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En route to nature-like synthetic assemblies

Abstract
The interplay of noncovalent interactions orchestrates the assembly of complex
supramolecular structures. Nature has mastered the design of building blocks as well as the
control over self-assembly processes that together allow for complex behavior resulting in
some striking examples that exert complex functions. Synthetic efforts have, in contrast,
commonly led to thermodynamically stable systems which show predictability and
reproducibility, while complex function yet remains rather elusive. The imminent gap
between the two systems, fueled by a lack of deep understanding of mechanistic detail, thus
provides constraints for reaching nature’s complexity. This chapter aims to summarize the
remarkable natural supramolecular structures and provides a flavor of synthetic assemblies
that are designed to interact with biology in attempt to illustrate the demand for improved
knowledge on self-assembly processes and appropriate methods to investigate mechanistic
pathways.

Part of this work has been published as:
J. Schill, A. P. H. J. Schenning, L. Brunsveld, Macromol. Rapid Commun. 2015, 36, 1306–1321.

| Chapter 1

Natural assemblies
The interplay of covalent and noncovalent interactions allow for complex pathways that
exert structure, organization and function in cells.[1] While covalent chemistry commonly
provide the energy for the catalytic synthesis of monomeric building blocks and their
corresponding polymeric systems, self-assembly orchestrates the construction of highly
ordered structures from molecular units.[2] The adaptive nature as well as the responsiveness
to external stimuli, providing complex and dynamic behavior, render these self-assembled
structures key to life.
Compartmentalization, which is mainly employed by membranes, is highly important to
segregate cellular processes in specific organelles and to protect the integrity of the cell. The
plasma membrane defines the periphery of the cell and functions as a highly selective
permeable barrier (Figure 1.1). Noncovalent interactions allow for spontaneous association of
lipids into bilayers by clustering the hydrophobic fatty acids and orientating the polar head
groups towards the aqueous media.[3] While ions and small charged compounds are
commonly provided free passage, the plasma membrane selectively transmits signals
through a plethora of receptor proteins which are hosted onto this scaffold.[4] As a result of
the reversible nature of these supramolecular structures, plasma membranes are remarkably
flexible and allow for rapid rearrangement without the loss of membrane integrity.
The cytoskeleton is arguably the most striking natural example of an ensemble of
microscopic building blocks which are organized into macroscopic structures. Three general
types of filaments – actin filaments, microtubules and intermediate filaments – dynamically
assemble and disassemble to provide structure and organization to the cellular interior
(Figure 1.1).[5] Moreover, external mechanical forces are sensed, intracellular transport is
performed and motility of the entire cell is regulated by the cytoskeleton. Dissipative
supramolecular polymerization of protein subunits into quasi one-dimensional fibers is
regulated by external stimuli and provide highly dynamic, adaptive and reversible structures
that govern cellular behavior.
Supramolecular chemistry in cells is also represented in the large structural diversity of
higher order protein assemblies which are a prerequisite for biological function.[6] Protein
assemblies provide functions in the cell as signaling modulators[7] and as scaffolding hosts[8]
as well as render catalytic activity.[9] The importance of protein assemblies may be best
illustrated by the signalosome,[10] inflammasome,[11] and apoptosome,[12] which regulate
essential processes during the complete lifetime of a cell and finally determine cellular fate
(Figure 1.1).[13] The significant role of large protein assemblies indisputably shows the
importance of self-assembly processes in the cell. Moreover, it shows that small building
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blocks organized into supramolecular architectures can provide robust and selective
networks.
While a large array of versatile well-defined protein assemblies are essential to life,
amyloidal diseases, such as e.g. Alzheimer’s and Parkinson’s, directly show the consequences
of uncontrolled aggregation. Amyloid fibrils are rigid, highly ordered fiber-like structures,
which generally consist of misfolded proteins that lack solubility and thus become kinetically
trapped. Amyloids may even be more thermodynamically stable than the natural well-folded
structure.[14] This form of uncontrolled aggregation is, however, still poorly understood nor
treatable, yet represents the importance of supramolecular reversibility and shows that
knowledge on dissipative assembly is essential for the development of synthetic
supramolecular systems in a biological setting.

Figure 1.1 | Exemplary natural assemblies. The microtubules regulate, as part of the cytoskeleton,
intracellular transport and motility. The semi-permeable membrane segregates cellular processes and
protects the cell from its surroundings. The apoptosome,[15] a higher order protein assembly, is part of
the regulatory system that induces apoptosis.

The ‘bottom-up’ approach of nature to construct highly ordered structures from
monomeric building blocks has been exemplary for the engineering of synthetic
supramolecular architectures. The increasing knowledge on self-assembly processes has led
to the development of rather sophisticated protein-based and molecular assemblies that can
interact with biological systems.[16,17] However, deeper insight into the dynamics and the
mechanisms of function is needed to mature synthetic structures to the extent of natural
systems.

Synthetic assemblies
Extensive research efforts on self-organized architectures have led to the development
of well-defined supramolecular nanostructures[18–20] probing a variety of applications in e.g.
optoelectronics,[21–23] polyelectrolytes,[24,25] as well as biology.[26–28] In the latter, selfassemblies have received much attention over the last decade, especially towards various
theranostic applications, in which targeted imaging and drug-delivery is combined.[29–32]
Among theranostic platforms, supramolecular assemblies have gained remarkable interest
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due to several advantageous properties as: i) a prolonged systemic circulation; ii) an easy
extravasation in tumor vasculature; iii) a large surface to volume ratio; iv) their ability to host
a large variety of ligand and drug moieties via both surface functionalization and
encapsulation as well as v) their adaptive and responsive properties.[33–35] Using the powerful
and elegant approach of self-assembly, many differently shaped nanostructures have been
prepared and explored by altering the preparation method as well as the chemical structure
of the building blocks.[36] Here, we briefly review synthetic assemblies that bear a proper
function towards biological systems, that is e.g. to study fundamental natural assembly
processes or to interact with biology.
Lipidic nanoparticles are supramolecular architectures self-assembled in aqueous solution
into mono- or bilayers that consist of naturally occurring phospholipids or closely related
synthetic amphiphiles.[37] Due to their modular preparation, narrow and controllable size
distribution[38] and their ability of guest encapsulation, these nanoparticles have been widely
explored and have also proven their value in various applications.[38,39] However,
functionalization with targeting ligands as well as imaging agents is essential for probing
theranostic applications using lipid-based nanostructures.[40] Closely related to lipidic
nanoparticles are structures that combine the features of amphiphilic surfactants with the
functions of bioactive peptides. Peptide amphiphiles consist of an alkyl chain linked to a
peptidic structuring element followed by charged amino acids and finally a bioactive
epitope.[41] These amphiphiles are reported to self-assemble into a variety of nanoarchitectures, predominantly into cylindrical nanofibers which are explored in the field of
regenerative medicine.[42,43]
Although the aforementioned nanostructures hold great promise, the ability to detect
nanoparticles via an intrinsic property instead of by functionalization with detectable ligands
is often desirable. Magnetic nanoparticles have therefore been explored as they can be
detected using non-optical techniques based on magnetic resonance.[44,45]

