found that presence of DABCO, a
bidentate ligand which can be sandwiched between two manganese porphyrin moieties, has an influence on
the average length of the assemblies as well as on the catalytic activity. The catalytic epoxidation of cisstilbene by the assemblies of Mn-TAP was found to exhibit an enhanced cis/trans selectivity when
compared to the performance of a monomeric reference catalyst. However, the manganese porphyrin
moieties in the self-assembled stacks also exhibited an undesirable high level of auto-degradation. A
theoretical model to describe the catalytic performance of the assemblies of Mn-TAP, which takes the
auto-degradation process into account, was formulated and it was found to describe the experimental data
rather well.
Two models were proposed that could explain the catalytic performance of the assemblies of Mn-TAP: the
"active ends model", in which only the catalyst molecules that endcap the columnar stacks are active, and
the "cavity model", which assumes that the epoxidation reactions take place in small cavities present
between the molecules of Mn-TAP within the stacks. Based on extensive studies in which the size and
shape of the stacks were manipulated by coordinating monodentate and bidentate axial ligands, the "cavity
model" was found to be in far better agreement with the experimental results than the "active ends model".
In addition it became clear that the enhanced cis/trans selectivity is directly related to the ability of Mn-TAP
to self-assemble into columnar stacks. This selectivity is proposed to arise from the occurrence of the
epoxidation reactions in well-defined reaction volumes between the porphyrin moieties in the stacks. The
confinement of these cavities is proposed to hinder the rotation of the C-C bond of the substrate in the
transition state of the epoxidation reaction, resulting in a significant stereoselectivity for the cis-isomer. As
such, these columnar assemblies can be considered supramolecular enzyme mimics.

7.4 Experimental section
General
Instrumental
NMR spectra were recorded on a Bruker DPX200 instrument. Chemical shifts are reported in ppm
downfield with respect to the internal standard TMS. UV-vis spectra were measured on a Varian Cary 50
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Conc spectrophotometer at ambient temperature. Maldi-TOF spectra were measured on a Bruker Biflex
III spectrometer in reflection mode. The samples were prepared by mixing 10 μl of dilute solutions of MnTAP in chloroform with equal amount of matrix solution (dithranol; 20 mg/ml in chloroform). Accurate
mass was measured with a JEOL AccuTOF machine. Acros silica gel 60 (size 0.035 - 0.070 mm, pore size 6
nm) was used for column chromatography, BioRad BioBeads SX-1 were used for size-exclusion
chromatography. DABCO, mesitylene, cis-stilbene and CD2Cl2 were ordered from Aldrich and used
without further purification. 1,2,3,4,5-pentafluoroiodosylbenzene13 and Mn-TDP46 were synthesised
according to literature procedures and the synthesis of n-TAP is described in Chapter 2.

Synthesis
Manganese tri-amide-porphyrin trimer (Mn-TAP)
n-TAP (110 mg, 30 μmol) and Mn(OAc)2.4H2O (70 mg, 300 μmol) were dissolved in 100 ml of DMF. The
solution was refluxed overnight. After cooling and evaporation of the solvent, the residue was dissolved in
500 ml of CH2Cl2. After washing this solution with water, 500 ml brine was added and the mixture was
stirred for 3h. The organic phase was separated, extracted 3 times with water, and dried with MgSO4. After
filtration and evaporation of the solvent, the product was purified by column chromatography (eluent: 10%
MeOH in CHCl3 (v/v)), followed by size-exclusion column chromatography (eluent: toluene). Yield 104
mg (88 %) of Mn-TAP as a green solid. UV-vis (CHCl3) λ = 407, 483, 589, 628 nm, Maldi-TOF: M+ =
3934 (-Cl-), 3897 (-2 Cl-), 3861 (-3 Cl-). Accurate mass: Calculated for (C247 13C2 H303 N15 O12 55Mn3)3+ (main
peak): 1287.3918, measured: 1287.3951.

Catalysis experiments
To 500 μl of CD2Cl2 containing 0.33 μmol (1.30 mg) of Mn-TAP in an NMR tube were added: 10 μl of
mesitylene, 125 μmol of cis-stilbene (22 μl) and 5 μl of a DABCO solution containing the required number
of equivalents of this ligand. An 1H-NMR spectrum was recorded and subsequently 125 μmol (38.8 mg) of
1,2,3,4,5-pentafluoroiodosylbenzene was added. The catalytic reaction was followed in time, by recording
an 1H-NMR spectrum every 5 minutes for a period of 10 hours. The turnover numbers (T.O.N.) and
turnover frequencies were determined from the conversion-time plot, which was deduced from the integral
values of proton signals in the NMR spectrum of both the substrate and product relative to those of the
mesitylene internal standard. All experiments were performed at least in duplo.

Small angle neutron scattering
SANS experiments were performed at the KWS1 instrument at the FRJ-2 Dido Reactor in Jülich,
Germany, for experimental details see Chapter 3. The sample solutions, being Mn-TAP in CD2Cl2 ([MnTAP] = 6.6 μM), were measured in Hellma Quartz cells (2 mm).
The particles were fitted to the model of a solid cylinder, for which the scattering cross-section is:47
2

1
⎤
⎡
⎢ 2 J 1 ( QRc sin α) sin ( 2 QLc cos (α )) ⎥
dΣ
(Q) = φ N VC Δρ ∫ ⎢
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VC being the volume of the cylinder ( VC = πRC2 LC ), RC the radius of the cylinder, LC the length of the
cylinder, and α the angle between the rod axis and the Q-vector.
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Chapter 8
The development of supramolecular architectures
that catalyse cascade reactions

Abstract:
In this chapter the possibilities to incorporate multiple types of catalytic centres in a single porphyrin assembly are investigated,
with the objective to realise a so-called cascade reaction. The manganese and tin centres present in the porphyrins can catalyse
the epoxidation and subsequent ring-opening to form a β-hydroxyether, respectively. It is shown that the combination of these
porphyrins indeed can catalyse this cascade reaction, but that with the current combination of porphyrins it is not possible to
construct assemblies that display similar behaviour.
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8.1 Introduction
The concept of cascade reactions is widely seen in Nature. In such a cascade reaction, ideally a single event
triggers the conversion of a starting material to a product, which subsequently becomes the substrate for
the next reaction until the final product is obtained.1,2 In traditional organic chemistry an initial reaction
produces an intermediate, which is isolated and in a subsequent step undergoes another transformation and
this process continues until the final product is isolated. In a cascade or domino reaction, several
transformations are performed in one pot, under the same reaction conditions and without adding reagents
and catalysts during the process.1-5 It is obvious that cascade reactions are appealing for several reasons.
Environmentally, they exhibit a high efficiency and economy in terms of consumption of reagents,
solvents, purification, and labour. Thus, they provide ecologically and economically favourable synthetic
procedures.6 Nature's catalysts, the enzymes, can co-assemble to form a complex that can perform a
cascade reaction in a regio-and stereoselective fashion.7 To mimic the concept of cascade catalysis in
Nature, we want to employ self-assembly to arrange different synthetic porphyrin catalysts in a mixed
columnar stack, which is able to perform subsequent reactions in an enantioselective fashion. In Chapter 7,
the catalytic properties of columnar stacks of Mn-TAP were described and it was demonstrated that the
presence of cavities between the catalyst molecules resulted in a higher stereoselectivity of the reaction. In
this chapter this approach will be extended by co-assembling porphyrin trimers with different metal centres,
viz. Mn(III) and Sn(IV). The manganese porphyrin moieties catalyse the conversion of alkenes into epoxides,
while the tin porphyrins will be applied as catalysts for the ring opening of these epoxides to give βhydroxyethers (Scheme 8.1).
The most practical and widely employed strategy for the synthesis of 1,2- bifunctional alkanes from
epoxides occurs via nucleophilic ring-opening using a Lewis acid or a strong base.8 Under the reported
conditions, however, these reactions have limited applicability in modern organic synthesis. For examples,
for most of the epoxide ring opening reactions under acidic conditions the formation of a mixture of regioisomers and polymerisation product is observed. In a recent paper a promising alternative was reported, i.e.
using a tin-porphyrin as a catalyst, since neither polymerisation nor isomerisation seemed to occur.9 Hence,
by combining tin and manganese porphyrins it might be possible to convert alkenes into β-hydroxyethers
in a one-pot synthetic approach.
HO

O
Sn-porphyrin

Mn-porphyrin
Oxygen donor
R1

R2

R1

R2

R3-OH

H
R2

H
R1

OR3

Scheme 8.1. One-pot synthesis of a β-hydroxyether from an alkene, a cascade reaction catalysed by the combination of a
manganese- and a tin-porphyrin.
Unfortunately, no details of the mechanism of the ring-opening of epoxides catalysed by Sn(IV) porphyrins
were reported. We propose that this epoxide opening by tin porphyrins proceeds as depicted in Scheme 8.2.
Generally, tin porphyrins are most easily synthesised by isolating them with two chlorides as axial ligands.6
However, before entering the catalytic circle, the tin centre needs to be activated6,7 by adding triflate in the
form of a silver salt, which replaces the two chlorides. Triflates are more weakly coordinated than chlorides,
due to the low electron density on the oxygen atom bound to the tin centre. As a result, the electron-poor
Sn(IV) porphyrin has a high affinity for more electron-rich substrates such as alcohols and epoxides. After
202

Cascade reactions catalysed by self-assembled MnIII and SnIV porphyrin moieties
binding of an epoxide to the tin centre, a nucleophile such as methanol can attack this molecule, forming
the β-hydroxyether.
a)

b)

Scheme 8.2. Proposed catalytic circle for epoxide opening by a tin porphyrin. a) Activation of the tin catalyst. b) Catalytic circle
involving the tin catalyst.
Based on the combined chemistry of Mn(III) and Sn(IV) porphyrins it is the aim of the work described in this
chapter to develop a self-assembled columnar stack that can catalyse a cascade reaction. In the first step we
want to epoxidise cis-stilbene yielding cis-stilbene oxide, a reaction catalysed by manganese porphyrins. In
the second step, this epoxide is opened by a nucleophilic attack of methanol catalysed by a tin porphyrin, to
form the end-product 2-methoxy-1,2-diphenyl-ethanol.

8.2 Design of the cascade system
The design of a cascade reaction is not straightforward.2 Usually, a negative mutual influence on the
performance of the separate catalysts is observed. Another problem is the often different response of the
catalysts on the reaction conditions. In our system we wanted to apply supramolecular chemistry to
organise the catalysts. This approach introduces an additional level of complexity into the design; a solvent
is required in which the catalyst can self-assemble.
In our system, we make use of π-π interactions and hydrogen bonding. Hence, we wanted to avoid
aromatic and polar solvents. In analogy with the reactions described in Chapter 7, we wanted to follow the
catalysis by 1H-NMR. For this reason we chose deuterated dichloromethane as a solvent. In the
epoxidation step, catalysed by a manganese porphyrin, an oxygen donor is required. We chose
pentafluoroiodosylbenzene for three reasons. i) We did not want to use a two-solvent system, hence the
common NaOCl could not be employed. ii) The often applied iodosylbenzene is less soluble in organic,
apolar solvents and finally, iii) pentafluoroiodosylbenzene does not interfere with the 1H-NMR detection
methods: the compound does not contain any hydrogen atoms. In the second step of the cascade reaction,
a nucleophile is required. In literature an extended report showed that methanol is a good nucleophile for
these type of reactions.9 In order to be able to detect and quantify the product formation, we used
methanol-D4. The incorporation of the methanol can be observed indirectly, by the shift of the signal in the
1H-NMR spectrum of the neighbouring proton. We used deuterated methanol to simplify the 1H-NMR
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spectra, which could hamper an unambiguous determination of the product. To the system also mesitylene
was added as an internal standard for the quantification of the formed product.
In analogy with the self-assembled catalytic system based on Mn-TAP (Figure 7.3), our first design
involved the mixing of amide-linked Mn(III) and Sn(IV) porphyrin trimers to form the columnar assemblies.19
However, in the previous chapter it was shown that Mn-TAP exhibited a high level of auto-degradation
during the catalytic oxidation reactions and therefore the use of other linkers between the manganese
porphyrins and the core of the trimer was considered, i.e. ether or ester ones as in Mn-TEP and MnTEsP, respectively (Figure 8.1B).
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Figure 8.1. Chemical structures of (A) SnCl2-t-TAP and Sn(OTf)2-t-TAP, and (B) Mn-TEP and Mn-TEsP.
Since the Mn-TAP exhibits a high level of auto-degradation, the tin-derivative of t-TAP (Sn(OTf)2-tTAP, Figure 8.1A) was used to build up the columnar assemblies. The manganese porphyrin trimers were
linked with either ether or ester moieties between the core and the porphyrins, i.e. Mn-TEP and MnTEsP (Figure 8.1B). By employing these linkages it was envisioned that these compounds can encap the
Sn(OTf)2-t-TAP by supramolecular interactions and/or the usage of bidentate ligands. It is known that tin
porphyrins have a high affinity for oxygen containing ligands, while manganese porphyrins preferentially
bind nitrogen based ligands.8 It is envisioned that such a ligand will bind between the two metal centres
resulting in the desired endcapping of the columnar assembly of Sn(OTf)2-t-TAP with either Mn-TEsP
or Mn-TEP (Figure 8.2).

O

N

Mn = , Sn =
Figure 8.2. Schematic representation of possible endcapping of a stack of Sn(IV) porphyrin trimers by Mn(III) porphyrin trimers
in the presence of bidentate ligands.
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In the following section, first the behaviour of the separate model catalysts, viz. a Mn(III) porphyrin
monomer for the epoxidation reaction and a Sn(IV) porphyrin monomer for the ring opening reaction, will
be investigated. Subsequently, these model catalysts will be combined in one pot to perform the cascade
reaction. After this proof of principle, the strategy will be to employ a self-assembled system composed of
trimeric porphyrin disks for catalysis.

8.3 Results and Discussion
Synthesis of the catalysts
According to the literature, the insertion of a tin centre into a porphyrin is rather straightforward.10 The
most common and convenient method to insert this metal is to heat the free base porphyrin with an excess
of hydrated SnCl2 in pyridine.11,12 In a second step, the chloride ligands are substituted by triflate ones to
activate the tin centre for catalysis.9 This substitution is achieved by the addition of a slight excess of
AgOTf to a solution of the SnCl2 porphyrin in THF under Schlenk conditions. The ligand exchange is
quantitative and driven by the formation of AgCl, which precipitates from the solution.
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N

N Cl N
SnCl2
R
R
pyridine, 130 °C

R
N
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HN

R
TDP: R = p-dodecoxyphenyl
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SnCl2-TDP: R= p-dodecoxyphenyl
SnCl2-TTP: R= p-tolyl
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R
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Sn(OTf)2-TTP: R = p-tolyl

Scheme 8.3. Insertion of tin into a porphyrin and the subsequent activation of the tin porphyrin by ligand exchange.
Via this procedure, both Sn(OTf)2-TTP and Sn(OTf)2-TDP (Scheme 8.3) were synthesised in (relatively)
good yields of 92 and 56%, respectively. Purification of SnCl2-TTP could not be achieved by standard
column chromatography using silica as column material, since 1H-NMR spectroscopy indicated that, during
purification, besides the product two additional tin-containing porphyrins had been formed (Figure 8.3).