Nano-

architectures composed of iron, metallic iron and copper as well as a number of different
alloys have demonstrated to possess useful magnetic properties ranging from ferromagnetic
nanoparticles, predominantly used in bioanalytical applications,[46] to superparamagnetic
architectures, which demonstrated to be powerful in contrast enhancement in non-invasive
magnetic resonance imaging (MRI).[47]
Another example of intrinsically detectable nanostructures are semiconducting inorganic
nanoparticles, also known as quantum dots, which generally exhibit outstanding optical
properties as well as good chemical stability which make them attractive for a variety of
applications.[48–50] Their core is, however, typically composed of heavy metal atoms, which
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has to be coated with an inert or biocompatible layer to anticipate toxicity issues.[51,52]
Moreover, these layers are needed for ligand immobilization in order to probe biomedical
applications as biomolecule recognition,[53] in vivo targeted imaging[54] and theranostics[55].
Over the last decade, the aforementioned nano-architectures allowed for the
investigation of fundamental processes in the life sciences as well as probed targeted drugdelivery applications. In this field, imaging and sensing will become even more important in
the near future, especially in biomedicine where, in combination with therapeutics,
multimodality allows the development of theranostics.[56] Optical fluorescence is one of the
major modalities used in targeted bioimaging. Therefore, there is a need for fluorescent
nanoparticles which bear outstanding optical properties suitable for a wide range of
applications. A promising strategy for generating bright fluorescent biosensors is based on
the development of highly fluorescent π-conjugated polymers.[57–59] The formation of
polymer nanoparticles, initially developed for optoelectronics,[60] has attracted considerable
attention in the field of biomedical applications.[61–64] Recent research efforts have
demonstrated that these so-called polymer dots exhibit excellent optical properties[65,66] as a
high absorption cross section, fluorescence brightness, photostability and non-blinking
behavior as well as feature non-toxicity,[67] nano-encapsulation[68] and ligand ligation
abilities.[69,70] However, despite many research advances, control over their surface chemistry
still remains a challenge which has prevented their widespread usage in various
applications.[64,71] Additionally, the rigidity of polymer dots may be disadvantageous regarding
the interaction with highly dynamic systems present in biology and tuning of properties
requires the synthesis of new polymers for each desired modification.
The development of supramolecular chemistry has brought forward the design of
dynamic and functional materials, based on self-assembly of well-defined π-conjugated small
molecules or oligomeric chemical structures.[72] The non-covalent assemblies provide tunable
strength and directionality amongst molecular units while probing well-defined, though
dynamic, structures that still bear the key properties of covalent polymers.[72,73] The field of
material sciences developing supramolecular nanomaterials, extensively explored πconjugated segments due to their outstanding optical properties as well as their ability of
multiple interactions and hence collective response.[61] In biology, research towards
intrinsically fluorescent small molecule nanoparticles (SMNPs) has especially been focused
on the development of amphiphilic π-conjugated systems. While there are many different
types of chromophores that are used in π-conjugated organic nanoparticles, such as e.g.
boron-dipyrromethenes (BODIPYs)[74–76] and squaraines,[77,78] the vast majority of is either
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based on fluorene or perylene moieties. Chapter 2 provides a review on the recent advances
of self-assembled nanostructures based on these chromophores.
Table 1.1 | Overview of the key properties of polymer dots, liposomes, quantum dots and self-assembled
small molecule nanoparticles.

Polymer Dots

Liposomes

Quantum Dots

SMNPs

Quantum Yield

+

-

+

+

High Absorption

+

-

+

+

NIR-emission

+

+

+

n.d.*

Non-blinking

+

+

-

+

Good Stability

+

-

+

+

Non-bleaching

+

-

+

n.d.*

Cytotoxicity

+

+

-

+

Modular

-

+

-

+

Adaptive

-

+

-

+

* not determined

Strong unidirectional interactions between monomeric building blocks can create wellordered one-dimensional assemblies that bear a strong shape persistence.[72] Tuning the
strength and directionality of the interactions as well as the introduction of functional
biological components defines key features that can also be found in natural systems, such
as e.g. adaptability, modularity and responsiveness. Self-assembled nanofibers are,
therefore, promising candidates for the construction of biomaterials.[79,80] Peptide-based
supramolecular polymers[41] have, particularly, shown to be highly bioactive by the
incorporation of certain epitopes and to allow for tunability by mixing various peptide
amphiphiles.[81] The structural resemblance to the extracellular matrix (ECM) render them
suitable as attractive platforms for cell assays and culturing.[82] Therefore, these nanofibers
have been studied extensively for biological applications, such as e.g. regenerative medicine
and tissue regeneration.[83] Supramolecular polymerization of water-soluble benzene-1,3,5tricarboxamide (BTA) derivatives has also shown to allow for tunability by the incorporation
of various monomers in micrometer-long columnar structures[84] These fibers have been
exploited as platforms to elucidate dynamic exchange pathways[73] as well as been used as
drug delivery[85] and protein recruitment platforms.[86] Ligand-functionalization of bipyridine
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core-extension (BiPy) BTAs, especially, paved the way towards intrinsically fluorescent
supramolecular assemblies that can simultaneously label cellular compartments, deliver
cargo and potentially assemble proteins in a multivalent manner.[87,88] The aforementioned
one-dimensional structures are striking examples in which unidirectional supramolecular
chemistry allows for the preparation of platforms that show resemblance to natural
assemblies and enable elucidation of complex assembly pathways.
By taking nature as an example and through a subsequent ‘bottom-up’ approach, many
different architectures have been prepared that can interact with biology. Moreover, the
progressive elucidation of self-assembly pathways increasingly enables control over
supramolecular systems. The dynamic, and thus adaptable, nature of supramolecular
nanostructures allows for the preparation of multivalent platforms which renders them
promising scaffolds for biomedical applications, such as e.g. non-invasive imaging, targeted
delivery and diagnostics. Furthermore, spatiotemporal control over synthetic assemblies
provides the handles to gain fundamental insight into the dissipative processes as found in
natural systems and is thus crucial for the development of sophisticated materials with
complex function.

Dynamics in synthetic assemblies
Arguably, the most striking feature of natural assemblies may be their adaptability and
modularity such that they allow for a high spatiotemporal resolution that control the vital
functions in the cell. Their dissipative nature is commonly key to sustained supramolecular
processes in biological systems, such as e.g. microtubules. This form of dynamic instability, or
far-from-equilibrium conditions, allow these fibers to grow and collapse rapidly, resulting in
complex behavior, such as e.g. motility.[89] In contrast, synthetic systems are generally
designed to stay completely in-equilibrium, to ensure reproducibility and predictability.
Supramolecular polymerization follows roughly either an isodesmic, in which every monomer
addition is governed by a single equilibrium constant, or a cooperative assembly process, in
which an activation step is followed by elongation or growth.[90] Even though these processes
show high dynamics during self-assembly and result in complicated structures, the end
product is usually kinetically trapped and thus shows no or very little residual dynamics; hence
lacks the complex behavior as found in natural systems.[91] Au contraire, a striking example of
a kinetic product in nature is amyloid deposits which are directly associated with disease
profiles. This shows, besides the imminent gap between natural and synthetic assemblies,
the crucial importance of insights into, and hence control over, self-assembly mechanisms of
supramolecular structures. Far-from-equilibrium self-assembly has, therefore, attracted
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substantial interest recently, resulting in new materials with appealing characteristics
towards synthetic dissipative systems.[92,93] While most of the assembly pathways have been
studied in organic solution, the transition of thermodynamics and kinetics to supramolecular
systems in aqueous solution is still poorly understood. Therefore, one of the major challenges
towards adaptive, nature-like structures with proper function is to study mechanistic
properties of self-assembly processes in water.[94]
Along with the growing interest to the design of synthetic dissipative systems, the
requirements of quantification techniques to elucidate exchange mechanisms of these
complex systems gradually intensify. Unravelling dynamic exchange processes by means of
computational approaches have shown to be powerful,[95,96] while corroborating
experimental work is yet a challenge. Spectroscopic techniques have been used to extract
exchange parameters of the total ensemble via either fluorescent dyes in FRETexperiments[88,97] or chiral moieties using the ‘Sergeants and Soldiers’ principle[98] as well as
spectrometry techniques such as e.g. hydrogen/deuterium exchange.[99] In contrast,
extracting exchange parameters from individual structures could potentially provide more
insight on the mechanistic details and structural diversity. Therefore, super-resolution
microscopy techniques have been developed, which allow for quantitative analysis of
individual structures albeit various at different time points. While stochastic optical
reconstruction microscopy (STORM) has provided detailed structural knowledge of natural
systems, such as e.g. signaling pathways,[100] the cytoskeleton,[101] and the function of the
nucleus,[102] it has become vastly more interesting to elucidate mechanistic detail of synthetic
structures. Studying dynamic molecular exchange pathways in synthetic structures by
STORM has been pioneered for BTA-structures[73] followed by various others, including
peptide-based architectures (Figure 1.2).[103,104] These measurements elucidated, among
other, the presence of structurally different domains within individual architectures as well
as some of the mechanistic differences between natural and synthetic systems, such as e.g.
end-point (dis)-assembly. This thus highlights the importance of high resolution analysis of
supramolecular structures.

Figure 1.2 | Exemplary synthetic assemblies that have been employed to elucidate mechanistic detail.
Schematic illustration of self-assembling of BTA monomers[73] (left) and peptide amphiphiles[104] (right)
into fiber-like structures.
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Strategies and components from nature are commonly adopted to prepare sophisticated
supramolecular structures with new functions that allow for a deeper understanding of
natural self-assembly processes as well as the ability to interact with biological systems.
Moreover, various computational and experimental approaches are in constant evolution to
allow for precise quantification of supramolecular systems with increasing complexity. The
development of methodologies to allow for control over dynamic behavior and to increase
spatiotemporal resolution will be key for the creation of next generation biomaterials.
However, sophisticated synthetic assemblies for biomedical applications may only become
available by complete unravelling nature’s complexity. Fortunately, abundant knowledge and
technological advancement can be achieved en route.