Figure 8.3. 1H-NMR spectrum of the β-pyrrole region of the tin porphyrin-containing fraction obtained from the crude product
of the synthesis of SnCl2-TTP after column chromatography. The three triplets (originating from the coupling of the tin nuclei
(S=1) with the β-pyrrole protons) indicate the presence of three different tin porphyrins.
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From literature it is known that when alumina is applied as column material, part of the chloride ligands of
tin porphyrins are substituted by water molecules.10 Although such behaviour has not been reported for
silica, the additional tin complexes observed in Figure 8.3 likely involve compounds in which the chloride
ligands have been substituted by methanol or residual water from the eluent. Remarkably, under similar
conditions SnCl2-TDP did not seem to exchange its ligands. This different behaviour is likely related to
differences in reactivity and electron density on the tin centre, which will be discussed below. To
circumvent the exchange of the ligands, instead of applying column chromatography the crude product was
precipitated from a chloroform/water mixture, and SnCl2-TTP could be isolated in a yield of 92%.
Sn(OTf)2-t-TAP (Figure 8.1A) was synthesised from t-TAP following the same procedure as that applied
for the model compound. To circumvent the exchange of ligands, also SnCl2-t-TAP (Figure 8.1) was
purified by recrystallisation, but unfortunately in this case a lot of compound was lost. Hence, despite the
fact that TLC suggested an almost quantitative insertion of tin into t-TAP, SnCl2-t-TAP could only be
isolated in a moderate yield of 35 %.
The 1H-NMR spectra of SnCl2-t-TAP in CDCl3 and CD2Cl2 were extremely broad, which is indicative of
aggregation of the compound in these solvents. Upon the addition of DMSO to a solution of SnCl2-t-TAP
in CDCl3, the spectrum became much sharper apparently as a result of dissolution of the assemblies. This
observation indicates that SnCl2-t-TAP self-assembles in CDCl3 into columnar stacks by hydrogenbonding and π-π interactions.
C12H25 O

O C12H25

N

Cl
N Mn N
N

C12H25 O

O C12H25

Figure 8.4. Structure of Mn-TDP.
The syntheses of Mn-TDP and Mn-TEP were carried out by inserting manganese into respectively TDP
and TEP via standard procedures.26 The metallo-porphyrins were isolated in yields of 80, and 65%,
respectively.

Catalytic performance of the model catalysts in the cascade reaction
Initially, model catalysts Mn-TDP and Sn(OTf)2-TDP were chosen to catalyse the cascade reaction.
Before trying the cascade reaction with these catalysts, their performance was first tested separately to get
an idea about the compatibility of the experimental conditions.
Table 8.1. Experimental conditions for the epoxidation catalysed by Mn-TDP and the β-hydroxyether formation, catalysed
by Sn(OTf)2-TDP.
Catalyst
Mn-TDP (2.0 mM)
Sn(OTf)2-TDP (2.0 mM)

Solvent
CD2Cl2
CD2Cl2

Substrate
cis-Stilbene (250 mM)
cis-Stilbene oxide (250 mM)

a: 1,2,3,4,5-pentafluoroiodosylbenzene (PFIB) has a limited solubility in CD2Cl2.
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Turnover number

The catalytic activity of both catalysts was studied at respectively 20, 30 and 40 °C, under the experimental
conditions as described in Table 8.1. After 1 hour the turnover number (T.O.N.) was determined by means
of 1H-NMR spectroscopy (Figure 8.5).
25

Mn-TDP)
Sn(OTf)2-TDP

20
15
10
5
0
20

25

30

35

40

Temperature (°C)

Figure 8.5. Plot of the turnover numbers of the reactions catalysed by Mn-TDP and Sn(OTf)2-TDP after one hour as a
function of temperature.
At 20 °C a T.O.N. of 23 was obtained for the epoxidation reaction catalysed by Mn-TDP, whilst
Sn(OTf)2-TDP did not show any conversion of cis-stilbene oxide (Figure 8.5). An increase in the
temperature resulted in a significant increase in the formation of 2-trideuteromethoxy-1,2-diphenylethan(old), but the T.O.N. after 1 hour remained rather disappointing. In addition, the raise of the temperature had
a negative effect on the performance of Mn-TDP, highlighted by a dramatic decrease in the T.O.N. The
plot in Figure 8.5 indicates that it is impossible to find a temperature in which both catalysts will exhibit
satisfactory turnover numbers. Since Mn-TDP gave acceptable turnover numbers at 20 °C and Sn(OTf)2TDP exhibited in all cases disappointing catalytic activity, the focus was first directed toward the
improvement of the catalytic performance of the latter catalyst.

Improving the catalytic properties of Sn(OTf)2-TDP
Several parameters are expected to influence the catalytic performance of Sn(OTf)2-TDP, such as the
concentration of methanol, the nature of the solvent and the nucleophile, and the bulkiness of the
substrate.9 Hence, the catalytic activity of Sn(OTf)2-TDP in the presence of various amount of methanol
was investigated by monitoring the conversion of either cis-stilbene oxide or styrene oxide (Table 8.2).
Table 8.2. Influence of the concentration and nature of the nucleophile (CD3OD or acetone-D6) on the catalytic performance
of Sn(OTf)2-TDP.
Solvent
3% CD3OD in CD2Cl2 (v/v)
3% CD3OD in CD2Cl2 (v/v)
25% CD3OD in CD2Cl2 (v/v)
25% CD3OD in CD2Cl2 (v/v)
CD3OD
CD3OD
3% CD3OD in toluene-D8 (v/v)
3% CD3OD in toluene-D8 (v/v)
25% acetone-D6 in CD2Cl2 (v/v)
25% acetone-D6 in CD2Cl2 (v/v)

Substrate
cis-Stilbene oxide
Styrene oxide
cis-Stilbene oxide
Styrene oxide
cis-Stilbene oxide
Styrene oxide
cis-Stilbene oxide
Styrene oxide
cis-Stilbene oxide
Styrene oxide
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Reaction time (hrs.)
6
6
48
48
48
48
48
48
6
6

Conversion (%)
0.9
2.2
9.0
41
37.4
66.9
1.8
24.2
2.7
4.8
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In Figure 8.6 the average turnover numbers per hour are plotted. The graph demonstrates that the catalytic
activity of Sn(OTf)2-TDP is indeed related to the amount of methanol present, and that with a less bulky
substrate such as styrene the average turnover numbers per hour increase.
In addition, also the effect of a change in solvent or nucleophile on the catalytic performance was
investigated. When the solvent was changed from 25% CD3OD in CD2Cl2 (v/v) to 25% CD3OD in
toluene-D8 (v/v), the turnover numbers for both substrates somewhat decreased (Figure 8.5).

Figure 8.6. Average turnover numbers per hour for the reaction of cis-stilbene oxide and styrene oxide with CD3OD catalysed
by Sn(OTf)2-TDP under various reaction conditions.
Cis-stilbene oxide and styrene oxide can also be ring-opened with acetone-D6 as a nucleophile, resulting in
the formation of dioxolanes (Scheme 8.4).9 For styrene oxide, the nature of the nucleophile did not seem
to alter the catalytic performance of Sn(OTf)2-TDP (Table 8.2) since the T.O.N. per hour, the turn-over
frequency (T.O.F.), was roughly the same for both CD3OD and acetone-D6. In contrast, when cis-stilbene
oxide was used as the substrate, the T.O.F. in the reaction with acetone-D6 significantly increased when
compared to the T.O.F. in the reaction with CD3OD (Table 8.2). However, despite this increase the T.O.F.
remained very low.

O

D3C

CD3

O

O

Sn(OTf)2-TDP
O
D3C

CD3

Scheme 8.4. Tin porphyrin-catalysed ring-opening of cis-stilbene with acetone-D6 as a nucleophile, yielding 2,2bis(trideuteromethyl)-4,5-diphenyl-[1,3]dioxolane.
The previous section demonstrated that the catalytic activity of Sn(OTf)2-TDP is quite poor. Previous
studies have shown that tin porphyrins bearing meso-phenyl instead of meso-p-dodecoxyphenyl substituents
exhibits in pure methanol a T.O.F. of at least 600 per hour for the conversion of styrene oxide,9 whereas
under similar reaction conditions Sn(OTf)2-TDP exhibits a T.O.F. of barely 3 per hour.
In the ring-opening process, the tin porphyrin can be considered to act as a Lewis acid. Hence, the large
difference in catalytic activity between Sn(OTf)2-TDP and Sn(OTf)2-TPP might be related to the electron
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density on the tin centre. It was envisioned that the tin centre in Sn(OTf)2-TTP (Scheme 8.3) will be more
electron deficient than that in Sn(OTf)2-TDP. For this reason the catalytic performance of Sn(OTf)2TTP was investigated under comparable experimental conditions as those used for Sn(OTf)2-TDP (Table
8.3).
Table 8.3. Experimental conditions for the ring-opening catalysed by Sn(OTf)2-TTP.
[Sn(OTf)2-TTP]
1.0 mM
1.0 mM

Solvent
CD2Cl2
25 % CD3OD in CD2Cl2 (v/v)

[CD3OD]
375 mM
6.2 M

[cis-Stilbene oxide]
125 mM
125 mM

After one hour 1H-NMR showed that Sn(OTf)2-TTP converted 1% of the cis-stilbene oxide into the
corresponding β-hydroxyether. After 24 hours, however, a conversion of 23 % was obtained. It should be
noted that although the turn-over frequency remains relative low, the catalyst is very stable: no
decomposition was observed after 24 hours. This strongly suggests that the obtained yields can be further
improved by elongation of the reaction time. When the experiment was repeated with 6.2 M solution of
methanol-D4 in instead CD2Cl2 of 375 mM, the conversion was significantly enhanced: after two hours
already 37% of ring-opened product was observed.
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Figure 8.7. Geometry-optimised structures (PM3) of a tin porphyrin complex with methoxy and cis-stilbene oxide axial
ligands in case of the porphyrin bearing (A) a p-ethoxyphenyl or (B) a p-tolyl meso-substituent. C) Chemical structure of these
complexes (R=OC2H5 or CH3). D) Relevant calculated bond lengths in the PM3-optimised tin porphyrin complexes depicted
in A and B.
To gain more insight in the influence of the meso-substituents of the porphyrin on the axial ligand binding
properties of the tin centre, semi-empirical PM3 calculations were performed (Figure 8.7). To reduce
computational time, calculations were performed on a tin-porphyrin bearing meso-p-ethoxyphenyl instead of
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meso-p-dodecoxyphenyl substituents. In this case, the bound epoxide seemed to be expelled from the
coordination sphere of the tin and the C-O bond length appeared to be unaffected (Figure 8.7A),
suggesting that the substrate has a very low binding affinity. In contrast, the calculations on the porphyrin
bearing meso-p-tolyl-phenyl substituents predicted a much stronger binding to the tin centre (Figure 8.7B).
In this case the oxygen atom was bound much closer to the tin centre, resulting in a significant elongation
of the O-C2 bond (Figure 8.7D), which can be hardly considered covalent anymore. Since steric differences
between the porphyrin ligands seem to play a negligible role the PM3 calculations suggest that the
remarkable difference in binding of cis-stilbene oxide is related to differences in electron density on the tin
centre, which has also indirectly been mentioned in the literature.9 However, it must be stressed that the
above calculations should be handled with care since the nature of the active species has so far not been
elucidated.

Cascade reaction catalysed by the monomeric Mn(III) and Sn(IV) porphyrins
Since it was established that Sn(OTf)2-TTP and Mn-TDP were catalytically active under similar
experimental conditions, a first cascade reaction was performed (Scheme 8.5.). In CD2Cl2, an equimolar
mixture of Sn(OTf)2-TTP and Mn-TDP, cis-stilbene (125 equiv.), CD3OD (375 equiv.) and 1,2,3,4,5,pentafluoroiodosylbenzene (125 equiv.) were combined and the formation of 2-trideuteromethoxy-1,2diphenylethan(ol-d) was monitored by 1H-NMR spectroscopy.
H

H

H
D3C
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O
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2) Sn(OTf)2-TTP, CD3OD

Scheme 8.5. Cascade reaction catalysed by Mn-TDP and Sn(OTf)2-TTP (PFIB = 1,2,3,4,5,-pentafluoroiodosylbenzene).
After 24 hours the concentration of cis-stilbene oxide had decreased to approximately 15 mM, while a
concentration of trideuteromethoxy-1,2-diphenylethan(ol-d) of 35 ± 10 mM was found, indicating an
overall yield of ~15%. Likely, this yield can be further increased by elongating the reaction time.
Hitherto, the stereoselectivity of the system was not discussed. The epoxidation of cis-stilbene catalysed by
manganese porphyrins can yield a mixture of cis- and trans-stilbene oxide.13-16 In the case of Mn-TDP, a
cis/trans ratio of approximately 3:2 was observed (See also Chapter 7). Sn(OTf)2-TTP exhibits a large
selectivity for the cis-stilbene oxide, since NMR analysis of the reaction mixture at various time intervals
showed that this stereoisomer is gradually converted by Sn(OTf)2-TTP, while the trans-oxide appeared to
be unaffected. This observation is very promising, since the underlying motives of using the cascade system
are to reduce the number of reaction steps and to enhance the selectivity. Unfortunately, with the
experimental setup no information could be derived about the stereoselectivity of the reaction catalysed by
Sn(OTf)2-TTP and hence the overall selectivity of the cascade reaction remained undetermined.
To summarise the results of the model cascade catalytic system, it can be concluded that Sn(OTf)2-TDP is
an extremely slow catalyst, while Sn(OTf)2-TTP displays significantly higher turnover numbers and can
therefore be successfully implemented in the cascade reaction. Although there is still plenty of room for

210

Cascade reactions catalysed by self-assembled MnIII and SnIV porphyrin moieties
improvement, it was shown that the combination of Mn-TDP and Sn(OTf)2-TTP can catalyse the
conversion of cis-stilbene into 2-trideuteromethoxy-1,2-diphenylethan(ol-d) in a cascade fashion.

Catalytic performance of the trimeric porphyrin catalysts.
With a proof of principle at hand that a cascade reaction catalysed by the model Mn(III) and Sn(IV) porphyrin
catalysts is possible, the catalytic properties of the more complicated system based on the porphyrin trimers
was investigated (Figure 8.1). In analogy with the monomeric catalysts, the trimeric catalysts were first
tested separately to verify that each of them can exhibit catalytic activity and to find out to what extent.