Aim and outline
As illustrated in this chapter, many different types of supramolecular structures have been
developed with the aim to provide dynamic platforms that can partially resemble or interact
with biological systems. However, current advances yet lack deep understanding of selfassembly processes as well as are limited in spatiotemporal control of the molecular events
and are thus constraint in reaching the complexity as found in natural systems. Full control
over their dynamics and smart ways of functionalization are thus crucial for the preparation
of the next generation biomaterials. Therefore, we aim here to: i) design adaptive
supramolecular architectures with the focus on bioimaging and to ii) develop a novel
quantification technique to study the mechanistic details of dynamic processes in synthetic
systems.
Elaborating on supramolecular architectures for biomedical applications, Chapter 2
highlights the importance of π-conjugated chromophores as building blocks for the
preparation of intrinsically fluorescent systems. While there are many different types of
chromophores under investigation, the vast majority contains either a fluorene or a perylene
moiety as aromatic core. A detailed review can be found that elucidates the recent advances
for these intrinsically fluorescent nanostructures towards biological applications.
In chapter 3, fluorene co-oligomers are prepared which contain structural alterations that
induce bathochromically shifted optical characteristics. The influence of side chain polarity
on their morphological and optical properties are studied and their ability to act as
fluorescence resonance energy transfer acceptors was shown. Together with other fluorene
co-oligomers, we argue that these compounds build up a toolbox for dual-color co-assemblies
towards biosensors in aqueous media.
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Chapter 4 describes the transition of self-assembling perylenediimide (PDI) derivatives,
which were mainly used in bulk processing, to applicability in aqueous solution. Installation
of substituents with an altered polarity clarified the interplay between side-chain polarity and
self-assembly characteristics. This study showed that side-chain polarity completely renders
the physical properties of self-assembled PDIs and are thus highly responsive to changes in
solvent composition.
Chapter 5 presents the development of a highly sensitive fluorescent labelling marker for
artificial and cellular membranes. One-step regioselective synthesis of 1,12-dihydroxylated
PDIs and subsequent alkylation resulted in a nonplanar cationic PDI gemini-type surfactant.
While the self-assembled structures are non-fluorescent, incorporation in lipophilic bilayers,
via merging of the two supramolecular systems, results in highly fluorescent membranes.
Therefore, this PDI system presents an appealing strategy for membrane probes with a low
background signal.
Chapter 6 aims to introduce a new method to study supramolecular systems in their
native environment. While current techniques study complex systems in bulk or present the
need to immobilize structures at different time points, the one proposed here allows for the
elucidation of mechanistic details on the same individual structure for a prolonged period of
time. The first advances towards a nanoscale tool, based on the combination of DNA origami
and synthetic supramolecular chemistry, show the potential of such a system to probe
supramolecular dynamic pathways.
Chapter 7 delineates the epilogue that describes the significance of the scientific progress
that has been achieved over the course of this work as well as the concomitant challenges
for the future. Moreover, it provides handles for prospective experimental strategies and
envisioned applications to expand the scope thereof for the reader.
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Fluorene- and perylene-based self-assembled
assemblies towards biological applications
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Abstract
Since the development of supramolecular chemical biology, self-organized nanoarchitectures have been widely explored in a variety of biomedical applications.
Functionalized synthetic molecules with the ability of non-covalent assembly in an aqueous
environment are typically able to interact with biological systems and are therefore especially
interesting for their use in theranostics. Nanostructures based on π-conjugated
chromophores are particularly promising as theranostic platforms as they bear outstanding
photophysical properties as well as drug loading capabilities. The vast majority of these selfassembled nanostructures for biomedical applications are either based on fluorene or
perylene moieties. This chapter provides an overview on the recent advances in the selfassembly of intrinsically fluorescent nanoparticles that are based on either of these two
chromophores for biomedical applications.

Part of this work has been published as:
J. Schill, A. P. H. J. Schenning, L. Brunsveld, Macromol. Rapid Commun. 2015, 36, 1306–1321.
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Introduction
In the last decade, intrinsically fluorescent π-conjugated systems have received
considerable attention in targeted imaging, sensing applications and drug-delivery.[1–4] This is
mostly due to their well-defined size and shape as well as their attractive photophysical
properties. Moreover, the rigidity of the aromatic segment enhances aggregation stability in
water during the self-assembling process, most likely due to secondary interactions as π-π
stacking and the hydrophobic effect.[5] Since the aromatic core of π-conjugated building
blocks is hydrophobic, often hydrophilic side chains are introduced in order to obtain
amphiphilic characteristics and hence confer self-assembly in aqueous solution. The
preparation of such assemblies is commonly rendered through reprecipitation.[6] Hereby, a
concentrated solution is rapidly injected in an aqueous solution by which the molecules
typically become kinetically trapped into a nanostructure. Intuitively, the interior of these
structures are predominantly comprised of hydrophobic interactions, while the solubilizing
hydrophilic moieties are located at the periphery. Incorporation of high affinity targeting
ligands or sensitive probes at these peripheral sites can be readily produce functionalized
nanostructures. Functionalization can be envisioned prior to assembly by precise design of
the molecules or by the incorporation of reactive groups that allow for postfunctionalization.[7,8] The intrinsic nature of self-assembly additionally allows for the mixing
of different monomers which can facilitate the multivalent display of ligands on the surface.
The vast majority of self-assembled fluorescent π-conjugated nanostructures for biomedical
applications are either based on fluorene or perylene moieties, which have, besides an
obvious structural difference, both very distinct properties in terms of size, shape, stability
and photophysics. Moreover, the use of these moieties as chromophores have shown to be
advantageous as the emission color of fluorene derivatives can be readily tuned and the
synthesis of perylene derivatives has shown to be rather straight forward. These structures
bear, therefore, key characteristics in order to be promising candidates for sensing and
targeted imaging applications. Here, we review fluorene- and perylene-based derivatives,
which self-assemble into higher order nanostructures and are en route to biological
applications.[9]
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Fluorene based architectures
The fluorene moiety consists of two benzene rings which are connected by a direct
carbon-carbon bond and an adjacent methylene bridge (1, Scheme 2.1). This moiety is
extremely favorable for fluorescence applications, due to its high fluorescence quantum
yield, high photostability and good solubility in organic solvents.[10] However, for applications
concerning aqueous solutions, good or partial solubility has to be obtained by attaching
hydrophilic side chains.[11]

1

Scheme 2.1 | Molecular structure of the fluorene moiety.

Tagawa et al. were the first to report a fluorene co-oligomer functionalized with alkyl and
ethylene glycol side chains which was able to self-assemble in aqueous solution (2, Scheme
2.2).[12] By simply adding the fluorene co-oligomer dissolved in THF to water, spherical
nanoparticles with radii of 20 - 100 nm were observed by AFM. Moreover, the nanoparticle
size could be controlled by the fluorene co-oligomer concentration of the organic stock
solution. Interestingly, intrinsic blue emission around 400 nm in THF was quenched in
aqueous solution, while a green emission band around 540 nm appeared attributed to the
excitation of steady state molecular aggregates.
Based on these fluorene co-oligomers, Yang et al.[13] substituted the short ethylene glycol
side chain by a substituted aniline (3, Scheme 2.2) resulting in a red-shifted emission peak in
THF. Self-assembly of this material in aqueous solution resulted in an aggregation-induced
blue shift of the emission, while similar particle sizes were observed. These results bring
forward that the spectral properties are frequently not only dependent on the aggregation
state of the fluorene co-oligomers, but that there is also a key influence of the side-chain
functionalization on the resulting materials properties.

O
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OH
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OH HO
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Scheme 2.2 | Molecular structure of the fluorene co-oligomer 2 by Tagawa et al.[12] and 3 by Yang et al.,[13]
which are able to self-assemble into nanoparticles in aqueous solution.
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Schenning et al.[14] synthesized fluorene co-oligomers in order to prepare
multicomponent nanoparticles which could be used for imaging applications. Four different
bola-amphiphilic fluorene co-oligomers were prepared which could co-assemble into
spherical nanoparticles in aqueous solution. The π-conjugated core consists of two fluorene
units linked by a central aromatic moiety. This aromatic moiety is varied by introducing
naphthalene (4, blue), quinoxaline (5, green), benzothiadiazole (6, yellow) or thienopyrazine
(7, red) in order to obtain different emission colors (Figure 2.1A). The nanoparticles,
fabricated by re-precipitation, showed excellent quantum yields in aqueous solution, up to
70% for 6, the benzothiadiazole core containing co-oligomer. The photoemission spectra of
these different bola-amphiphilic co-oligomers span the entire visible range (Figure 2.1B) and
the fluorescence emission can be fine-tuned, including even white, by careful mixing of these
fluorene co-oligomers, with only minor changes in the shape and size.[14,15] Moreover, it was
shown that the particles self-assembled from these bola-amphiphilic co-oligomers did not
exchange molecules upon time or heating and are thus highly stable. Separate particles could
be observed by fluorescence microscopy while efficient energy transfer of the acceptor cooligomer dispersed in the donor matrix was shown by appropriate mixing of bola-amphiphiles
containing different cores.[16]
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Figure 2.1 | Fluorene co-oligomers that span the entire visible range. A) Chemical structure of bolaamphiphiles by Schenning et al.,[14] containing different central aromatic moieties (4 – 7) and B) their
corresponding emission spectra. Reproduced by permission of The Royal Society of Chemistry.
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Using a comparable approach of mixing π-conjugated compounds bearing different
colors, Wong et al.[17] drop-casted fluorene co-oligomers 8 – 10 from THF solution to vesiclelike nanospheres of 200 – 600 nm in diameter (Scheme 2.3). The aromatic core can undergo
π-π-stacking as the hydrophilic side chains can undergo complementary hydrogen bonding
resulting in nanospheres. By mixing the three different co-oligomers in different ratios,
supramolecular structures fluorescing in a large spectral window (including pure white) could
be obtained.
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Scheme 2.3 | Chemical structure of the π-conjugated co-oligomers 8 – 10 by Wong et al.,[17] which are able
to self-assemble into vesicle-like supramolecular architectures.

Another approach to fabricate white-emitting nanoparticles has been explored by
Takeuchi and co-workers.[18] Fluorene co-oligomers bearing a variety of hydrogen bonding
side chains (Scheme 2.4) were mixed with a red-orange emitting dye (DCM) in THF and then
injected into water, creating spherical nanostructures of 70 – 180 nm in diameter.
Interestingly, due to energy transfer from the intrinsically blue emitting fluorene cooligomers to the encapsulated dye, white light emissive nanoparticles were generated. Thus,
the importance of supramolecular self-assembly on fluorescence energy transfer and hence
color tuning has been shown. Here, increasing hydrogen bonding sites in the co-oligomer
were shown to decrease the nanoparticle size as well as increase the energy transfer
efficiency.[19] Thus showing the importance of the chemical structure of the fluorene cooligomers on the supramolecular properties.
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Scheme 2.4 | Chemical structure of fluorene co-oligomers 11 – 14 by Takeuchi et al.,[19] which highlights
the importance of chemical structure on nanostructure properties.
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Since the molecular structure of the π-conjugated amphiphilic building blocks showed to
be of great importance for the size and shape of the corresponding self-assembled
nanostructures, the nature of the side chains of fluorene co-oligomers was systematically
changed.[11] The influence on stability, dynamics, fluorescence and self-sorting properties of
nano-sized architectures, self-assembled from fluorene co-oligomers in which the ratio of
hydrophilic ethylene glycol and hydrophobic alkyl side chains are altered, was studied.
Fluorene co-oligomers containing wedges and tails ranging from all nonpolar to all polar
(Figure 2.2A) were synthesized and studied. It was concluded that all fluorene co-oligomers
formed self-assembled fluorescent nanoparticles in water. However, nanostructures selfassembled from co-oligomers containing polar side chains were more dynamic and larger in
size compared to particles formed by co-oligomers containing nonpolar side chains.
Moreover, nonpolar co-oligomers generally showed a higher fluorescence quantum yield. It
was also shown that fluorene co-oligomers containing a high degree of polar side chains were
able to dynamically exchange between nanoparticles. Interestingly, co-oligomers containing
the same side chains were shown to have affinity for each other over derivatives bearing
other side chains, providing opportunities for sensing and diagnostics. This study elaborately
shows the dynamics between nanostructures, within a single assembly and between the
molecularly dissolved and the self-assembled state of the monomers (Figure 2.2B).
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Figure 2.2 | Fluorene co-oligomers that are used to study self-sorting and their concomitant dynamics.
A) Chemical structures of fluorene co-oligomers used to study the influence of hydrophobicity of the
side chains on stability, dynamics, fluorescence and self-sorting properties of nanoparticles. The colors
of the side chains refer to polarity as red represents hydrophobic and blue hydrophilic residues. B)
Different states of nanostructures showing their dynamics. Reprinted with permission from reference
11. Copyright 2012, American Chemical Society.

In order to enable π-conjugated fluorescent nanoparticles to actively target specific
receptors on the cell surface and thus creating probes or delivery vehicles for imaging and
drug-delivery, co-oligomer functionalization is a prerequisite. Nano-sized architectures
typically require functionalization with ligands on the nanoparticle surface. Fluorene cooligomers were pre-functionalized with either an azide or a mannose functionality (25 and 26,
resp., Figure 2.3).[20] In order to ensure an efficient exposure of the ligands to the aqueous
environment, they were introduced at the periphery of the hydrophilic ethylene glycol chains
decorating the π-conjugated co-oligomers. Nanoparticles self-assembled from these
functionalized co-oligomers showed to have similar sizes and optical properties as nonfunctionalized π-conjugated co-oligomers reported earlier. These findings suggest that the
self-assembly of the π-conjugated co-oligomers and optical properties of the resulting
nanoparticles are dominated by the core structure of the co-oligomers, and that the
introduction of the ligands at the periphery of the PEG chains do not strongly perturb these
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properties. Both the mannose functionality, by binding E. coli bacteria’s FimH receptor and
lectin concanavalin A (ConA), and the azide functionality, by post-functionalization via the
copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC), were shown to be exposed to the
aqueous solution and available for binding. The accessibility of the ligand at the periphery of
the nanostructure was also validated by nanoparticles formed from biotin functionalized cooligomers which could be extracted from solution using magnetic streptavidin coated beads.
Interestingly, multivalent nanoparticles bearing two different ligands were prepared by
combining pre- and post-functionalization in order to enable dual targeting. Comparable
binding behavior proved effective introduction and availability of both ligands via both
functionalization approaches.
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Figure 2.3 | Fluorene co-oligomers that are used to study ligand functionalization. (i) Generation of
nanoparticles pre-functionalized with mannose. (ii) Generation of nanoparticles pre-functionalized with
azides and subsequent post-functionalization via copper catalyzed azide-alkyne cycloaddition with
alkyne derivatives of either mannose or biotin. (iii) Generation of bifunctional nanoparticles containing
azides and mannose and subsequent post-functionalization via copper catalyzed azide-alkyne
cycloaddition with alkyne derived biotin yielding mannose and biotin labelled nanoparticles. Adapted
with permission from reference 20. Copyright 2011, American Chemical Society.
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Bard et al.[21] similarly reported stable nanoparticles with a diameter of 16 nm bearing
azide functionalities, however positioned at the center of the molecule and connected via
hydrophobic spacers. Two benzothiadiazole units, flanked with triphenylamine groups, were
bridged by a fluorene unit, which was substituted by two alkyl linkers bearing an azide moiety
(27, Scheme 2.5). While only the optoelectronical properties were explored until now, these
azide bearing fluorene co-oligomers may be useful for further functionalization with bioactive
ligands and hence be explored in the fields of diagnostics and imaging.
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Scheme 2.5 | Chemical structure of an fluorene co-oligomer 27 by Bard et al.,[21] which may be useful for
further functionalization.

The cellular uptake and localization properties as well as potential toxicity of fluorene cooligomers were evaluated as well. Hydrophobicity characteristics of these co-oligomers
showed to be of significant impact on the electroporation-dependent cellular fate of the selfassembled nanostructures.[22] Hydrophobic structures remained intact and localized in the
cytosol, while hydrophilic derivatives disassembled and were taken up in different cellular
compartments. The first steps towards targeted uptake were taken by pre-functionalizing cooligomer flanking side chain with a single amino moiety (Figure 2.4A).[23] These co-oligomers
showed similar behavior as the ones functionalized with mannose and azide in terms of
optical properties. However, the size of these co-assembled nanostructures was strongly
dependent on the percentage amine-functionalized co-oligomer dispersed in the
nanoparticle. It was discussed that the amino group might be protonated in water, which
then affects the hydrophilic/hydrophobic ratio and hence the nanoparticle size. Remarkably,
by premixing co-oligomers 18 and 28 it was shown that only 10% of amine decoration was
sufficient to promote efficient cellular uptake (Figure 2.4B). In contrast to covalent
assemblies,[24] these findings indicate that the dynamic nature of supramolecular structures
allows efficient clustering surface functionalities highlighting the importance of
supramolecular effects of self-assembly. While this charge mediated cellular uptake was
shown to be rapid, it was also shown that none of the amine-bearing nanoparticles affected
the cell viability up to a concentration of 0.9 μM. Rapid cellular internalization and
biocompatibility was also shown for other cationic side chain bearing co-oligomers.[25]
Moreover, the preparation of nanoparticles with a different composition in terms of surface
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functionalization by straightforward mixing of differently functionalized co-oligomers hold
great promise in the field of multivalent theranostics.
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Figure 2.4 | Fluorene co-oligomers that are used to study cellular uptake. A) Molecular structure of
fluorene co-oligomer 28 pre-functionalized with an amino group. B) Nanoparticles with different
composition by premixing of co-oligomers 18 and 28, generating unfunctionalized nanoparticles of 18
alone (NP) and amine-functionalized nanoparticles with 10% (amine-10-NP), 50% (amine-50-NP) and 90%
(amine-90-NP) of 28. Two-photon micrograph of live HeLa cells incubated for 2 h with the
aforementioned nanoparticles. Adapted from reference 23 with permission from Wiley-VCH.