Catalytic properties of Mn-TEP
UV-vis spectroscopy indicated that at a concentration of ≈ 3 mM Mn-TEP is molecularly dissolved in
CD2Cl2, since the Soret band of this compound did not exhibit any broadening.17,18 Although the
concentration of Mn-TEP in the catalysis experiments is approximately 200-fold higher, previous studies
had suggested that also in that case the catalysts are molecularly dissolved. The verification of this
assumption would however require more exotic techniques such as Small Angle Neutron Scattering.
The catalytic behaviour of Mn-TEP was followed in time in a similar fashion as was done in the
experiments with Mn-TAP and Mn-TDP (see Chapter 7); Mn-TEP was dissolved in 500 μl of CD2Cl2
([Mn-TEP] = 0.67 mM) and to this solution were added cis-stilbene ([cis-stilbene] = 250 mM), mesitylene
(internal standard) and 1,2,3,4,5-pentafluoroiodosylbenzene (1 equiv. vs. cis-stilbene). After addition of the
1,2,3,4,5-pentafluoroiodosylbenzene, the NMR tube was placed in the NMR machine and every five
minutes an 1H-NMR spectrum was recorded during a period of ten hours (Figure 8.8A).
k cat
(1)
*[cat] 0*( 1 − e −(kdest*t) )
k dest
According to the procedure described in Chapter 7, the product versus time plot was analysed with the help
of equation (1) to determine the turnover frequency (T.O.F., 3*kcat) and the auto-degradation of the
manganese porphyrin moieties of Mn-TEP (kdest).
A
B
[product]t =

[cis-stilbene] (M)
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Mn-TDP
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T.O.N.
60 ± 3
116 ± 6
T.O.F. (min-1)
11.9 ± 0.5
11.9 ± 0.8
Auto-degradation (min-1)* 0.08 ± 0.02
0.05 ± 0.02
Cis/trans ratio
55/45 ± 2
67/33 ± 2
Solvent: CD2Cl2, [Mn-TDP] = 2.0 mM, [Mn-TEP] = 0.66 mM, [cis-
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stilbene] = 250 mM and 1 eq. (vs substrate) of 1,2,3,4,5,pentafluoroiodosylbenzene.
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Figure 8.8. A) Plot of the conversion of cis-stilbene into cis-stilbene oxide catalysed by Mn-TEP as a function of time. B)
Table showing the catalytic parameters of Mn-TDP and Mn-TEP. The auto-degradation is expressed per porphyrin
moiety, since 3*kdest([porphyrin-moiety]) ≠ kdest([Mn-TEP]).

211

Chapter 8
The T.O.N. of Mn-TEP was found to be higher compared to that of Mn-TDP after 10 hours (Figure
8.8B). However, since Mn-TEP contains three porphyrin moieties, the T.O.N. per porphyrin moiety
(Mn-TEP: 39 ± 3) was smaller than that of Mn-TDP. In contrast, the T.O.F. of Mn-TDP and Mn-TEP
were comparable, indicating that each porphyrin moiety of Mn-TEP exhibits only a third of the catalytic
activity of Mn-TDP. The reduced activity of the manganese centres of Mn-TEP is further expressed by its
decreased auto-degradation speed.
The cis/trans selectivity of Mn-TEP was somewhat enhanced compared to that of Mn-TDP. Generally an
increase in this selectivity is achieved by the introduction of either steric bulk to the porphyrin or the
coordination of axial ligands.19 The porphyrin moieties of Mn-TEP are very similar to the porphyrin
moiety of Mn-TDP and therefore the electron densities on the manganese centres are expected to be
comparable. The rather large difference between the catalytic properties of the two compounds can
therefore not be attributed to electronic effects. It can be envisioned that the concentration of particles
might play a role. Although the number of manganese porphyrin moieties in both experiments is the same,
the number of catalytic particles is reduced in the case of Mn-TEP. Compared to Mn-TDP, the local
(microscopic) concentration of Mn-TEP is three times higher, but the overall concentration is only a third
of that of Mn-TDP. The latter could explain a higher T.O.F. for Mn-TDP. However, one would also
expect that a larger local concentration of porphyrin moieties would enhance auto-degradation, while the
opposite is observed. This might indicate that the three porphyrins within TEP are not able to form
intramolecular μ-oxo dimeric structures, which have been proposed as the precursors for autodegradation.20,21 The latter could also account for enhanced stability of Mn-TEP compared to that of MnTDP.
Assuming that no significant aggregation of the catalysts occurs, the concentration of catalytic particles is
expected to have no influence on the cis/trans ratio. The significant difference in cis/trans product ratio that
is observed between the two catalysts suggests that intramolecular interactions between the porphyrin
moieties of Mn-TEP are playing a role. Although UV-vis spectra indicate the absence if intramolecular
excitonic interactions, the presence of two additional manganese porphyrins nearby a catalytically active site
can provide a steric bulk which can influence the geometry of the transition state of the catalyst-oxygensubstrate complex; an increase of the steric barrier to rotate around the central C-C bond of the substrate
might consequently lead to the observed enhanced stereoselectivity (Scheme 7.2).22 The occurrence of such
intramolecular interactions within Mn-TEP might also be responsible for a decrease in accessibility of the
catalytic manganese centres, which is manifested as a decrease in catalytic activity. In the case of Mn-TEP,
this should result in a decrease in T.O.F. as well as in auto-degradation, which is exactly what is observed.

Catalytic properties of Sn(OTf)2-t-TAP
Just like the 1H-NMR spectrum of SnCl2-t-TAP, the spectrum of Sn(OTf)2-t-TAP in CD2Cl2 was
extremely broad and no individual peaks could be assigned, which is an indication that also this compound
self-assembles into columnar stacks. In Chapter 7, it was unambiguously demonstrated that the catalytic
activity of Mn-TAP derivatives completely altered when compared to their monomeric manganese
porphyrin analogues. Hence it can be expected that also the catalytic properties of Sn(OTf)2-t-TAP will be
different from those of Sn(OTf)2-TTP.
The catalytic performance of Sn(OTf)2-t-TAP was tested under similar conditions as used for Sn(OTf)2TTP and in order to compare their catalytic performance, the concentration of the catalysts, viz. the tin212
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porphyrin moieties, was kept constant. Therefore, Sn(OTf)2-t-TAP was dissolved in 500 μl of CD2Cl2
([Sn(OTf)2-t-TAP] = 0.66 mM) and cis-stilbene oxide ([cis-stilbene oxide] = 250 mM), deuteromethanol
([CD3OD] = 750 mM) and mesitylene (internal standard) were added. After 24 hours, 1H-NMR spectra
were recorded to monitor the conversion of cis-stilbene oxide into 2-trideuteromethoxy-1,2diphenylethan(ol-d). As expected, because of the difference in aggregation behaviour, the T.O.N. of
Sn(OTf)2-t-TAP (10 ± 3 after 24 hour) was much lower than that of Sn(OTf)2-TTP (28 ± 3 after 24
hour). Since the T.O.N. of Sn(OTf)2-t-TAP is expressed per molecule Sn(OTf)2-t-TAP, this implies that
the T.O.N. per tin porphyrin moiety is reduced from 28 to about 3 for Sn(OTf)2-t-TAP. This dramatic
decrease in catalytic activity is likely related to the self-assembly properties of the trimeric catalyst. The large
change in catalytic behaviour is attributed to the formation of tightly packed self-assembled stacks of
Sn(OTf)2-t-TAP, which hampers the approach of the substrate to and the diffusion of the product away
from the reaction sites. However, electronic effects can not be ruled out. The presence of the amide linker
will also influence the catalytic behaviour of the tin porphyrins; although amide and methyl substituents are
both moderate electron donating groups, it is not unlikely that the catalytic behaviour is influenced to such
an extent as was observed when the catalytic behaviour of Sn(OTf)2-TDP and Sn(OTf)2-TTP was
compared.

Cascade reaction catalysed by the trimeric porphyrin systems
In the previous section it was demonstrated that both Mn-TEP and Sn(OTf)2-t-TAP display some
catalytical activity at the applied experimental conditions and hence a first attempt was undertaken to
combine these trimers to develop a supramolecular system that can catalyse a cascade reaction. To this end,
Mn-TEP and Sn(OTf)2-t-TAP were dissolved in 500 μl of CD2Cl2 ([Mn-TEP] = [Sn(OTf)2-t-TAP] =
0.67 mM) and to this solution were added cis-stilbene ([cis-stilbene] = 250 mM), methanol-D4 ([CD3OD] =
750 mM), mesitylene (internal standard) and 1,2,3,4,5-pentafluoroiodosylbenzene (125 mmol, 1 eq. vs. cisstilbene). An 1H-NMR spectrum recorded after one hour clearly showed the formation of cis-stilbene oxide
([cis-stilbene oxide] ≈ 25 mM = 10% conversion), but no 2-trideuteromethoxy-1,2-diphenylethan(ol-d) was
present. After 24 hours, 1H-NMR indicated that the concentration of cis-stilbene oxide was roughly the
same, but now the reaction mixture also contained 2-trideuteromethoxy-1,2-diphenylethan(ol-d) ([2trideuteromethoxy-1,2-diphenylethan(ol-d)] ≈ 3 mM). Longer reaction times resulted in the gradual increase
in concentration of 2-trideuteromethoxy-1,2-diphenylethan(ol-d) and in the decrease of the concentration
of cis-stilbene oxide. After 1 week, all the cis-stilbene oxide was consumed and the concentration of 2trideuteromethoxy-1,2-diphenylethan(ol-d) was approximately 25 mM, which corresponds to an overall
yield of 10%. It should be noted that also the trans-stilbene ([trans-stilbene] after 2 hours ≈ 2 mM) was
completely consumed after 1 week.
After the experiment, no decomposition of Sn(OTf)2-t-TAP was observed, whereas Mn-TEP appeared to
be completely bleached. This strongly suggests that the lifetime of Mn-TEP governs the T.O.N. of the
overall cascade system. In contrast, the overall turnover frequency is clearly dominated by the slow
performance of Sn(OTf)2-t-TAP, since the epoxidation reaction was observed to be complete before the
epoxide ring opening started.
Although the catalytic performance of this system clearly needs to be optimised, it unambiguously
demonstrates that it is able to perform a cascade reaction. To date, this is the first example in which
concepts of self-assembly are extended into the field of domino chemistry, although probably only the tin
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porphyrin trimers are involved in a self-assembled structure and Mn-TEP remains molecularly dissolved.
In the following section, an approach to involve also the manganese porphyrin trimers in the selfassembled stacks, viz. by axial ligand interactions, will be described.

Effects of the use of 4-hydroxypyridine as a bidentate axial ligand
From the previous section it became clear that the performance of the cascade catalytic system consisting
of Mn-TEP and Sn(OTf)2-t-TAP needs to be further optimised. From the literature it is known that
nitrogen-based axial ligands can activate manganese porphyrins for the epoxidation of alkenes.13,19,22,23 In
addition, the coordination of these ligands to the manganese centres also enhances the cis/trans
stereoselectivity the catalyst, it hampers its auto-degradation, and it improves epoxide yields.
Whilst manganese porphyrins have a high affinity for nitrogen-based ligands, tin porphyrins have a
preference for oxygen-based ligands. Since it can be expected that in the cascade catalytic system only
Sn(OTf)2-t-TAP forms columnar stacks and Mn-TEP remains molecularly dissolved, a concept was
develloped in which bidentate ligands would promote the endcapping of assemblies Sn(OTf)2-t-TAP with
Mn-TEP (Figure 8.2). As a ligand 4-hydroxypyridine, which has a rigid linker between the two functional
groups and is commercial available, was chosen. As mentioned above pyridine moieties are good ligands for
manganese porphyrins, while phenols are known to bind strongly to the tin centre of SnIV porphyrins.10,24-28
From a geometry point of view, the use of a carboxylate- instead of a hydroxyl-based ligand might be more
suitable (Figure 8.9),10,29-31 but since it can be expected that carboxylic acids interfere with the hydrogen
bonding pattern of the columnar stacks, the hydroxyl-based ligand was preferred.
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Figure 8.9. Binding of 4-hydroxypyridine (A) and 4-carboxypyridine (B) to a tin porphyrin. The images are based on crystal
structures reported by the group of Langford26,27(A) and Sanders29 (B).
Unfortunately, there is no data available on the catalytic performance of the tin porphyrins in the presence
of such an axial ligand. Previously, we observed that the catalytic behaviour is positively influenced by a
reduction of the electron density on the tin-centre. The coordination of 4-hydroxypyridine instead of
methanol (Scheme 8.2) is expected to alter the electron-densitiy on the tin-centre. Phenoxy-groups are
somewhat weaker electron-donation groups compared to methoxy-groups.32 Based on the pKa of 4hydroxypyridine and phenol,33 11.09 and 9.98 in water (20°C), respectively, the pyridine-4-olate-ligand is
expected to be a slightly better electron donating ligand than the phenoxy-group, but worse compared to
the methoxy-ligand (pKa = 15.5).34 The binding of a manganese porphyrin moiety will alter the electron
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donating properties of the pyridine-4-olate, but into which extend is as yet unknown. Hence, prior to the
influence of the 4-hydroxypyridine on the catalytic properties of the model compounds, the binding and its
influence on the assembly properties was investigated. To start, the binding of the 4-hydroxypyridine to
each of the separate model-systems needs to be investigated.