In order to explore the encapsulation properties of fluorene-based nanoparticles, release
studies were performed on guest molecule loaded nanostructures (Figure 2.5A).[26] Nile Red
was chosen as hydrophobic guest as its absorption spectrum overlaps with the emission
spectrum of the nanoparticles, and thus fluorescence energy transfer could be used to
monitor the release by dividing the emission intensity of the nanoparticle (at 510 nm) and Nile
red (at 625 nm), respectively. While up to 10 mol% of Nile Red was encapsulated, moderate
energy transfer was observed. However, slow release of the guest molecule was observed
over time as a fast release profile was shown at elevated temperatures (Figure 2.5B & C).
These results suggest that these fluorene-based nanostructures could be used as
encapsulating vehicles that allow release of the guest molecule which might be interesting in
the field of drug-delivery.
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Figure 2.5 | Dye encapsulation into fluorene-based nanostructures. A) Overview of the encapsulation of
Nile Red into fluorene-based nanostructures and the resulting fluorescence energy transfer. The change
in fluorescence energy transfer from the nanostructure to 1 mol% of encapsulated Nile Red at B) 20°C
and C) 30°C over time shows a temperature dependent release profile. Adapted from reference 26 with
permission from Wiley-VCH.

Combining fluorescence imaging, encapsulation of hydrophobic guest molecules and
drug delivery, Tuncel et al.[27] reported on fluorene-based nanoparticles which encapsulate a
drug and emit fluorescence in the red region tailing to infrared (Figure 2.6). The two fluorene
units, both bearing two amine substituted side chains, are bridged by a central divinyl
benzothiadiazole moiety, resulting in a co-oligomer bearing a hydrophobic backbone and
hydrophilic side chains. In water, 29 self-assembles into spherical nanostructures of 50 nm in
diameter. Due to the hydrophobic nature of the nanoparticle core, Camptothecin, an
anticancer drug, could be encapsulated. In acidic environment, disassembly of nanoparticles,
due to repulsive forces of the formed ammonium ion, resulted in the release of
Camptothecin. In order to avoid nonspecific absorption of biomolecules to the amine
functionalized surface, the amines were capped with cucurbit[7]uril (CB7). Besides
preventing nonspecific absorption of proteins, CB7-capped nanoparticles also showed higher
stability in physiological pH compared to bare nanoparticles. These stable pH-responsive CB7capped nanoparticles enable a sustained drug release at physiological pH and a fast release
at low pH. Together with efficient cellular uptake and a reduced cytotoxicity due to CB7capping, these fluorene based architectures are envisioned to have great potential in
theranostic applications.
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Figure 2.6 | Drug release in cells by fluorene-based nanoparticles. Overview of CB-capped drug loaded
nanoparticles, which enable a pH-triggered drug release mechanism. Adapted with permission from
reference 27. Copyright 2014, American Chemical Society.

Self-assembly in aqueous solution; tunable emission colors spanning the entire visible
range; the capability to encapsulate hydrophobic guest molecules and the ability to
functionalize the nanoparticle surface without affecting its properties makes fluorene-based
nanoparticles appealing for imaging and drug-delivery applications.

Perylene based architectures
The perylene moiety consists of two naphthalene subunits which are connected by a
carbon-carbon bond at position 1 and 8 on both molecules (30, Scheme 2.6). For biological
applications, most often perylene diimides (PDI 31, Scheme 2.6) are used. It has already been
known for decades that water-soluble PDIs with substituents at the imide position show
excellent photophysical properties with extremely high quantum yields as well as stability.[28]
PDIs have extensively been studied for their potential in protein labelling and as probes for
single-molecule spectroscopy.[29] For these applications, especially substituting the bay
position has been explored as this introduction effectively prevents aggregation through
electrostatic shielding and steric hindrance resulting in strongly emitting water-soluble
probes.[30,31] Despite a lot of work on PDIs is committed to water-soluble probes, only recently
the potential of perylene-based supramolecular architectures for biomedical purposes has
been evaluated. The introduction of hydrophilic substituents at the imide moiety in
combination with a strong π-π-stacking of the PDIs core typically results in the formation of
supramolecular aggregates in water.[32–35]
O

O

NH

HN

30

O

31

O

Scheme 2.6 | Chemical structure of the perylene moiety (30) as well as of perylene diimide (PDI) (31).
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In order to study the aggregation behavior of imide substituted perylene derivatives,
Haag et al.[36] synthesized dendron-functionalized perylene diimides. Generation 1 (G1) to 4
(G4) hydrophilic polyglycerol dendrons (32 and 33, respectively) were attached to the imide
nitrogen prior to injection into water (Scheme 2.7). Photophysical measurements revealed
that G1-dendronized PDIs aggregate in water over a large concentration range and as a result
broadening of the absorption spectrum occurs as well as a drop to 33% quantum yield.
However, dendrons of the third and fourth generation do not show aggregation as the
hydrophobic PDI core seemed to be sufficiently shielded and hence 100% quantum yield is
regained. Spectral changes such as a broader and less structured absorption spectrum as well
as a reduced absorption coefficient upon aggregation are due to strong excitonic interactions
between the PDI chromophores.[37] Suppressing aggregation of perylene derivatives by
shielding the PDI chromophore, however, can result in comparable fluorescence quantum
yields in water and organic solvents.[38,39] The performance of similar sulphated polyglycerol
dendronized PDis as anti-inflammatory agents was evaluated via biological in-vitro studes.[40]
Similar physicochemical characteristics were observed for Newkome dendronized perylene
derivatives (34) by Hirsch et al.;[41] the first generation Newkome dendronized PDIs
aggregated into irregular architectures and the second and larger generation PDIs dissolved
molecularly. Moreover, chiral alanine and lysine residues were used as linker between the PDI
core and the Newkome dendrons to direct the aggregation to helical architectures.[42] These
dendronized perylene diimide derivatives are also used to disperse poorly soluble materials
as carbon nanotubes through π-π-interactions, and are envisioned to have potential in the
field of medicine as solubilizing agent.[43,44]
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Sun et al.[45] prepared symmetrically trialkylammonium substituted PDIs (35, Scheme 2.8)
which self-assembled into one-dimensional nanotubes and nanorods depending on the
solvent in which the derivative was dissolved. Interestingly, as these structures were
explored as amine sensors, hollow nanotubes showed to be more effective for the detection
of amines than rod-like structures, showing that the supramolecular architecture is indeed a
key feature for its application. The aggregation behavior of bolaamphiphiles has also been
explored using PDIs substituted with multiply charged ionic side chains (36, Scheme 2.8).[46]
PDI 36 is molecularly dissolved in water at low concentrations and bears a high quantum yield
at a nearly neutral pH. However, upon increasing concentration, the formation of aggregates
is accompanied by a decreasing pH. Protons from the side chain, which cause a positive
charge and hence repulsion at low concentrations, may be transferred to the surrounding
water leading to neutral PDI derivatives, which are able to aggregate into rod-like structures.
Positively charged ammonium groups and neutral amines might even facilitate π-π-stacking
of the perylene core. Similar behavior has been observed for PDIs substituted with βcyclodextrin (37, Scheme 2.8).[47] As the fluorescence quantum yield for these charged ionic
PDIs also decreases upon aggregation, they may be suitable as pH sensors. Interestingly,
cationic PDIs have also shown to have potential for the stabilization of G-quadruplex DNA by
stacking in and with DNA,[48,49] which have eventually led to self-organized PDIs as DNA/RNA
sensitive probes.[50] Recently, Hirsch et al.[51] reported EDTA functionalized PDI 38, which
bears a high affinity for heavy trivalent metal ions as well as lanthanide cations and is
envisioned as heavy metal imaging agent in aqueous environment. Recently, zwitterionic PDI
39 has shown to allow for cellular membrane staining by intercalation with the bilayer
phospholipids.[52] The hydrophobic core moiety inserts in between the alkyl chains of the
phospholipids, which also induces fluorescence recovery, while the zwitterionic moiety
electrostatically interacts with the head-groups, providing a long-term labelling method for
cell membranes.
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Scheme 2.8 | Charged ionic bolaamphiphilic PDIs 35, 36, 37 and 38 by Sun et al.,[45] Würthner et al.,[46] Liu
et al.[47] and Hirsch et al.,[51] respectively, which are able to aggregate into rod-like structures.
Zwitterionic PDI 39 allows for cellular membrane staining.[52]
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PDI substituents as well as solvent interactions have a strong influence on various
properties of the supramolecular architecture. To study the aggregation behavior in more
detail, Liu et al.[53] extended the work on cyclodextrin substituted perylene derivatives by
synthesizing PDI 40 bearing an amphiphilic character (Figure 2.7A). Although the
supramolecular architecture is still dependent on the solvent composition, PDI 40 is more
prone to aggregate in aqueous solution than PDI 36 due to the hydrophobic alkyl residues.
Starting from nanorods in methanol in which PDI 40 is rather randomly stacked, PDI 40 selfassembles into well-defined vesicular structures in a 9:1 mixture of water and methanol
(Figure 2.7B). Faul et al.[54] simplified the latter PDI design and reported galactosyl substituted
PDI 41, which aggregates into right-handed superhelical architectures of 100 nm in diameter
in an aqueous THF mixture (1:1 v/v ratio). This superhelix is composed of multiple helical fibers
that are self-assembled via hydrogen bonding of the galactosyl group. Similar types of
glycoclusters showed to have potential as bacterial anti-adhesives[55,56] and targeted
fluorogenic imaging of cancer cells.[57] These glycoclusters, in combination with small peptidic
domain, showed ice recrystallization inhibition activity and may thus become important as
supramolecular cryoprotectants.[58] In order to create transport vehicles as well as membrane
labels, Hirsch et al.[41] explored amphiphilic Newkome dendronized PDI 42. Compared to the
aforementioned double Newkome dendronized PDI 34 derivative, PDI 42 bears besides a
single Newkome dendron, a dodecyl chain, which makes this PDI derivative more prone to
aggregate into spherical nanostructures in water. Second generation amphiphiles showed a
pronounced aggregation behavior into regularly shaped micelles of 16 nm in diameter, as the
peripheral Newkome dendrons interact with the aqueous environment and the dodecyl
chains form the hydrophobic interior. It was pioneering work by Würthner et al.[59] that
showed kinetic control over supramolecular block copolymers, which subsequently was
developed into a method of seeded growth in living supramolecular polymerization to
precisely control size and architecture of fiber-like structures.[60]