Binding studies of 4-hydroxypyridine to the model compounds
A UV-vis titration of Mn-TDP in CD2Cl2 ([Mn-TDP] = 8.0 μM) with 4-hydroxypyridine showed that the
ligand binds only very weakly to the manganese centre (Figure 8.10A). In fact, the binding is too weak to
determine a binding constant from this titration.29 This observation is, however, in good agreement with
the reported weak binding of pyridine to a manganese porphyrin, with a Ka of roughly 60 M-1.23
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Figure 8.10. UV-vis titrations of monomeric model compounds Mn-TDP (A) and Sn(OTf)2-TTP (B) with 4hydroxypyridine, in CD2Cl2
In contrast, the UV-vis titration of Sn(OTf)2-TTP) with 4-hydroxypyridine in CD2Cl2 ([Sn(OTf)2-TTP] =
3.0 μM) revealed a clear red-shift of the Soret band of Sn(OTf)2-TTP at 422 nm, which is indicative for
the binding of 4-hydroxypyridine to the tin centre. The shifting of the Soret band appeared to be a two-step
process. During the step-wise addition of the first equivalent of the ligand, an apparent linear increase in
red-shift was observed. The subsequent step-wise addition of another nine equivalents of ligand resulted in
an additional small red-shift, but in this case it occurred more gradually and non-linearly. This apparent
two-step binding process is interpreted as the formation of the two-to-one complex of 4-hydroxypyridine
and the tin porphyrin (Figure 8.11).
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Figure 8.11. Two-to-one binding of 4-hydroxypyridine to Sn(OTf)2-TTP in CD2Cl2.
The observed linear relation-ship between the first equivalent of 4-hydroxypyridine and the red-shift of the
Soret-band of Sn(OTf)2-TTP suggests that this first equivalent binds very strongly to the tin centre of
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Sn(OTf)2-TTP (Ka1 > 1 x 108 M-1). The association constant of second 4-hydroxypyridine ligand appears
to be much weaker (Figure 8.10B), which is attributed to the co-called trans effect.35 This effect describes
the labiality dependence of one ligand on the nature of a second ligand, coordinated trans to the first one.
Since Ka1 is very large, we used the approximation that the first equivalent is completely bound to
Sn(OTf)2-TTP. To determine Ka2, we used an effective concentration of 4-hydroxypyridine, which is
defined as:
(2)
[4-hydroxypyridine]eff = [4-hydroxypyridine] – [Sn(OTf)2-TTP]
Upon plotting [4-hydroxypyridine]eff versus the shift of the Soret band of the 1:1 complex of 4hydroxypyridine and Sn(OTf)2-TTP, it could be derived that Ka2 = 3 x 106 M-1, with an estimated error of
100% (Figure 8.12). This value derived for Ka2 can deviate from the actual Ka2, since 4-hydroxypyridine can
form intermolecular hydrogen bonds, which competes with the binding of this ligand to the metal centre.
The much lower value of Ka2 when compared to Ka1 implies that it is in principle possible to selectively
equip the tin centre of Sn(OTf)2-TTP with one pyridine-4-olate ligand.
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Figure 8.12. Plot of [4-hydroxypyridine]eff against the absorbance maximum of the Soret band of the 1:1 complex between 4hydroxypyrdine and Sn(OTf)2-TTP. The non-linear curve fit is superimposed on the data.
In a subsequent experiment, the binding behaviour of 4-hydroxypyridine in the presence of an equimolar
mixture of Mn-TDP and Sn(OTf)2-TTP was investigated (Figure 8.10). The UV-vis titrations of the
mixed system ([Sn(OTf)2-TTP] = [Mn-TDP] = 3.0 μM in CD2Cl2) give different titration curves when
compared to the curves obtained for titrations with the separate porphyrins. First, and highly remarkable, in
the absence of ligand the initial positions of the Soret bands of the porphyrins were different. Secondly,
upon addition of the ligand different shifts of the Soret band were observed. The Ka1 and Ka2 of the binding
of 4-hydroxypyridine to Sn(OTf)2-TTP in the presence of Mn-TDP were estimated in a similar fashion as
for the binding of 4-hydroxypyridine to pure Sn(OTf)2-TTP. Also in this case, Ka1 is too high to be
determined (Figure 8.13). Applying equation (2) gave Ka2 = 3.5 x 106 M-1 with an estimated error of 100%.
These association constants are comparable to the values found in the absence of the Mn-TDP, suggesting
that the presence of Mn-TDP does not have a large influence on the binding of 4-hydroxypyridine to
Sn(OTf)2-TTP. In contrast, the binding of the ligand to Mn-TDP in the presence of Sn(OTf)2-TTP
appeared to be much stronger than in its absence. The main part of the titration curve can be fitted
assuming a 1:1 binding event (Figure 8.13), and only the first data points show a deviation from the fit.
Based on the fit, a Ka of 1.2 x 106 M-1 was calculated, with an estimated error of 100%.
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It is not likely that the remarkable change in the association constant is simply related to the occurrence of
4-hydroxypyridine acting as bidentate ligand. More likely it is related to the change in the initial situation
upon mixing the two porphyrins, which results in redshifts of the Soret bands of both Mn-TPD (2.6 ± 0.2
nm) and Sn(OTf)2-TTP (3.9 ± 0.2 nm) (Figure 8.10). These shifts suggests an interaction that changes the
nature of both porphyrins and also the subsequent binding properties of 4-hydroxypyridine with Mn-TPD.
The need for the relative coarse reagent AgOTf in the synthesis of Sn(OTf)2-TTP to substitute the
chloride ligands by triflate ones suggests that a chloride ligand binds relatively strong to the tin centre. Like
the Soret band of Sn(OTf)2-TTP in the 1:1 mixture of Mn-TPD and Sn(OTf)2-TTP, the Soret band of
SnCl2-TTP is redshifted by ~8 nm compared to the Soret band of Sn(OTf)2-TTP (Figure 8.14).
A
B
1.0

SnCl2-TTP

0.8

Mn-TDP
Sn(OTf)2-TTP + Mn-TDP

Sn(OTf)2-TTP

Compound(s)
SnCl2-TTP
Sn(OTf)2-TTP
Mn-TDP
Sn(OTf)2-TTP + MnTDP (1:1)
Sn(OTf)2-TTP + MnTDP + AgOTf (1:1:1)

Sn(OTf)2-TTP + Mn-TDP + AgOTf

0.6
0.4
0.2
0.0
400 410 420 430 440 450 460 470 480 490 500

λSn (nm)
428.9
420.5

λMn (nm)

480.0
424.4

482.6

420.6

484.1

Wavelength (nm)

Figure 8.14. A) UV-vis spectra of SnCl2-TTP, Sn(OTf)2-TTP, and of 1:1 mixtures of Sn(OTf)2-TTP and MnTDP in the absence and presence of AgOTf (1.0 eq. with respect to Mn-TDP) in CD2Cl2. B) Absorption maxima of the
Soret bands of the tin porphyrin (λSn) and the manganese porphyrin (λMn).
These observations suggest that the shifts of the Soret bands upon mixing Mn-TPD and Sn(OTf)2-TTP
might originate from a ligand exchange between the two porphyrins as shown in Scheme 8.6.
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Scheme 8.6. Proposed ligand exchange upon mixing Mn-TDP and Sn(OTf)2-TTP.
In order to test this hypothesis, to a solution of an equimolar mixture of the two porphyrins ([Mn-TPD] =
[Sn(OTf)2-TTP] = 3.0 μM) in CD2Cl2, one equivalent of AgOTf was added (Figure 8.14). Upon this
addition, AgCl was observed to precipitate, apparently leaving the triflate ion on the tin porphyrin. Figure
8.14 shows that as a result of this exchange the Soret band of Sn(OTf)2-TTP shifts back to its initial value
at 420.5 nm. Simultaneously the Soret-band of Mn-TDP exhibits an additional small redshift to 484.1 nm.
These data indeed seem to confirm the proposed transfer of the chloride ligand from Mn-TPD to
Sn(OTf)2-TTP upon the mixing of the two porphyrins.
Additional evidence for this mechanism was obtained by monitoring the binding of 4-hydroxypyridine
when it is titrated to the mixture of Mn-TPD and Sn(OTf)2-TTP in the presence of AgOTf. From the
titration curves in Figure 8.15 it is clear that the ligand interacts with both metal porphyrins. The data were
fitted assuming a 1:1 binding event of ligand to porphyrin. However, for the case in which the binding of 4hydroxypyridine to Mn-TDP was monitored a rather poor fit was obtained, giving Ka ≈ 2 x 104 M-1 (Figure
8.15A).
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Figure 8.15. Shifts of the Soret bands of Mn-TDP (A) and Sn(OTf)2-TTP (B) in the presence of AgOTf (1.0 eq. per
Mn-TDP) upon titrating 4-hydroxypyridine to an equimolar mixture of these porphyrins in CD2Cl2.
In contrast, the data obtained for the binding to Sn(OTf)2-TTP could be fitted assuming a 1:1 binding
model and assuming that Ka1 > 1 x 108 M-1. In this case, a value for Ka2 = 7.7 x 104 M-1 was obtained. The
binding of 4-hydroxypyridine to Sn(OTf)2-TTP in the presence of Mn-TDP and AgOTf is significantly
reduced compared to in their absence. This decrease is probably related to the binding of Mn-TDP to the
nitrogen-atom of the ligand and might thus be due to a negative cooperative effect. For clarity, all the
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binding experiments discussed are summarised in Figure 8.16. In the case of using 4-hydroxypyridine in
catalysis experiments the applied concentrations of the catalysts are 2 mM. It can be then derived from the
Ka-values that in equimolar mixtures of Mn-TDP, Sn(OTf)2-TTP and 4-hydroxypyridine, almost all the
ligand ( > 99 %) is bound in a bidentate fashion. Upon introducing AgOTf the titrations predict that the
fraction of 4-hydroxypyridine bound in a bidentate fashion will slightly decrease (down to ≈ 90%). In
addition, it can be expected that the transfer of the axial chloride ligand to the tin porphyrin upon mixing
Mn-TDP and Sn(OTf)2-TTP will influence the catalytic properties of these compounds.

Ka1 > 1 x 108 M-1
Ka1 > 1 x 108 M-1
6
-1
Ka2 = 3.5 x 106 M-1
Ka2 = 3 x 10 M
2
-1
Ka3 = 1.2 x 106 M-1
Ka3 < 1 x 10 M
Figure 8.16. Complete overview of the different binding events and binding constants
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Influence of methanol on the coordination of 4-hydroxypyridine to Sn(OTf)2-TTP
In the previous section it was established that 4-hydroxypyridine links Mn-TDP and Sn(OTf)2-TTP in
CD2Cl2. However, in the catalytic cascade reactions also a significant amount (~ 375 equivalents) of
methanol is present, which can be expected to significantly influence the binding properties of the ligand to
Sn(OTf)2-TTP.
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Figure 8.17. A) Two-step binding of 4-hydroxypyridine to Sn(OMe)2-TTP in CD2Cl2/MeOH 97:3 (v/v). B) Shift of
the Soret band during the titration of 4-hydroxypyridine to Sn(OTf)2-TTP in CD2Cl2/mEoH 97:3 v/v ([Sn(OTf)2-

TTP] = 3.0 μM) and curve fits from which Ka1 and Ka2 are derived.
To investigate this influence, 4-hydroxypyridine was titrated into a solution of Sn(OTf)2-TTP ([Sn(OTf)2TTP] = 3.0 μM) in a 3% methanol in CD2Cl2 (v/v) solution. The UV-vis spectra clearly demonstrated that
the presence of methanol has a large influence on the binding of 4-hydroxypyridine to the tin centre. Upon
dissolving Sn(OTf)2-TTP in methanol, Sn(OMe)2-TTP is formed, which is apparent from a shift of the
Soret band from 420.5 to 424.2 nm (Figure 8.17). Also in this case, binding constants were derived in
analogy with the binding of 4-hydroxypyridine to Sn(OTf)2-TTP, and assuming that Ka1 is very high
(> 108 M-1), Ka2 was estimated to be 2.4 x 104 M-1. However, due to the poor fit (Figure 8.17B) this value is
accompanied by a large estimated error, viz. 200 %. Despite this large error, it is clear that even in the
presence of methanol 4-hydroxypyridine still binds strongly to the tin porphyrin.

Catalytic activity of the monomeric porphyrins in the presence of 4-hydroxypyridine
Prior to investigating the effect of 4-hydroxypyridine on the catalysis cascade system, the influence of this
ligand on the performance of the separate monomeric catalysts was monitored. On the catalytic
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epoxidation properties of Mn-TDP the influence of 4-hydroxypyridine was expected to be twofold. The
coordination of the pyridine moiety to the manganese centre is known to improve both the conversion and
stereoselectivity of the reaction.14,15,36,37 In contrast, the phenolic hydroxy-group has a negative influence on
the performance, since it can also coordinate to the manganese centre and significantly reduce the activity
of the catalyst.38 On the other hand, previous research in our group has demonstrated that the presence of
aliphatic alcohols, e.g. methanol, can enhance the catalytic performance when they are present in relatively
small amounts.39 Another point of concern is the very strong binding of the first 4-hydroxypyridine ligand
to the tin centre of Sn(OTf)2-TTP. From the perspective of the supramolecular linkage between the tin
and manganese porphyrin moieties this is favourable, however, it should not prohibit the catalytic activity.
Table 8.4. Overview of the catalytic activity of the separate model catalysts in presence or absence of 4-hydroxypyridin.
Catalyst
(2 mM)
Mn-TDP
Mn-TDP
Sn(OTf)2-TTP
Sn(OTf)2-TTP

Substrate
(250 mM)
cis-stilbene a
cis-stilbene a
cis-stilbene
oxide b
cis-stilbene
oxide b

0 mM
2.0 mM

Time
(hrs.)
24
24

0 mM

24

2.0 mM

72

[4-hydroxypyridine]

Product

T.O.N.

cis-stilbene oxide
cis-stilbene oxide
2-trideuteromethoxy1,2-diphenylethan(ol-d)
2-trideuteromethoxy1,2-diphenylethan(ol-d)

60 ± 3
21 ± 3
29 ± 6
77 ± 6

a: To the reaction mixture also 125 mmol of C6F5IO was added (1 eq. versus cis-stilbene) b: The reaction mixture also contained
methanol-D4, [CD3OD] = 750 mM.

The data in Table 8.4 shows that in the presence of 4-hydroxypyridine the model systems still exhibit
catalytic activity. Compared to the situation where 4-hydroxypyridine is absent, the T.O.N. of Mn-TDP is
significantly reduced, and analysis of the data using equation (4), revealed that also the rate of the reaction is
reduced (kcat = 6.5) whilst the auto-degradation rate of the catalyst (kdest = 0.12 ± 0.03) is enhanced. This
observation confirms that in accordance with literature the aromatic alcohol of 4-hydroxypyridine reduces
the catalytic performance of Mn-TDP. On the other hand, a significant increase in selectivity was observed
from a cis/trans ratio of 55 : 45 to 77 : 23 (± 3), which is accordance with pyridine coordination to the
manganese centre. Since in the cascade system the aromatic hydroxyl group will be coordinated to the tin
porphyrin, it is expected that its negative influence on the catalytic performance of Mn-TDP will be
reduced. In contrast to its effect on the performance of Mn-TDP, 4-hydroxypyridine did not seem to
significantly influence the catalytic activity of Sn(OTf)2-TTP; the T.O.F.’s in the absence (1 mol/h) and in
the presence (1 mol/h) of the ligand were the same.
Next, the performance of the cascade system in the presence of 4-hydroxypyridine was monitored. In the
previous section, it was shown that upon mixing Mn-TDP and Sn(OTf)2-TTP the chloride ligand of MnTDP is transferred to Sn(OTf)2-TTP. This ligand-transfer is also clearly manifested in the catalytic
performance of the Sn(OTf)2-TTP within the cascade system (Table 8.5). In the presence of 4hydroxypyridine, after 24 hours, the mixed monomeric catalysts had not converted any cis-stilbene into 2trideuteromethoxy-1,2-diphenylethan(ol-d), whereas in the absence of the ligand the product was clearly
formed in a yield of 35 ± 10 mM. The fact that in the presence of the ligand the formation of stilbene oxide
was still observed, indicates that only the catalytic activity of Sn(OTf)2-TTP was prohibited. The negative
role of the chloride ion was highlighted when the experiment was repeated in the presence of one
equivalent (with respect to the catalysts) of AgOTf. In that case, precipitation of AgCl was observed as well
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as the occurrence of the second step in the cascade reaction, although the product 2-trideuteromethoxy1,2-diphenylethan(ol-d) was obtained in a rather low yield of only 3% (Table 8.5).
Table 8.5. Catalytic activity of the mixed monomeric catalysts in presence of 4-hydroxypyridine. All experiments were
performed by dissolving Mn-TDP and Sn(OTf)2-TTP in CD2Cl2 [Mn-TDP] = [Sn(OTf)2-TTP] = 2.0 mM.
To the solution were added CD3OD ([CD3OD] = 750 mM), 1,2,3,4,5-pentafluoroiodosylbenzene (125 mmol), mesitylene
(10 μl, internal standard) and the reagents mentioned in the table.
Catalysts
Mn-TDP and
Sn(OTf)2-TTP
Mn-TDP and
Sn(OTf)2-TTP
Mn-TDP and
Sn(OTf)2-TTP
Mn-TDP and
Sn(OTf)2-TTP

Substrate
(250 mM)

[4-Hydroxypyridine]

[AgOTf]

Time (hrs.)