29

| Chapter 2
HO

A)

O

OH

O

O

R1
N

OMe
O

O

MeOMeO
O

O
HO

OH

R2 O

N

O

41
C18H37

R

2

OH
O

N
H

N
H

42

O

O

O

OH

7

40

HO
NH

O

OH

O

R1 -

O

HO

O

OH
O

HN

O
OH

O

C12H25
HO

O

OH

B)
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Würthner et al. reported substituted dumbbell-like PDIs of which the side chains were
systematically changed (Figure 2.8A). It was shown that dumbbell-like PDI 43 bearing apolar
side chains is able to self-assemble into columnar stacks in organic solvents[61] as similar
aggregation behavior was obtained for bolaamphiphilic PDI 44 in aqueous solution.[62] The ππ-stacking of the PDI 44 core in water was so pronounced that almost complete aggregation
was observed even at nanomolar concentrations.[63] Wedge-shaped PDI 43 showed micellar
aggregation in particles with a 4 – 6 nm diameter, which is in accordance with findings on PDI
42. However, when PDI 45 is coaggregated with PDI 46 (8:1 molar ratio), vesicular
architectures bearing a bilayer membrane are formed with a diameter of 100 nm and a
membrane thickness of 7 – 8 nm. Moreover, the surface curvature of the bilayer bearing
vesicles, and hence the diameter, can be tuned by varying the PDI ratio. Increasing the
hydrophobic ratio leads to an overall decrease in surface curvature and thus a larger particle
diameter. Therefore, maximum surface curvature has been observed for particles consisting
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of only PDI 45 as the supramolecular architectures become larger upon increasing amount of
coaggregated PDI 46 (Figure 2.8B). Additional stability in terms of size and shape was
obtained by photopolymerization of the acrylate moieties of PDI 45 in the self-assembled
state. Moreover, these spherical architectures could be loaded with dyes that could promote
fluorescence resonance energy transfer to the photoactive exterior and hence be explored
as supramolecular sensors.[64,65]
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Figure 2.8 | Direct relationship between molecular design and aggregation behavior. A) Chemical
structure of imide substituted dumbbell-like PDIs 43 and 44, which are able to self-assemble into
columnar stacks in organic solvents[61] and in aqueous solution,[62] respectively, as well as amphiphilic
PDIs 45 and 46, which are able to self-assemble into B) vesicle-like architectures in aqueous solution[62].
The colour of the side chains refer to polarity as red represents hydrophobic and blue hydrophilic
residues. Adapted with permission from reference 62. Copyright 2007, American Chemical Society.

In another approach, Rybtchinski et al. studied the aggregation behavior of PDIs by
modifying its bay positions. Multiple PDI designs showed that bay PEGylated PDIs are
excellent building blocks for self-assembly in aqueous solution.[66–70] However, only recently
bay PEGylated PDIs were explored for biological applications. Bay position substituted PDI 47
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(Scheme 2.9) consists of two PDI units which are bridged by a bipyridyl linker and was
developed into supramolecular membranes which could be used for separation of
nanoparticles[71] as well as for the immobilization and biocatalytic utilization of proteins.[72]
Moreover, large proteins such as enzymes can be deposited on the membrane which may
allow the development of enzyme-based sensors.
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Scheme 2.9 | Bay position substituted PDI 47 by Rybtchinski et al.,[71,72] which is explored as building block
for a supramolecular membrane.

While substantial effort has been made to prevent fluorescence quenching by shielding
the PDI chromophore using various approaches, perylene-based imaging systems that make
use of fluorescence quenching have been explored as well.[73,74] Genovese et al.[75] reported
on self-assembly of PDI 48 into supramolecular nanospheres, which leads to almost complete
fluorescence quenching (Figure 2.9). However, cellular uptake causes disaggregation of the
nanospheres resulting in fluorescence recovery. Due to this emission upon dissociation of the
aggregates, cells become green or red fluorescent, depending on the concentration of PDI
48. More in particular, multicolor fluorescence imaging can be envisioned using a phototuning process.[76] Specific cellular compartments can be given a specific photo-tuned
emission as they respond differently to photo-activation.
Similarly, Haag et al.[77] reported spherical micelles self-assembled from perylene imino
diesters (PIDEs) bearing two alkyl chains and a polyglycerol dendron of which the
fluorescence quantum yield is extremely low (Figure 2.9). However, PIDE 49 recovers high
fluorescence in a lipophilic environment. It was shown that this system could be used as a
fluid phase marker for disordered domains in artificial membranes as well as a staining agent
for the plasma membrane in living cells. As the dendron side is easy accessible for ligand
functionalization, PIDE 49 is envisioned to anchor and track bioactive ligands in cellular
membranes. Noncharged as well as charged monodendronized PDIs have also shown to be
suitable candidates as fluorescent labels and as bioconjugates.[78] We have reported on a bay-
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substituted derivative that was used as a fluorescent probe for artificial and cellular lipid
bilayers in a similar fashion.[79]
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Figure 2.9 | Disaggregation induced emission of perylene-based amphiphiles. Chemical structure of PDI
48 by Genovese et al.[75] and PIDE 49 used as a dye to stain membranes by Haag et al.[77] Reprinted with
permission from reference 77. Copyright 2013, American Chemical Society.

Besides imaging applications, perylene-based architectures have also been explored as
single component drug delivery systems.[80] Therefore, an anticancer drug was conjugated to
the perylene moiety yielding a photocaged perylene-chlorambucil conjugate (Pe-Cbl 50,
Figure 2.10), which was able to self-assemble into spherical nanostructures of 30 nm in
diameter. Hela cells incubated for 4 hours with Pe-Cbl nanospheres showed efficient cellular
uptake, a uniform distribution inside the cell and no significant change in cell viability.
However, upon visible light irradiation, Pe-Cbl 50 showed an increasing cytotoxicity due to
the photorelease of chlorambucil inside the cell. By varying the amount of substituents the
emission properties of the nanoparticles could be tuned (Pe-Cbl 51).[81] Moreover, the
emission wavelength of the perylene derivative shifts towards smaller wavelengths upon
photorelease of the drug. Therefore, this system is not only a versatile drug carrier and a
photocaged compound for the release of an anticancer drug, but also an imaging agent to
monitor the drug release in real time.
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Figure 2.10 | Drug release in cells by perylene-based nanoparticles. Chemical structure of Pe-Cbl 50 and
51 by Singh et al.[80] and Zhao et al.,[81] respectively, which have been explored as single-component
perylene-based drug delivery system for photocontrolled delivery of an anticancer drug. Reprinted with
permission from reference 80. Copyright 2012, American Chemical Society.

Conclusion and perspective
Supramolecular architectures based on π-conjugated small molecules have emerged as
versatile platforms for biological applications as their size and shape are well-defined while
bearing outstanding photophysical properties. Fluorene and perylene based building blocks
have been widely explored in order to enable and tune the self-assembly in water as well as
the interaction with biological matter. π-Conjugated small molecules bearing an amphiphilic
character can form stable and well-defined supramolecular architectures in an aqueous
environment. Decoration with bioactive ligands expands the functionality of the
supramolecular nanoparticles, for example by providing them with the ability to induce
cellular uptake and to specifically deliver cargo. Self-assembly of π-conjugated building blocks
can also give rise to spectral changes. Fluorene co-oligomers have been reported to bear an
enhanced fluorescence quantum yield upon self-assembly in aqueous solution, which is in
direct contrast to perylene-based derivatives which, upon aggregation, feature a broader and
less structured absorption spectrum with a reduced absorption coefficient and concomitant
low fluorescence quantum yield. As the fluorescence quantum yield of perylene-based
architectures is strongly dependent on strong excitonic interactions of its chromophore,
substantial effort has been made to shield the perylene core while simultaneously allowing
the shielding substituents to also direct the morphology of the supramolecular architecture.
En contraire, the large difference in fluorescence quantum yield between self-assembled and
molecularly dissolved perylene-based derivatives could be of great value for sensing and
imaging applications. While many research advances have already highlighted the potential
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of dynamic supramolecular architectures in biological applications, the number of studies
showing their directly use in biomedicine is, however, limited. The major challenges lie in the
synthesis of the small molecules as well as in the functionalization and the dynamics of the
supramolecular system. Although not discussed, it should be noted that in most cases the
number of synthetic steps to prepare the π-conjugated building blocks is rather high. From
an application point of view it would be desirable to have a limited number of steps. At the
same time that would allow readily tunable self-assembly properties. Moreover, knowledge
on the functionalization of supramolecular architectures with bioactive ligands and especially
their influence on the self-assembly behavior should be expanded in future studies. Deep
understanding on the relationship between the amphiphilicity and the self-assembly could
provide control over the dynamics of the supramolecular system and thus provide control
over key properties as modularity and adaptivity. While extensive research efforts on the
aforementioned issues are inevitable, we foresee that supramolecular architectures based on
π-conjugated small molecules will have a broad and lasting impact on applications in the fields
of i) sensing and targeted imaging, for example, by introducing different targeting ligands
that might induce synergistic binding effects; ii) therapeutics, e.g. drug-delivery and iii)
theranostics when reporter systems and therapeutic cargoes are combined in a single
dynamic architecture.
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Abstract
Self-assembled π-conjugated nanoparticles with tunable optical characteristics are
appealing for sensing and imaging applications due to their intrinsic fluorescence,
supramolecular organization and dynamics. Fluorene co-oligomers are particularly
interesting building blocks as they allow for the construction of highly fluorescent
nanoparticles. Here we report on the facile synthesis of fluorene co-oligomers in which
structural backbone alterations induce bathochromically shifted optical characteristics. The
concomitant self-assembled architectures present stable fluorescent nanoparticles with a
high quantum yield in aqueous solution. Moreover, the nature of the oligomer side-chains
was systematically altered to observe the role of bulkiness and polarity on the optical and
morphological properties. In combination with a previously reported fluorene co-oligomer,
co-assemblies were prepared that showed energy transfer between the different oligomers
which allows for tuning of the emission color. These compounds thus extend the fluorene cooligomer toolbox from which nanoparticles can be prepared with tailored physicochemical
properties that may result in supramolecular materials for biosensing.

This work was performed in collaboration with L. Ferrazzano and A. Tolomelli.
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Introduction
Nano-sized architectures have advantageous features for applications in a biological
setting such as e.g. imaging and sensing and have thus been developed in many forms.[1–3] In
contrast to molecular probes, nanoparticles are often non-cytotoxic and inert to nonspecific
interactions with surrounding biomolecules.[4] Moreover, surface modification of
nanoparticles with moieties as high affinity ligands and sensitive dyes can vastly benefit the
detectability and the ability to aim for specific targets.[5] Especially nanostructures which are
self-assembled from individual molecular building blocks are particularly interesting
candidates for biological applications due to their modularity. A versatile manufacturing
process, by which different monomers are mixed, can readily yield nanostructures with a
controlled morphology and bearing a decoration topology upon design. While many different
kind of nanoparticles are prepared,[6–9] fluorescent nanoparticles commonly allow for a high
spatial and temporal resolution and relatively straightforward detection.[10,11] The
fluorophores in this class of fluorescent systems generally present key features such as e.g.
high photostability, large Stokes shift and high quantum yield.
Intrinsically fluorescent nanoparticles based on π-conjugated chromophores have,
therefore, attracted much attention.[12–15] Most of these oligomers were derived from their
corresponding polymers[16] and show an increased dynamic behavior and more controllability
yet retaining the polymers key properties including outstanding optical characteristics.[17]
While there are many examples of π-conjugated structures in this field,[18,19] fluorene cooligomers particularly present a delicate interplay between chemical structure and
photophysical properties.[20] Their π-conjugated backbone commonly represent a low band
gap donor-acceptor type co-oligomer by direct covalent linkage of the donor and acceptor
fragment. The donating fluorene fragment allows for a high absorption cross section and
accommodates efficient through-bond energy transfer to the acceptor fragment, which
often results in bright chromophores that emit at long wavelengths. The central aromatic
backbone is typically flanked by a combination of hydrophobic and hydrophilic side-chains.
The design of the central core largely dictates fluorescence emission profile,[21] while the
nature of these side-chains influences the self-assembly behavior in aqueous solution.[22,23]
The concomitant unimolecular fluorene-based assemblies, which are commonly prepared
through reprecipitation of the oligomers, have shown to allow for the encapsulation of guest
molecules,[17,24] cellular uptake[25,26] and cargo delivery.[27,28] However, multicomponent
assemblies have become vastly more prominent for biological applications due to their
modularity and hence tunability of their characteristics by straightforwardly mixing different
building blocks. These co-assemblies showed to allow for a tunable fluorescence output[29]
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and controllable dynamics depending on the molecular design and oligomer blend.[30,31] The
tunable surface modulation by mixing differently functionalized oligomers have led to
multivalent nanoparticles which could target various biomolecules[32] and show efficient
cellular uptake.[33] These efforts have shown that fluorene-based nanostructures bear high
potential as multifunctional supramolecular imaging and sensing probes.
Nanostructures that display a large Stokes shift, preferably emitting in the infrared region,
are advantageous for bio-imaging applications, as little optical interferences of biomatter is
observed at these wavelengths. Therefore, a red-emitting fluorene co-oligomer was prepared
through the introduction of thienopyrazine as acceptor fragment, which exhibited, however,
a fairly low quantum yield.[27,29] Therefore, we aim here to elucidate a synthetic route towards
bathochromically shifted fluorene co-oligomers with a high quantum yield. The maximum
emission wavelength was bathochromically shifted by core-extending the π-conjugated
backbone of the co-oligomers as well as by the introduction of different acceptor fragments.
Preserving the quantum yield was probed by introducing flanking side-chains with different
polarities that could positively influence the optical properties in aqueous solution.
Moreover, the induced morphological alterations by these flanking moieties were studied
once self-assembled into nanostructures. While Förster resonance energy transfer (FRET), a
mechanism of non-radiative energy transfer between two chromophores which are in close
proximity, is a powerful tool to construct nanoparticles with tunable emission colors,[29,34] coassemblies were prepared that showed such energy transfer between different monomeric
building blocks (Figure 3.1). We envision that these results elucidate the interplay between
molecular design and physicochemical properties of fluorene co-oligomers and present a
straightforward method to prepare red-emitting nanoparticles with a high quantum yield.
FRET