[2-Trideuteromethoxy-1,2diphenylethan(ol-d)]

cis-stilbene

0 mM

0 mM

24

35 ± 10 mM

cis-stilbene

2.0 mM

0 mM

24

0a

cis-stilbene

2.0 mM

2 mM

24

4.4 ± 3 mM

cis-stilbene

0 mM

2 mM

24

11 ± 4 mM

a: Cis-stilbene was converted into stilbene oxide, however no 2-trideuteromethoxy-1,2-diphenylethan(ol-d) was obtained.

The reduced catalytic activity of the cascade system of the porphyrin monomers in the presence of 4hydroxypyridine and one equivalent of AgOTf cannot solely be attributed to the axial ligand, since in its
absence, but in the presence of AgOTf (i.e. the absence of chloride ions), the conversion of cis-stilbene was
also reduced (Table 8.5). It should be noted that in both cases the intermediate product, cis-stilbene oxide,
was still present in the mixture, but in relative small amounts (2-5 mM). The low amounts of 2trideuteromethoxy-1,2-diphenylethan(ol-d) and stilbene-oxide indicate that the addition of AgOTf has a
negative influence on the catalytic performance of Mn-TDP.
It is clear that the chemistry of the catalytic cascade system and especially the exact role of the chloride ion
is not yet completely understood. When it is assumed that upon mixing Mn-TDP and Sn(OTf)2-TTP all
the chloride ions are transferred to the latter catalyst, the manganese centres should all bear triflate ions.
The addition of AgOTf should result in the removal of all chloride ions and thus lead to exclusively triflate
ions in the catalytic system. In both situations, Mn-TDP should in principle exhibit a similar catalytic
activity, which is, however, not the case. This indicates that additional processes are occurring in which the
chloride ion might be involved.
Due to the relative small amounts of cis-stilbene oxide and 2-trideuteromethoxy-1,2-diphenylethan(ol-d) it
was difficult to evaluate the influence of the absence of the chloride anion on the performance of
Sn(OTf)2-TTP within the cascade system.

Catalytic properties of the porphyrin trimers in the presence of 4-hydroxypyridine
Due to the self-assembling properties of Sn(OTf)2-t-TAP, it is virtually impossible to either determine or
even estimate the association constants for the binding of 4-hydroxypyridine to Mn-TEP and Sn(OTf)2-tTAP when both porphyrin catalysts are present in solution. However, the association constants of the
binding of 4-hydroxypyridine to Sn(OTf)2-TTP and Mn-TDP are rather large (Figure 8.16), and hence it
is likely that 4-hydroxypyridine will also strongly bind to the metal centres of the trimeric compounds.
As was the case for the monomeric catalysts, first the catalytic activity of the separate catalyst trimers was
tested. In analogy with Mn-TDP, the catalytic performance of Mn-TEP in the presence of 4222
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hydroxypyridine was reduced in comparison to the performance in its absence (Table 8.6). In analogy with
previous reports, the selectivity of the system was enhanced upon the addition of the 4-hydroxypyridine:
the cis/trans-ratio increased from 67/33 ± 3 to 83/17 ± 3 in the presence of 3 equivalents of 4hydroxypyridine Mn-TEP (Table 8.6).
Table 8.6. Catalytic activity of the trimeric porphyrin catalysts in the presence or absence of 4-hydroxypyridine.
Catalyst
(0.67 mM)
Mn-TEP
Mn-TEP
Sn(OTf)2-t-TAP
Sn(OTf)2-t-TAP
Mn-TEP +
Sn(OTf)2-t-TAP

Substrate
(250 mM)
cis-Stilbene a
cis-Stilbene a
cis-Stilbene
oxide b
cis-Stilbene
oxide b
cis-Stilbene
oxide a,b

0 mM
2.0 mM

Time
(hrs.)
24
24

0 mM

24

2.0 mM

24

2.0 mM

24

[4-hydroxypyridine]

Product

T.O.N.

cis-Stilbene oxide
cis-Stilbene oxide
2-Trideuteromethoxy1,2-diphenylethan(ol-d)
2-Trideuteromethoxy1,2-diphenylethan(ol-d)
2-Trideuteromethoxy1,2-diphenylethan(ol-d)

116 ± 6
38 ± 9
12 ± 5
1.5 ± 1.5
~0

a: To the reaction mixture also 125 mmol of C6F5IO was added (1 equiv. with respect to cis-stilbene) b: The reaction mixture also
contained methanol-D4, [CD3OD] = 750 mM.

In the presence of one equivalent of 4-hydroxypyridine, the catalytic activity of Sn(OTf)2-t-TAP in the
ring-opening reaction of cis-stilbene oxide was almost completely lost (Table 8.6). The binding of 4hydroxypyridine to Sn(OTf)2-t-TAP probably hampers the binding of the substrate and reduces the
catalytic activity of Sn(OTf)2-t-TAP to almost zero. Upon the addition of 1.5 equivalents of 4hydroxypyridine, the columnar assemblies of Sn(OTf)2-t-TAP are likely to dissolve and the molecules
reorganise themselves, probably in a dimeric form with the 6 monodentate 4-hydroxypyridine ligands
pointing outwards, blocking the “outer-sides” of the catalyst. The fact that the blocking of the “outer-sides”
of the catalyst with 4-hydroxypyridine and the diminished catalytic activity go hand in hand suggests that
the catalysis in the absence of this ligand occurs mainly on these outer-sides. Since binding of the 4hydroxypyridine to Sn(OTf)2-TTP had a negligible effect on the catalytic activity of that compound
suggests that the present loss of activity has to be attributed to steric effects.
This result is not promising for a successful cascade reaction with Sn(OTf)2-TTP and Mn-TEP in one
pot. It was indeed confirmed since after 24 hours no conversion of cis-stilbene into 2-trideuteromethoxy1,2-diphenylethanol had occurred. The reaction mixture did contain cis- and trans-stilbene oxide, indicating
that Mn-TEP remained catalytically active.

8.4 Concluding remarks
In this chapter it was demonstrated that Mn-TEP and Sn(OTf)2-t-TAP can catalyse the conversion of an
alkene into a β-hydroxyether. This was accomplished by combining the two porphyrin-based catalysts in a
cascade fashion. So far, the incorporation of both molecules in one supramolecular assembly that displays
cascade catalytic activity has not been successful.
Compared to the catalytic performance of the porphyrin monomers (Mn-TDP combined with Sn(OTf)2TTP), the performance of the trimeric porphyrin disks is significantly reduced. This suggests that the use
of the monomeric catalysts is preferred over the use of trimers, which however lacks the possible advantage
of positioning the catalysts in the confined environment of an aggregate, which might be beneficial for the
selectivity of the catalytic reactions (see Chapter 7). It should be noted that so far the concept is still
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unoptimised and a variety of improvements can be envisioned. First, the reaction conditions might be
improved by optimizing the methanol fraction, the ratio of the manganese and tin catalysts, their
concentration, the amount of substrate, and the solvent. Secondly, the design of the catalysts can be
adjusted. The tin porphyrin exhibits a very long lifetime, but also a relatively low turnover frequency in the
epoxide ring-opening reaction. Based on the literature,9 a reduction of the electron density on the tin
centres should enhance the catalytic performance. This reduction can be achieved by substituting the
hydrogen atoms on the meso-phenyl rings by fluorine atoms. In contrast, the manganese porphyrins suffer
from a rather limited lifetime due to their tendency to form μ-oxo dimers upon its activation by the oxygen
donor. A key step to improve the stability of this catalyst can be its isolation within the self-assembled
system, thereby preventing auto-degradation.16

Figure 8.18. Schematic representation of the co-assembly of two amide-linked trimeric porphyrin catalysts, one with a short
rigid spacer and the second one with a longer flexible spacer.
The use of 4-hydroxypyridine to endcap the columnar stacks of tin trimers by the catalytic manganese
trimers resulted in the deactivation of the former catalysts. This might indicate that only the termini of the
tin stacks are catalytically active in the opening of epoxide, and thus that in the interior of the stacks is inert
due to a too confined space. A solution for this problem can be the employment of linkers with different
length in the various trimers, for example a flexible spacer in one amide-linked porphyrin trimer and a short
rigid one in the other. (Figure 8.18). As a result a mixed catalytic assembly with larger internal cavities might
be formed.
Although the catalytic assembly presented in this chapter so far has not displayed cascade activity, the
approach of combining different catalysts in a self-assembled system remains promising. In principle it can
combine the beneficial properties of a cascade reaction with the desired simplicity of recovering the
catalysts and purification of the reaction product. An additional benefit of the approach might be the fact
that different kinds of (porphyrin-based) complexes can be easily combined to catalyse a variety of cascade
reactions. Careful design and engineering of the catalysts are however essential requirements for obtaining a
working system.

8.5 Experimental section
General
Silica column chromatography was performed with Acros silica gel 60 (size 0.035 – 0.070 mm, pore size 60
Å). Solvents, unless mentioned otherwise, were distilled under nitrogen atmosphere and atmospheric
pressure. THF was distilled over sodium and benzophenone, chloroform was distilled over calcium
chloride, dichloromethane was distilled over calcium hydride. Pyridine (extra dry) was ordered from Sigma224
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Aldrich and used as received. For Size Exclusion Column (SEC) chromatography BioRad BioBeads SX-1
were used, with toluene as an eluent.

Instruments
1H-NMR

spectra were recorded on Bruker DPX200, Bruker AC300 or Varian Inova400 instruments.
Chemical shifts are reported in ppm downfield with respect to the internal standard TMS. 13C-NMR spectra
were recorded on Bruker AC300 or Varian Inova400 instruments. Chemical shifts are reported in ppm
downfield with respect to the internal standard TMS. UV-vis spectra were recorded on a Varian Cary 50
Conc. spectrophotometer at ambient conditions. Maldi-TOF spectra were measured on a Bruker Biflex III
spectrometer in the reflection or linear mode. The samples were prepared by mixing diluted solutions of
the compounds of interest in chloroform with equal amounts of matrix solution (dithranol: 20 mg/mL in
chloroform. The reflection mode was used to measure the samples, whenever reflection mode did not
work, the linear mode was used. Elemental analysis was performed using a Carlo Erba Ea 1108 instrument.
Accurate mass was measured with a JEOL AccuTOF.

Synthesis
The syntheses of TEP and t-TAP are described in Chapter 2 and the synthesis of Mn-TDP in Chapter 7.
TDP and TTP were obtained via literature procedures.40,41
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Bis-chloro(tetra-p-dodecoxyphenylporphyrinato)tin (SnCl2-TDP)
TDP (300 mg, 0.22 mmol) was dissolved in pyridine (90 mL) and SnCl2 · 2H2O (60 mg, 0.27 mmol) was
added. The solution was stirred for 7 days at 130 °C, while monitoring the progress of the reaction with
TLC. A saturated aqueous solution of NaCl was added to precipitate the product, which was filtered off
and washed with water. It was redissolved in chloroform and this solution was dried with Na2SO4. After
filtration and evaporation of the solvent the product was purified by column chromatography (eluent: 2 to
10 % MeOH in chloroform). A purplish green solid was obtained in a yield of 56% .
(CDCl3, 200 MHz): δ (ppm) 9.27 (t, 8H, β-pyrrole, JSn-H = 8.81 Hz), 8.25 (d, 8H, CH o-C6H4OC12H25, J = 8.56 Hz), 7.37 (d, 8H, CH m-C6H4-OC12H25, J = =7.6 Hz), 4.31 (t, 8H, OCH2C11H23, J =
6.5Hz), 2.08 (qn, 8H, OCH2CH2C10H21, J = 6.9 Hz), 1.68-1.36 (m, 72H, OCH2CH2(CH2)9CH3), 0.95 (t,
12H, CH3, J = 5.6 Hz). 13 C-NMR (CDCl3, 50 MHz): δ (ppm) 159.5 (p-C6H4-OC12H25), 146.6 (i-C6H41H-NMR

OC12H25), 136 (o-C6H4-OC12H25), 132.7 (α-pyrrole), 132.5 (β-pyrrole), 120.9 (C5,C10,C15,C20), 113 (mC6H4-OC12H25), 68.4 (C6H4-OCH2C11H23), 31.9-22.7 (C6H4-OCH2C10H20 CH3), 14.2 (C6H4-OC11H22CH3).
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Uv-vis (CHCl3) λ/ nm 325, 436, 568, 610. Elemental analysis: calculated for C92H124Cl2N4O4Sn: C: 71.77 %,
H: 8.12 %, N: 3.64 %; measured: C: 73.11 %, H:8.33 %, N: 3.57 %. Maldi-TOF: calculated for
C92H124Cl2N4O4Sn: 1539.61; measured: m/z = 1504.248 (C92H124ClN4O4Sn), 1468.31 (C92H124N4O4Sn).
Maldi-TOF: m/z = 823.2 corresponding to SnCl-TDP. Accurate mass: calculated for C93H127N4O5Sn:
1499.883, measured: 1499.889

Bis-triflato(tetra-p-dodecoxyphenyl-porphyrinato)tin (Sn(OTf)2-TDP)
Under Schlenk-conditions, SnCl2-TDP (50 mg, 7.3 μmol) was dissolved in THF (6 mL) and to this
solution AgCF3SO3 (18.9 mg, 14.7 μmol) was added. The mixture was stirred for 30 min. at 55 °C. The
AgCl precipitate was filtered off and the solvent was evaporated. The residue was dissolved in
dichloromethane, filtered and the solvent was evaporated at room temperature. A green solid was obtained
in quantitative yield.
1H NMR (200 MHz, CDCl ): δ (ppm) 9.29 (s, 8H, β-pyrrole), 8.20 (d, 8H, CH o-C H -OC H , J = 8.5
3
6 4
12 25
Hz), 7.40 (d, 8H, CH m-C6H4-OC12H25, J = 8.6 Hz), 4.33 (t, 8H, OCH2C11H23, J = 6.3 Hz), 2.02 (qn, 8H,
OCH2CH2C10H21, J = 6.6 Hz), 1.68 (qn, 8H, H-3t, J = 6.6 Hz), 1.34 (m, 64H, OC2H4C9H18CH3), 0.91 (t,
12H, OC11H22CH3, J = 6.8 Hz). 13C NMR (50 MHz, CDCl3/MeOD, methanol completely replaces the
triflate ligands): δ (ppm) 159.3 (i-C6H4-OC12H25), 147.0 (p-C6H4-OC12H25), 135.2 (o-C6H4-OC12H25), 132.7
(β-pyrrole) 112.8 (m-C6H4-OC12H25), 101.5 (C-5,10,15,20), 67.7 (OCH2C11H23) 31.1 28.8 28.6 28.5 25.3 21.8
(all OCH2C10H20CH3), 13.0 (OC11H22CH3).

Bis-chloro(tetratolylporphyrinato)tin (SnCl2-TTP)
Under Schlenk conditions TTP (436 mg, 0.65 mmol) was dissolved in extra dry pyridine (50 mL) and to
this solution SnCl2 (220 mg, 0.98 mmol) was added. The mixture was stirred for 3 days at 130 °C.
Subsequently, a saturated aqueous solution of NaCl was added to precipitate the product. The mixture was
filtrated and the residue washed with water and then recrystallised from chloroform/water. The product
was then dissolved in chloroform and dried over Na2SO4. After filtration and evaporation of the solvent
the purplish green product was isolated in 92 % yield.
1H NMR (200 MHz, CDCl ): δ (ppm) 9.21 (t, 8H, β-pyrrole, J
3
Sn-H = 7.9 Hz), 8.62 (d, 8H, CH o-Ph, J = 8.0
Hz) 8.20 (d, 8H, CH m-Ph, J = 7.7 Hz) 2.74 (s, 12H, CH3). Maldi-TOF: m/z = 823.2 corresponding to
SnCl-TTP. UV-vis (CHCl3): Soret band: 429 nm, Q bands: 564 nm and 605 nm. Elemental Analysis:
calculated for C48H36N4SnCl2: 67.16 % C, 4.23 % H, 6.53 % N. Measured: 67.04 % C, 4.40 % H, 6.06 % N.

Bis-triflato(tetratolylporphyrinato)tin (Sn(OTf)2-TTP)
Under Schlenk conditions, SnCl2-TTP (100 mg, 0.12 mmol) was dissolved in THF (6 mL) and to this
solution AgOTf (60 mg, 0.23 mmol) was added. The mixture was stirred for 30 minutes at 55 °C, filtrated,
and centrifuged. The supernatant was collected and after evaporation of the solvent, Sn(OTf)2-TTP was
isolated in quantitative yield.
UV-vis (chloroform): Soret band: 424.3 nm, Q bands: 553 nm and 594 nm. 1H NMR (200 MHz, CD3OD):
δ (ppm) 9.49 (t, 8H, β-pyrrole, J = 7.9 Hz), 8.22 (d, 8H, CH o-Ph, J = 8.0 Hz) 7.76 (d, 8H, CH m-Ph, J =
7.7 Hz) 2.76 (s, 12H, CH3).
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Manganese tri-ether porphyrin trimer (Mn-TEP)
TEP (100 mg, 27.3 μmol) and Mn(OAc)2·4H2O (167 mg, 0.682 mmol) were dissolved in DMF (100 mL).
The reaction mixture was stirred for 3 days at 130 °C. After cooling, the solvent was evaporated and the
residue was dissolved in dichloromethane. The organic layer was washed with water, separated, added to a
saturated aqueous NaCl solution (30 mL), and this mixture was stirred for 3 hrs. at room temperature.
Subsequently, the organic layer was isolated and dried over Na2SO4. After filtration the product was
purified by column chromathography (eluent: 10 % MeOH in chloroform) and size exclusion
chromatography, Mn-TEP was isolated as a green solid in a yield of 60 %.
UV-vis (chloroform): Soret band: 474.0 nm, Q bands: 581 nm and 619 nm. (chloroform/TFA): Soret-band:
481.9 nm, Q bands: 578 nm and 614 nm. Maldi-TOF: m/z = 3820.7 corresponding to Mn-TEP, m/z =
3856.8 was Mn-TEP - Cl- and m/z = 3892.0 was Mn(TEP) - (Cl-)2.

Bis-chloro tin tolyl-tri-amide-porphyrin (SnCl2-t-TAP)
Under Schlenk conditions, t-TAP (23 mg, 0.0106 mmol) was dissolved in dry pyridine (15 mL) and SnCl2
(18 mg, 0.095 mmol) was added. The mixture was stirred for 3 days at 130 oC. After cooling, a saturated
aqueous solution of NaCl was added to precipitate the product. The mixture was filtered and the residue
washed with water. The product was dissolved in chloroform and the solution was dried over Na2SO4.
After filtration and evaporation of the solvent, SnCl2-t-TAP was obtained as a purplish green solid in
quantitative yield.
UV-vis (chloroform): Soret band: 424 nm, Q bands: 557 nm and 604 nm. 1H-NMR (400 MHz,
CDCl3/DMSO-d6): δ (ppm) 9.03 (m, 24H, β-pyrrole), 8.04 (m, 24H, CH o-tolyl), 7.51 (m, 24H, CH mtolyl), 2.74 (s, 27H, CH3). Maldi-TOF: calculated for SnCl2-t-TAP minus three protons: m/z = 2695.4,
measured: m/z = 2695.6.

Bis-triflato tin tolyl-tri-amide porphyrin (Sn(OTf)2-t-TAP)
Under Schlenk conditions, to a solution of SnCl2-t-TAP (13.1 mg, 4.78 μmol) in THF (distilled, 6 mL)
AgOTf (7.4 mg, 28.7 μmol) was added and the mixture was stirred for 30 min. at 55 oC. The solvent was
evaporated and the residue was dissolved in dichloromethane (distilled). The mixture was filtrated to
remove the AgCl(s) and subsequently the solvent was evaporated to yield a purple green solid in
quantitative yield.
UV-vis (chloroform): Soret band: 418 nm, Q bands: 555 nm and 598 nm.

Analysis of UV-vis spectra
The obtained spectra were plotted in OriginPro v.7.5 and the Soret bands wese fitted using a Gaussian fit.
A similar approach was followed for the titrations of the metalloporphyrins with 4-hydroxypyridine. In a
subsequent step, these absorption maxima were plotted against the number of equivalents of 4hydroxypyridine. The association constants Ka were estimated by fitting the data plot with the computer
program Grafit42 using equation (3).43

(s c − sl )

(

) (

)

2
⎧
⎫
(3)
⋅ ⎨ [ c ] + [ l ] + K a −1 − [ c ] + [ l ] + K a −1 − (4 ⋅ [ c ] ⋅ [ l ] ) ⎬
2[ c ] ⎩
⎭
In which sobs = observed shift, sc = the shift of the complex; sl = the shift of the complex with the ligand, [c ]
= concentration of the complex and [l ] = concentration of the ligand.

s obs = s c +
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Catalysis
To a test tube containing 500 μl of CD2Cl2 the reagents are added (the reagents and their amounts are
annotated in Table 8.7) and the reaction mixture was stirred at 700 or 750 min-1 in a test tube. After one,
two and twenty-four hours a 1H-NMR spectrum of the reaction mixture was recorded. The turnover
numbers (T.O.N.) and turnover frequencies were determined from the conversion-time plot, which was
deduced from the integral values of proton signals in the NMR spectrum of both the substrate and product
relative to those of the mesitylene internal standard. All experiments were performed at least in duplo.
Blanc experiments were performed by leaving the catalyst or one of the reagents out of the catalytic
experiment.
Table 8.7. The reagent and their amounts used in the catalytic experiments.
Catalyst

Substrate
Reagents
Bidental axial ligand
Internal standard

Material
Mn-TDP
Sn-TTP
Mn-TEP
Sn-TAP
cis-stilbene
cis-stilbene oxide
Styrene oxide
PFIB
Methanol-d4
AgOTf
4-hydroxypyridine
mesitylene

mg
1.44
1.09
1.31
1.14

μL

22.3
24.5
14.3
38.7
15.2
0.257
0.095
10

mmol
1.0·10-2
1.0·10-2
3.3·10-3
3.3·10-3
0.125
0.125
0.125
0.125
0.375
1.0·10-2
1.0·10-2
-

Eq.
1
1
1/3
1/3
125
125
125
125
375
1
1
-

The catalytic activity of Mn-TEP in the absence of an axial ligand was determined following the procedure
described in Chapter 7.
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Summary

Chromophoric assemblies lie at the heart of numerous potential devices and applications, and the literature
overview in Chapter 1 makes clear that a high level of control over the arrangement of chromophores in
self-assembled arrays is required to express their desired (opto)electronic properties to a maximum level.
Although the development of devices that work according to the principles of supramolecular interactions
is a research area that is still in its infancy, increasing numbers of simple, yet functional self-assembled
systems are appearing in the literature. In this thesis, all aspects of developing functional self-assembled
architectures based on disk-shaped chromophoric compounds are described: their rational design, their
synthesis, their self-assembly in columnar stacks in solution and at solid-liquid interfaces, the tuning of
their superstructures to implement functionality, and, finally, the expression of function, like liquid crystal
alignment and catalysis..
A series of disk-shaped chromophoric compounds have been synthesised by connecting three or six
chromophores to a central benzene core via ether, ester or amide linkers. Especially the amide-linked
chromophoric disks exhibit interesting self-assembly behaviour since they are able to form an
intermolecular hydrogen bonding network. Although the synthesis of the disks is straightforward, their
purification turned out to be rather troublesome. Size-exclusion chromatography appeared to be a powerful
tool to obtain them in a pure form.
The self-assembly behaviour of the disk-shaped porphyrin oligomers in solution was investigated by varying
the linker between the central core and the peripheral porphyrin moieties, the number of porphyrins, the
peripheral porphyrin substituents, and experimental conditions such as concentration, temperature and type
of solvent. In chloroform, the amide-linked porphyrin disks self-assemble into columnar stacks as a result
of hydrogen bonding and π−π interactions, after exceeding the critical aggregation concentration (e.g. 0.2
mM for n-TAP in chloroform, Figure 1). The ester- and ether-linked porphyrin disks remain molecularly
dissolved at these and much higher concentrations, which underlines the essential role of the ability to form
an extended hydrogen bonding network in the self-assembly process.
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Figure 1: Chemical structure of the amide-linked porphyrin trimers n-TAP and t-TAP.

In n-hexane, a solvent in which the π-π interactions are enhanced, all the porphyrin disks self-assemble
already at micromolar concentrations into columnar stacks, except t-TAP which is insoluble in this solvent.
A clear correlation was observed between the length of the columnar assemblies and the molecular
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properties, i.e. intramolecular rigidity and the ability to form an intermolecular hydrogen bonding network.
Obviously, if the disks can form such a network, their self-assembly is enhanced. The ether-linked
porphyrin trimers formed longer stacks in n-hexane than the more rigid ester-linked porphyrin trimers,
which is explained by the flexibility of the ether linkages, allowing optimisation of the intermolecular π-

π interactions between the porphyrin moieties in the stacks.
Co-assembly of different porphyrin disks did not occur. The homomolecular columnar stacks appeared to
be very stable and did not intermix. In addition, the hydrogen bonding acceptor properties of the esterlinked porphyrin trimers turned out to be inferior to those of the amide-linked trimers, and no end-capping
of stacks of n-TAP by ester-linked porphyrin trimers was observed.
At the solid-liquid interface the disk-shaped porphyrin disks can generate a myriad of architectures, varying
from blobs to rings to extended periodic line patterns, all resulting from a combination of dewetting of the
substrate and self-assembly of the molecules. It was established that the formation of the architectures is
influenced by many parameters, among which solubility, temperature, humidity, dewetting, intermolecular
interactions, interactions between the molecules and the substrate, substrate roughness and the nature of
the substrate and the solvent. Several of these parameters are mutually dependent. In addition, it seems that
the complexity and definition of the architectures is closely related to the narrowness within the set of
parameters which are required to form them. The latter is highlighted by the formation of the linear line
patterns of n-TAP, which consist of very long single molecule thick columnar assemblies and exhibit a
highly defined spatial distribution. Only at a low humidity, within a specific concentration range, using
chloroform as a solvent, at room temperature and using mica as a substrate, these patterns were formed. It
is remarkable that the simplicity of the experiment is of no proportion to the very delicate and complex
balance between so many parameters: the extremely defined patterns are generated just by drop-casting a
solution of the compound onto the substrate and allowing the solvent to evaporate. The role of the
structure of the molecule is highlighted by the assembly behaviour of t-TAP, a compound which
structurally resembles n-TAP, but which, under similar experimental conditions, instead of line patterns
only forms poorly defined blob-like architectures.
The linear line patterns formed by n-TAP on a solid-liquid interface could be successfully applied as
alignment layers for liquid crystals. However, to really make such patterned surfaces of practical use, control
over the directionality of the assemblies is required. It was demonstrated that it is possible to align the
columnar assemblies of n-TAP in an external magnetic field, and also via a dip-coat procedure
directionality could be introduced. Directionality on the scale of small molecular assemblies has not yet
resulted in obtaining unidirectional periodic line patterns over large surface areas at a solid-liquid interface.
The library of disk-shaped amide-linked chromophoric trimers was extended by constructing trimers with
corroles (TACo) and perylenes (TAPe) instead of porphyrins. Although TACo has a high structural
resemblance with n-TAP, it does not form the same linear patterns, but much wider single molecule-thick
patches, likely as a result of lateral interactions between its columnar stacks. Flexible propyl spacers
between the perylene moieties and the core of TAPe allow intramolecular stacking of the chromophores.
This lack of rigidity within the molecule is translated to the solid-liquid interface, where after dewetting only
blob-like assemblies are found. By comparing the behaviour of the different chromophore trimers it can be
concluded that the formation of highly defined line patterns at the solid-liquid interface requires that the
columnar assemblies have a long persistence length and exhibit only weak intercolumnar interactions.
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It is possible to selectively co-assemble other trimers based on the tris-amide benzene core by including
them into the stacks via the triple helical hydrogen bonding motif. The amide-linked perylene trimers were
mixed with either amide-linked alanine or tryptophan trimers, and in all cases co-assembly occurred. In
toluene the co-assembly of TAPe and alanine-based trimers is accompanied with an initial transfer of
chirality of the alanine moieties to the perylene bisimide moieties of TAPe. This effect turned out to be
temporary and was attributed to an intermediate and metastable binding motif of the monomers in the coassembly process. In the final columnar assembly obtained at thermodynamic equilibrium, a reorganisation
of the components had occurred in which no more transfer of chirality from the alanine to the perylene
trimers takes place.
The self-assembly of monomeric (metallo-)porphyrins at various solid-liquid interfaces was studied with the
help of scanning tunneling microscopy (STM). At the graphite/1-phenyloctane interface meso-tetrakis(nundecyl)porphyrin (TP) and its nickel (Ni-TP) and copper (Cu-TP) derivatives form stable and welldefined lamellar structures, which could be visualised at submolecular resolution.. At the Au(111)/1phenyloctane interface, no adlayers of TP molecules could be visualised, while the metal-containing
porphyrins Cu-TP and Ni-TP were imaged with submolecular resolution. When the adlayers of Cu-TP
and Ni-TP on the Au(111) surface are compared to those on graphite, clear differences were observed in
the unit cell dimensions and in the electronic signature of the aromatic planes of the compounds. These
differences were attributed to the influence of the surface on the arrangement of the molecules. Liquid-cell
STM studies of the catalytic derivative Mn-TP at the Au(111)/n-tetradecane interface suggested an
activating role of the gold substrate. UV-vis reflection measurements revealed a spontaneous reduction of
the manganese centre from Mn(III) to Mn(II) upon the adsorption of Mn-TP at the surface, a reaction which
is probably accompanied by expulsion of the axially coordinated chloride ligand from the coordination
sphere of the metal centre. STM revealed that the subsequent admission of molecular oxygen to the
monolayer led to the oxidation of pairs of adjacent manganese porphyrins to give two identical Mn(IV)-oxo
species. It was proposed that the gold substrate acts as an axial ligand for the manganese centre and
activates it to bind and split molecular oxygen into oxygen atoms, which are subsequently distributed over
adjacent catalysts at the surface. The resulting Mn(IV)-oxo species were remarkably stable and the activated
surface was successfully applied as a heterogeneous catalyst in the epoxidation of cis-stilbene. All the steps
of this reaction could be monitored in situ in the liquid-cell STM, in real-time at the single catalyst level.
After a couple of days the epoxide product could be identified by gas chromatography. In addition, the
surface-confined oxidation reaction appeared to display 100% atom efficiency, since both atoms of
molecular oxygen are incorporated into the product and no waste products are generated.
Self-assembled columnar stacks of the manganese(III) derivative of n-TAP, Mn-TAP, were used as mimics
of the natural enzyme cytochrome P450. The catalytic epoxidation of cis-stilbene by these aggregates
exhibited enhanced cis/trans selectivity when compared to the selectivity of a monomeric reference catalyst,
which is directly related to the ability of Mn-TAP to self-assemble into columnar stacks. The enhanced
selectivity is proposed to arise from the fact that the epoxidation reactions are forced to take place in the
confined reaction volumes between the porphyrin moieties in the stacks, where the rotation of the central
C-C bond of the alkene in the transition state of the reaction is hindered, favouring the formation of the cisisomer. The accommodation of DABCO, an activating bidentate ligand which can be sandwiched between
two manganese porphyrin moieties in the columnar stacks of Mn-TAP (i) reduces their average length, (ii)
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alters their catalytic activity by modifying the shape of the stacks and the cavities within these stacks and (iii)
decreases the number of available catalytic sites.
The concept of using the columnar stacks of trimeric porphyrin disks as supramolecular catalysts was
extended with the aim to construct a self-assembled cascade system containing two different catalysts. In
this system, Mn-TAP was mixed with the tin(IV) derivative of t-TAP, which catalyses the ring-opening
reaction of stilbene oxide. Although separate supramolecular assemblies of the catalysts revealed (moderate)
catalytic activity in either epoxidation or epoxide ring opening, so far the incorporation of both catalysts in
one supramolecular assembly that displays cascade catalytic activity has not been successful.
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Samenvatting

Assemblages van chromoforen kunnen in de toekomst de basis gaan vormen van een groot aantal
mogelijke apparaten en toepassingen. De voorbeelden in Hoofdstuk 1 maken duidelijk dat controle over de
precieze rangschikking en positionering van chromofore moleculen essentieel is om hun (opto-)
elektronische eigenschappen maximaal te kunnen benutten. Hoewel de ontwikkeling van werkende
apparaten op basis van supramoleculaire interacties nog in de kinderschoenen staat, zijn er toch al een
aantal simpele, maar functionele toepassingen van assemblages van chromoforen verschenen in de
literatuur. In dit proefschrift worden alle aspecten van het ontwikkelen van een zelfgeassembleerd
functioneel system gebaseerd op chromoforen moleculen behandeld, te beginnen met het rationeel ontwerp
en de synthese van schijfvormige chromoforen. Hierna zullende de zelfassemblerende eigenschappen van
deze moleculen in oplossing en op het grensvlak van een oplosmiddel en een oppervlak worden
onderzocht, de structuur van de assemblages die deze componenten vormen, en uiteindelijk het toepassen
van de assemblages als katalysatoren en als oppervlaktepatronen voor het uitlijnen van vloeibare kristallen.
Een aantal schijfvormige multichromofore moleculen zijn ontworpen en gesynthetiseerd door drie of zes
chromofore eenheden te koppelen aan een centrale benzeenkern via ether-, ester- of amidebindingen. Met
name de amidegelinkte chromofore schijven vertonen interessant zelfassemblagegedrag, omdat ze een
intermoleculair waterstofbrugnetwerk kunnen vormen. De synthese van de componenten is vrij eenvoudig,
maar hun zuivering bleek relatief lastig. Kolomscheiding op molecuulgrootte bleek een handige methode
om de moleculen zuiver in handen te krijgen.
Allereerst zijn de zelfassemblerende eigenschappen van schijfvormige multiporfyrines in oplossing
onderzocht. Daarbij is gekeken naar de invloed van de verbinding tussen de centrale benzeenkern en de
chromofore groepen, het aantal chromofore groepen, de invloed van veranderingen in de perifere
substituenten, en experimentele condities zoals concentratie, temperatuur en oplosmiddel. Boven de
kritische aggregatieconstante (bijvoorbeeld 0.2 mM in chloroform in het geval van n-TAP, Figuur 1) vormt
de aminegelinkte porfyrineschijf cilindrische aggregaten als gevolg van π-π interacties en de vorming van
een intermoleculair waterstofbrugnetwerk. Het feit dat de ester- en ethergelinkte porfyrinetrimeren bij deze
concentratie moleculair zijn opgelost maakt duidelijk dat de vorming van een intermoleculair
waterstofbrugnetwerk een essentiële invloed heeft op de zelfassemblerende eigenschappen van de
schijfvormige verbindingen.
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Figuur 1. Chemische structuur van de amidegelinkte porfyrinetrimeren n-TAP en t-TAP.
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In n-hexaan vormen alle porfyrinetrimeren al bij micromolaire concentraties cilindrische aggregaten,
doordat de π-π interacties in dit oplosmiddel worden versterkt. Een uitzondering is t-TAP ( Figuur 1), een
molecuul dat niet oplost in dit oplosmiddel.
Er werd een duidelijke trend waargenomen tussen de lengte van de cilindrische aggregaten van een trimeer
en zijn moleculaire eigenschappen, zoals de intramoleculaire starheid en de mogelijkheid tot het vormen
van een intermoleculair waterstofbrugnetwerk. Logischerwijs levert zo’n netwerk een positieve bijdrage aan
de vorming van supramoleculaire aggregaten. De ethergelinkte porfyrinetrimeren vormden langere
cilindrische aggregaten in n-hexaan dan de estergelinkte trimeren, wat kan worden verklaard door de grotere
flexibiliteit van de etherbinding, waardoor intermoleculaire π-π interacties tussen twee porfyrines in een
aggregaat kunnen worden geoptimaliseerd.
Co-assemblage van verschillende porfyrinetrimeren trad niet op. Homomoleculaire cilindrische aggregaten
bleken te stabiel om onderling te mengen. De waterstofbrugaccepterende eigenschappen van de
esterbinding bleken inferieur aan die van de amidebinding, en daardoor trad coassemblage van het
esterporfyrinetrimeer binnen in of aan de uiteinden van een assemblage van n-TAP niet op.
Op een oppervlak vormen de porfyrineschijven een verscheidenheid aan architecturen. Na het verdampen
van een druppel oplossing van een porfyrinetrimeer ontstaan architecturen die kunnen variëren van “blobs”
tot ringen en periodieke lijnpatronen van enkele vierkante millimeters groot. Deze architecturen worden
gevormd door een samenspel van zelfassemblage en fysische dewetting-fenomenen. Een groot aantal
parameters bleek invloed hebben op de vorming van een bepaalde structuur, zoals de oplosbaarheid van het
molecuuul, de temperatuur, de luchtvochtigheid, intermoleculaire interacties, interacties tussen molecuul en
oppervlak, de ruwheid van het oppervlak, en het type oppervlak en oplosmiddel. Een complicerende factor
is dat deze parameters vaak een onderlinge afhankelijkheid blijken te hebben. De breedte van het
werkgebied lijkt nauw samen te hangen met de complexiteit van de architecturen die door de componenten
worden gevormd. Het periodieke lijnpatroon gevormd door n-TAP, dat is opgebouwd uit extreem lange
cilindervormige aggregaten van één molecuul dik en waarin de lijnen op zeer gedefinieerde onderlinge
afstanden liggen, is hier een illustratief voorbeeld van: alleen bij een lage luchtvochtigheid, een gedefinieerde
concentratie, en met chloroform als oplosmiddel en mica als substraat, worden deze patronen gevormd.
Het gemak van de methode om de patronen te genereren staat in geen verhouding tot de gecompliceerde
en nauwkeurige balans tussen de parameters: de indrukwekkende lijnpatronen worden gevormd door
simpelweg een druppel op het substraat te leggen en het oplosmiddel te laten verdampen. De invloed van
de structuur van het molecuul wordt duidelijk wanneer het oppervlaktegedrag van t-TAP wordt
bestudeerd. Ondanks het feit dat dit molecuul lijkt op t-TAP vormt het onder vergelijkbare experimentele
condities geen lijnpatronen, maar slecht gedefinieerde blob-achtige structuren.
De lijnpatronen van n-TAP kunnen worden toegepast om vloeibare kristallen uit te lijnen. Om de patronen
echter geschikt te maken voor toepassingen is controle over de richting van de cilindrische structuren een
vereiste. Het bleek mogelijk om in een sterk extern magneetveld of met behulp van een ´dip-coat´
procedure de richting van de aggregaten te controleren. Helaas is het nog niet gelukt om met één van deze
methodes ook periodieke lijnpatronen in één richting over lange afstanden te generen.
De familie van schijfvormige amidegelinkte chromofore trimeren werd verder uitgebreid door het gebruik
van corrolen (TACo) en perylenen (TAPe) in plaats van porfyrines. TACo lijkt qua structuur veel op nTAP, maar het aggregatiegedrag op een oppervlak is geheel anders. In plaats van periodieke lijnpatronen
aggregeert TACo in een 2-dimensionale laag van bundels, waarschijnlijk als gevolg van laterale interacties
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tussen de cilindervormige assemblages. De propylspacer tussen de chromoforen en de centrale
benzeenkern van TAPe introduceert veel flexibiliteit in het trimeer, waardoor ook intramoleculaire
interacties tussen de peryleeneenheden kunnen optreden. Dit verlies in starheid vertaalt zich naar het
grensvlak van mica en chloroform; waarop na verdamping van een chloroformoplossing van het molecuul
alleen blob-achtige structuren worden waargenomen. De aggregatiestudies van TAPe en TACo suggereren
dat de periodieke lijnpatronen alleen worden gevormd wanneer de cilindrische assemblages van de
amidegelinkte schijfvormige chromoforen een grote persistentielengte bezitten en tussen de assemblages
slechts zwakke laterale interacties bestaan.
In de aggregaten van TAPe bleek het mogelijk om selectief andere amidegelinkte trimeren met dezelfde
centrale benzeenkern te co-assembleren via het intermoleculaire waterstofbrugnetwerk. De TAPe
moleculen werden gemengd met amidegelinkte alanine- en tryptofaantrimeren, en in alle gevallen trad coassemblage op. In tolueen werd de chiraliteit van de alaninetrimeren aanvankelijk overgedragen naar de
peryleentrimeren. Dit effect bleek echter tijdelijk en werd toegeschreven aan een intermediaire, metastabiele
toestand van de monomeren in het co-assemblage proces. In het uiteindelijke thermodynamisch stabiele
assemblage had een reorganisatie van de componenten plaatsgevonden, waarin expressie van chiraliteit van
de aminozuurtrimeren naar de peryleentrimeren niet meer plaatsvond.
De zelforganisatie van monomere (metaal-)porfyrines op het vast/vloeistof grensvlak is met submoleculaire
resolutie bestudeerd met Scanning Tunneling Microscopie (STM). meso-Tetrakis-(n-undecyl)porfyrine (TP)
en zijn nikkel- (Ni-TP) en koperderivaten Cu-TP) vormden stabiele en goed gedefinieerde lamelachtige
monolagen op het grensvlak van grafiet en 1-fenyloctaan. Op het grensvlak van Au(111) en 1-fenyloctaan
kon geen monolaag van TP moleculen worden waargenomen, terwijl lagen van Cu-TP en Ni-TP konden
worden gevisualiseerd met submoleculaire resolutie. Wanneer de lagen van Cu-TP en Ni-TP op Au(111)
en op grafiet met elkaar worden vergeleken, zijn er duidelijke verschillen zichtbaar in de dimensies van de
eenheidscel en in de elektronische signatuur van de aromatische delen van deze componenten. Deze
verschillen worden beide toegeschreven aan de invloed van het oppervlak op de organisatie van de
moleculen.
STM studies van de eigenschappen van de katalytisch actieve porfyrine Mn-TP op het grensvlak van
Au(111) en n-tetradecaan brachten een actieve rol van het Au(111) oppervlak aan het licht. UV-vis
reflectiestudies toonden aan dat tijdens de adsorptie van de Mn-TP moleculen op het Au(111) oppervlak
een spontane reductie van het mangaancentrum optreedt van Mn(III) naar Mn(II), een reactie waarbij
waarschijnlijk het chloride axiaal ligand wordt afgesplitst. STM liet vervolgens zien dat in aanwezigheid van
moleculaire zuurstof twee naast elkaar liggende mangaanporfyrines worden geoxideerd, wat leidt tot de
vorming van twee identieke Mn(IV)-oxo deeltjes. Waarschijnlijk treedt het goudoppervlak op als activerend
axiaal ligand voor het mangaancentrum, waardoor dit moleculaire zuurstof kan binden en splitsen in twee
zuurstofatomen, die vervolgens worden verdeeld over de naast elkaar gelegen porfyrines. De mangaan-oxo
deeltjes bleken verrassend stabiel en het actieve oppervlak kon vervolgens worden toegepast als een
heterogene katalysator voor de epoxidatie van cis-stilbeen. Alle stappen van deze reactie konden in een
vloeistofcel-STM bestudeerd worden op moleculair niveau. Met gaschromatografie kon na enkele dagen de
vorming van het epoxideproduct worden aangetoond. De reactie bleek 100% atoom-efficiënt te zijn, omdat
beide zuurstofatomen van moleculair zuurstof in de producten worden ingebouwd en er geen
afvalproducten worden gevormd.
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Samenvatting
De katalytische eigenschappen van zelfgeassembleerde cilindervormige aggregaten van het
mangaan(III)derivaat van n-TAP, Mn-TAP, zijn onderzocht met het idee het natuurlijke enzym cytochrome
P450 na te bootsen. De katalytische epoxidatie van cis-stilbeen door deze aggregaten vertoonde een
verhoogde cis/trans selectiviteit ten opzichte van een monomere referentiekatalysator, een verschijnsel wat
direct kan worden gerelateerd aan het feit dat Mn-TAP cilindervormige aggregaten vormt. Het is
aannemelijk dat de selectiviteit wordt veroorzaakt doordat de reacties in kleine holtes tussen twee
mangaanporfyrines in een assemblage plaatsvinden. Net als in het natuurlijke enzym hindert het beperkte
volume waarin de reactie plaatsvindt de rotatie rond de C-C binding van het alkeen in de
overgangstoestand. De insluiting van DABCO, een activerend bidentaat ligand dat tussen twee
mangaanporfyrines in de cilindervormig aggregaten van Mn-TAP kan worden gebonden, (i) reduceert hun
gemiddelde lengte, (ii) beïnvloedt hun katalytische activiteit doordat de vorm en de holtes van deze
aggregaten worden veranderd, en (iii) reduceert het aantal beschikbare katalytisch actieve centra.
Het concept om cilindrische aggregaten van porfyrinetrimeren toe te passen als supramoleculaire
katalysatoren is verder uitgebreid met het doel een systeem voor cascadekatalyse te ontwikkelen. In dit
systeem werd Mn-TAP gemengd met het tin(IV)derivaat van t-TAP, dat de ring-opening van epoxides
katalyseert. Hoewel de cilindervormige assemblages van de individuele katalysatoren beperkt katalytisch
actief bleken te zijn, hetzij in epoxidatie hetzij in de ring-opening van de epoxides; is het tot nu toe niet
gelukt om een assemblage te maken waarin beide katalysatoren aanwezig zijn en de cascadereactie
katalyseren.
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‘Everything that is really great and inspiring is created by the individual who can labour in freedom’

Albert Einstein

Het resultaat van vier jaar onderzoek doen is uitgebreid in de vorige hoofdstukken beschreven. Het is dus
de hoogste tijd om het best gelezen onderdeel van het proefschrift te verwoorden: het dankwoord. Om
maar direct met de deur in huis te vallen: ik wil graag iedereen bedanken die op wat voor manier dan ook
bij de totstandkoming van dit proefschrift betrokken was.
Enkele personen zou ik graag wat uitgebreider bedanken. Als eerste wil ik Prof. Dr.Roeland Nolte
bedanken voor al de vrijheid die hij me heeft gegeven om mijn eigen invulling te geven aan het onderzoek.
Roeland, hartelijk bedankt dat je me de mogelijkheid én de middelen hebt gegeven om met andere
onderzoeksinstituten samen te werken en (inter)nationale congressen te bezoeken om mijn resultaten daar
te presenteren. Ik heb er veel van geleerd en ben er trots op dat een deel van de resultaten die beschreven
zijn in dit boekje, jouw 500-ste publicatie betekende. Een speciaal woord is hier natuurlijk voor Helma
Nolte op zijn plaats: de ontmoetingen, zoals bij de viering van de 500-ste publicatie van Roeland, zijn
onvergetelijk.
Ook Prof. Alan Rowan, mijn tweede promotor, wil ik bedanken voor de inspirerende begeleiding. De
snelheid en hoeveelheid ideeën die je tijdens een half uur genereert is nagenoeg onevenaarbaar, ook al
waren deze ideeën af en toe ietwat optimistisch (it’s only two days of work). Ook jij gaf me de mogelijkheid
en vrijheid om een eigen weg te vinden en bepalen.
Om mijn copromotor Hans Elemans op juiste wijze te bedanken zou ik eigenlijk een separaat boekje
moeten schrijven. Met jou heb ik alle ups en downs die ik tijdens mijn promotieonderzoek tegenkwam
gedeeld. Relativerend als ik stuiterend je kantoor binnen kwam, motiverend als er toch nog wat kleine
correcties moesten worden doorgevoerd, kritisch als de advocaat van de duivel als er nieuwe resultaten
werden gepresenteerd, ondersteunend toen ik het vanwege privéredenen echt moeilijk had. Je deur stond
altijd voor me open: thanks met een diepe buiging.
Tijdens mijn promotie heb ik de gelegenheid gehad om op meerdere labs mijn onderzoek uit te voeren.
Prof. S. Speller, bedankt dat ik ongestoord en onbeperkt gebruik mocht maken van alle faciliteiten van
EVSF2 en het Nanolab, en voor de vele discussies. Jan Gerritsen, Bas Hulsken en Peter Schön, hartelijk
bedankt voor al jullie hulp bij de AFM- en STM-metingen.
Graag wil ik Prof. J.C. Maan en Dr. P.C.M. Christianen bedanken voor het beschikbaar stellen van de
faciliteiten van het HFML. Erik en Jeroen, jullie wil ik bedanken voor jullie hulp bij alle metingen.
Dear Prof. L. Monsù Scolaro, thank you very much for hosting me and allowing me to perform DLS, SLS
and time-resolved fluorescence experiments in your labs. I also would like to thank Maria Angela
Castriciano, Valentina Villari and Norberto Micali for their help and useful discussions.
Dr. W. Pyckhout-Hintzen en Dr. M.C. Feiters, beste Wim en Martin, hartelijk dank voor de hulp bij het
uitvoeren van de SANS-experimenten en de aanvraag van meettijd. Daarnaast wil ik graag Martin heel
hartelijk bedanken voor alle discussies en het zeer kritisch doornemen van mijn proefschrift!
A special word to the members of the manuscript committee, consisting of Prof. F.P.J.T Rutjes, Prof. P.
Samori and Dr. P. Schön. Thank you very much for your efforts in critically reading the complete
manuscript.
Mijn boekje had nooit de proporties bereikt die het nu heeft zonder “mijn studenten”. Michiel, als één van
de eerste natuurwetenschappers durfde je de stap naar de Nolte-groep te maken en heb je aan het
estergelinkte porfyrine hexameer gewerkt. Door je nevenstage te combineren met de hoofdstage bij de
afdeling EVSFII, ontstond er een multidisciplinaire stage voor een periode van anderhalf jaar. Tijdens deze
periode had je niet alleen een grote wetenschappelijke bijdrage, maar was er altijd ook ruim plaats voor de
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vrolijke noot binnen en buiten het lab. Inmiddels ben je zelf promovendus in de SPM groep. Ik wens je
succes met het afronden van je promotie en wil je bedanken omdat je mijn paranimf wil zijn.
Arend, jouw naam prijkt op een belangrijk deel van mijn artikelen. Voordat je met je afstudeerstage begon,
had je al aan mijn onderzoek kunnen proeven tijdens je “snuffelstage”. Ook jij combineerde je hoofd- en
nevenrichting tot één stage van anderhalf jaar. Tijdens deze periode ben je heer en meester van de AFM
geworden en met deze techniek heb je een grote hoeveelheid data gegenereerd door de vele meetkilometers
die je hebt gemaakt. Je was kritisch en draaide voor geen enkele meting je hand om: “jaaaaah dat doen we wel
even”. Al heb ik het idee dat synthese niet echt jouw ding was, is het chirale porfyrine trimeer wel van jouw
makelij. Je hebt gekozen om je wetenschappelijke carrière voort te zetten door zelf promovendus te worden
en ik wens dan ook jou veel succes toe in de afronding van de promotie. Ik heb er alle vertrouwen in!
Wouter, ook jij besloot na een zeer succesvolle snuffelstage bij mij en Matthijs een hoofdvak te komen
lopen. Je zocht expliciet naar een uitdagend onderwerp en dat vond je in een stukje onderzoek dat Onno en
ik hadden bedacht. Het stukje onderzoek bleek uiteindelijk iets moeizamer te verlopen dan gepland, maar
gelukkig heeft dat je er niet van weerhouden om toch verder te gaan in de wetenschap: ook jij hebt ervoor
gekozen om te gaan promoveren.
Martijn en Cennet, jullie hebben beiden gedurende een periode van tien weken aan het onderzoek mogen
ruiken en hebben in deze korte tijd respectievelijk het t-TAP molecuul en een tin-porfyrine in elkaar weten
te zetten en daar de relevante eigenschappen van bepaald.
Mahsa, een beschrijving van jouw stage zou zo uit een soap kunnen komen. De constructies om jou toch je
stage te mogen laten lopen, de perikelen van de Nederlandse overheidsinstanties (I.N.D.) en de manier hoe
en de omstandigheden waarop je toch een verslag hebt weten te produceren: heftig. Een groot compliment
voor de strijdlust waarmee jouw bijdrage tot stand is gekomen.
Last but not least: Eline. Je onderzoek voerde je gedreven uit met een tijdsplanning waar je U tegen mag
zeggen. Gelukkig had je altijd genoeg energie (over) om af en toe iets te vertellen over de relevante dingen
des (konijnen)levens.
Om van de promotietijd een goede en creatieve tijd te maken, zijn de collega’s essentieel en zij mogen dus
niet in het dankwoord ontbreken: Johan Hoogboom (lomp spekkie), Marga (slim en blond), Ruud (de man met de
paal van drie meter), Matthijs (mwhaaaah), Linda (klein en …), Nico (briljant chemicus en altijd behulpzaam), Onno
(een boterham met kaas kán niet zonder sambal), Paul T. (ik haat Bill Gates), Paul van G. (luchtig mannetje), Mark (het
is een kunst hoe jij over kunst kan uitwijden), Irene, Pili, Marta, Nikos H., Marco, Erik S., Alexander, Friso, Ton,
Victor, Gerald, Aurélie, Pieter de W., Edward, Femke, Dennis V., Paula, Joost C., Jeroen, Paul K., Inge,
Andrés en Heather. Ook de collega’s buiten de Nolte-groep wil ik bedanken: Joris (Kan ik je helpen?),
Suzanne (Sarcastisch, wie ik?), Jan Gerritsen (dé STM-man), de gebroeders Lensen (Zeeuwse mossels uit reserve
België), Jasper (Maffe Duitser), Pieter N., Kaspar, Joost, Jaap, Sjef, Sander, Jorge, Duncan, Rosalie, Bram,
Femke, Fieke, Lee, Dennis H., Paul S., Jelena, Stijn, Brian en Stan.
Zonder mensen die zorgen alles reilt en zeilt zoals het hoort op de afdeling ben je verloren: Désirée, Jacky,
Paula, Peter van Dijk, Pieter, Ad, Hans A., Theo en René, super bedankt!
Nu het zover gekomen is dat ik het dankwoord op papier kan zetten, ben ik alweer een tijdje werkzaam bij
Océ. Ik wil ook mijn (nieuwe) collega’s bij Océ bedanken, en speciaal: Emile, Marjon, Ronald, Bart, Meenal,
John, Leon, Marc en Tom.
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Ook buiten het lab heb ik een aantal mensen, al dan niet gevraagd, vaak genoeg verveeld met mijn
proefschrift perikelen. Allereerst de wel edele FDVDA bezoekers en in het bijzonder de grondleggers van
deze mooie traditie: Bas Kokke en Guido Kappé en de “Pwaop-meister” Hoogboom.
Uiteraard mogen Kors, Maaike, Patricia, Maike, Stefanie, Jasper, Paul, en Pieter niet ontbreken. Vanaf het
begin van mijn studententijd hebben jullie voor de broodnodige afleiding gezorgd, regelmatig in het goede
gezelschap van een heerlijk graansapje. In dit rijtje mag natuurlijk mijn tweede paranimf niet ontbreken:
Martien. Hartelijk dank dat je me vanaf het begin tot het einde van mijn tijd op de universiteit bij wilt staan!
Peter, inmiddels zijn we al ruim een kwart eeuw bevriend. Er zijn weinig mensen die me zo goed kennen als
jij. Ondanks het feit dat we elkaar niet zo vaak zien als ik zou willen en we niet meer bij elkaar om de hoek
wonen, ben je nog altijd erg dichtbij. Dank je wel dat ik onze vriendschap als een onvoldongen feit mag
beschouwen en altijd op je kan rekenen!
Lieve Pa en Ma, ook al is een promotieonderzoek moeilijk voor jullie te bevatten, jullie waren altijd bereid
om de verhalen, het geklaag, het gemopper of het gejuich aan te horen. Dank je wel voor jullie
onvoorwaardelijke steun. Saskia en Jackelien, mijn lieve zusjes beide levend in een wereld die er zo veel
anders uitziet/uitzag dan die van mij. Toch waren jullie er beide op jullie eigen manier voor me: Thanx!
De laatste woorden voor mijn meisjes. De afgelopen periode was gevuld met invloedrijke gebeurtenissen,
sommige zwart, maar het merendeel kleurrijk, fleurig en soms zelfs overweldigend. Zoë, jouw komst
vormde één van de hoogtepunten zo niet hét hoogtepunt van deze periode! Hanneke, gedurende de gehele
periode ben je er altijd voor me geweest. Dankzij jouw steun en support bij alles wat er bij komt kijken ben
ik in staat geweest om dit boekje af te ronden. Het gereed komen van dit boekje is daarom ook gedeeltelijk
jouw prestatie en daarvoor mijn niet in woorden uit te drukken waardering!
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Curriculum Vitae
De auteur van dit proefschrift werd op 1 augustus 1980 geboren in Reimerswaal (Hansweert). Na het
behalen van zijn VWO diploma in 1998 begon hij aan zijn studie Scheikunde aan de Katholieke Universiteit
Nijmegen, de huidige Radboud Universiteit Nijmegen. Het doctoraalexamen Scheikunde, met als
hoofdrichting anorganische chemie (Prof. dr. A.W. Gal) en als nevenrichting bio-informatica (Prof Dr. G.
Vriend) werd in 2003 behaald. In september van datzelfde jaar begon de auteur aan zijn promotieonderzoek
in de groep van Prof. dr. R.J.M. Nolte (Fysisch-Organische en Supramoleculaire Chemie), en waarvan de
resultaten beschreven staan in dit proefschrift. Sinds april 2008 is de schrijver van dit proefschrift werkzaam
bij Océ Technologies B.V. in Venlo.
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