Donor
+

Aqueous
Self-assembly

Acceptor

Figure 3.1 | Self-assembly of fluorene co-oligomers into a multi-component nanoparticle. Two fluorene
co-oligomers with different emission colors allow for the preparation of a mixed nanoparticle system in
which intermolecular energy transfer (FRET) between the chromophores results in primarily redemitting nanoparticles with tunable emission colors depending on the incorporated acceptor.
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Results and Discussion
Molecular design
A fluorene co-oligomer (OF) design of a previous study was taken as a molecular scaffold
for the design of novel fluorene co-oligomers.[31] This structure was extended by the
introduction of vinyl moieties in between the donor and acceptor fragments to allow for
planarization and hence conjugation by an in-plane twist of the entire π-conjugated backbone
(Figure 3.2). Moreover, different acceptor moieties were introduced to systematically study
the influence of an increased hydrophobicity and enlarged electronic nature of the fluorene
co-oligomer backbone on their physicochemical properties. An additional benzothiadiazole
moiety was introduced to enlarge the acceptor capacity that may allow for a higher quantum
yield. Also a fluorene co-oligomer that bears a naphthobisthiadiazole acceptor was proposed
as it has a much greater electron-accepting character as compared to the benzothiadiazole
moiety. This may lead in an intensified donor-acceptor conjugation which potentially reduces
the band gap and thus results in longer emission wavelengths. The effect of polarity on the
optical characteristics through for instance solvation as well as on the self-assembly behavior
was probed by the installation of flanking side-chain with altered size and hydrophobicity.
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Figure 3.2 | Molecular design of novel fluorene co-oligomers. The molecular design of the fluorene cooligomers as proposed in this chapter in which the acceptor fragment and the side-chains are
systematically altered. The color of the side chain refer to polarity.
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The synthesis of the three precursors started with the bromination of commercially
obtained 2-nitrofluorene (Scheme 3.1). While 2 precipitates from the reaction mixture and is,
therefore, straightforward to purify, there is a need for caution with the corrosive HBr that
evolves from the solution. Neutralisation was achieved by guiding the fumes through a
scrubbing aqueous 2N NaOH solution. Subsequently, 2 was added to a mixture of powdered
KOH and KI in dimethylsulfoxide resulting in a viscous, dark green solution. The solution
slowly turned black after the addition of (s)-1-bromo-3,7-dimethyloctane. The doubly
alkylated product 3 was obtained after extraction and column chromatography (SiO2) as an
orange oil that slowly solidified into yellow crystal plates. A vinyl moiety was introduced in a
Stille reaction by palladium-catalyzed coupling of 3 with an organostannane. It should be
noted that this reaction is only viable under extremely dry conditions and thus freeze-pumpthaw cycles were used to degas the mixture prior to the addition of the palladium catalyst.
Fluorene derivative 4 was obtained as a yellow oil after column chromatography in
satisfactory yield. π-Conjugated fluorene co-oligomer precursors 5 – 7 were obtained by a
Heck coupling between 4 and one of the acceptor fragments; that is, either dibromobenzothiadiazole or dibromo-naphthobisthiadiazole. One of these two aryldibromides and 4
were dissolved in degassed dimethylformamide together with potassium carbonate and
palladium catalysts. The reaction mixtures yielded precursors 5 and 7 after column
chromatography (SiO2) in 56% and 34% yields, respectively. Additionally, through palladiumcatalyzed Ullmann homocoupling of the arylbromides,[35] precursor 6 was extracted from the
reaction mixture between 4 and dibromo-benzothiadiazole in relatively small quantities.
While 6 was extracted as an unintended side product, the structure readily fits in the library
of fluorene co-oligomers and is, therefore, used as such in the proceedings of this chapter.
Both nitro moieties of precursors 5 – 7 were quantitatively reduced by stannous chloride
resulting in precursors 8 – 10 which bear amine handles that can be used to introduce flanking
moieties.
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Scheme 3.1 | Synthetic route towards fluorene co-oligomer precursors 8 – 10. i) Bromine, methylene
chloride, RT, 3h, 79%; ii) (s)-1-bromo-3,7-dimethyloctane, KOH, KI, dimethylsulfoxide, RT, 16h, 32%; iii)
tributyl(vinyl)stannane, 2,6-di-tert-butylphenol, PdCl2(PPh3)2, toluene, 16h, 100 °C, 78%; iv) dibromobenzothiadiazole (OF 5 & 7) or dibromo-naphthobisthiadiazole (OF 6), Pd(OAc)2, Pd(PPh3)4, K2CO3,
dimethylformamide, 16h, 100 °C, 56% (OF 5), 10% (OF 6), 34% (OF 7); v) stannous chloride, ethanol:ethyl
acetate (1:1), 16h, reflux, quant.

Side-chain functionalized gallic acid wedges with different polarities were chosen as
flanking moieties for these novel fluorene co-oligomers to appoint the influence of polarity
on their physicochemical properties as was reported for previously studied fluorene cooligomers.[31] The carboxylic acid of the gallic acid wedges was first converted into an acyl
chloride by using Ghosez’s reagent to enhance their reactivity. This conversion could be
monitored by NMR showing a downshift of the α-protons of about 0.1 ppm. Immediately
after the observation of complete conversion, the solution was concentrated under high
vacuum to evaporate the residual Ghosez’s reagent. Fluorene co-oligomer precursors 8 – 10
were functionalized in a one-pot fashion with aliphatic and ethylene glycol bearing gallic
wedges (Scheme 3.2). Each precursor was dissolved in dry THF containing triethylamine
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under inert conditions. Both acyl chloride gallic wedges were also dissolved in dry THF and
then combined and thoroughly mixed. This mixture was subsequently added dropwise to the
solutions containing precursors 8 – 10. The presence of a statistical distribution of
symmetrical and unsymmetrical fluorene co-oligomers per reaction mixture was shown after
1 hour with thin-layer chromatography (TLC). The solution was concentrated in vacuo and
subjected to column chromatography (SiO2) using a gradient of THF in heptane (30 – 70%).
The three fluorene co-oligomers could be conveniently isolated in satisfactory yields. In total,
this procedure readily yielded nine fluorene co-oligomers (11 – 19) with varying side chain
polarities and different aromatic cores.
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Scheme 3.2 | Synthetic route towards fluorene co-oligomers 11 – 19. i) triethylamine (1.2 eq.),
tetrahydrofuran, 1h, RT.

Next to the rather bulky flanking substituents, commercially available single-chain
moieties were introduced to yield fluorene co-oligomers with altered polarities in a relatively
straightforward fashion. The influence of the bulkiness of the side-chains on the
physicochemical properties of the resulting OFs could hence be studied comparatively
(Scheme 3.3). Both the N-hydroxysuccinimide esters of lauric acid and methyl-terminated
tetraethylene glycol were dissolved in dry methylene chloride, combined and mixed
thoroughly. This mixture was added dropwise to a solution of 8 and triethylamine in
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methylene chloride and stirred to react in a one-pot fashion. TLC confirmed the presence of
a mixture of three different fluorene co-oligomers which could be conveniently isolated by
isocratic column chromatography (SiO2). OF 20 – 22 with varying side chain polarities were
obtained pure and in satisfactory yields.
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Scheme 3.3 | Synthetic route towards fluorene co-oligomers 20 – 22. i) triethylamine (1.2 eq.), methylene
chloride, 16h, RT.

Self-assembly and optical properties
The optical properties of the fluorene co-oligomers were studied in their molecularly
dissolved state in anhydrous tetrahydrofuran (THF) in order to evaluate the influence of
different aromatic core moieties and varying side-chains. Subsequently, nano-sized
unimolecular architectures were prepared from OFs 11 – 22 by means of reprecipitation; rapid
injection of a stock solution of each fluorene co-oligomer in organic solvent into filter
sterilized demi-water followed by manual stirring yielded nanostructures. These nano-sized
architectures were characterized to study the influence of molecular design on their selfassembly behavior and their photophysical properties. The fluorene co-oligomers were
ranked by aromatic core moiety to show the interplay between side-chain polarity and selfassembly. The exact values of their maximum absorption and emission wavelengths,
including the extinction coefficient, quantum yield and hydrodynamic radius are, therefore,
tabulated as such and followed by a graphical overview of their physical properties.
Thereafter, the differences in optical properties between fluorene co-oligomers with varying
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aromatic core moieties are elucidated and compared to previously reported fluorene cooligomers.
In organic solvent, benzothiadiazole acceptor bearing OFs 11 – 13 show two absorption
bands around 360 nm and 490 nm. The first band likely to result from the π-π transition,
whereas the latter can be attributed to the charge-transfer transition that arises from the
donor-acceptor system (Table 3.1). The concomitant fluorescence spectra show their
maximum emission wavelength around 595 nm. While the exact numbers are slightly
dependent on the side-chain topology, their fluorescence quantum yields display only minor
variations. Interesting to note is that the extinction coefficient of the higher absorption
maxima, and thus the charge-transfer transition, is highly dependent on the side-chain
topology (Figure 3.3A). As the derivatives were excited at this second absorption band (480
nm), the maximum fluorescence intensity appears to be diminished without affecting the
fluorescence quantum yield.
Table 3.1 | Physicochemical characteristics of fluorene co-oligomers 11 – 13 in THF and in H2O.
OF

UV-Vis absorption λ/nm (ε/103 M–1 cm–1)

Fluorescence λmax/nm

Radius

(φPL/%)[a]

Rh/nm

THF

H2O

THF

H2O

H2O

11

363 (59.4); 492 (35.1)

360 (37.6); 468 (16.9)

594 (78)

590 (23)

92.3

12

342 (59.8); 479 (20.2)

338 (43.4); 459 (13.2)

594 (75)

590 (17)

85.6

13

373 (60.1); 494 (41.8)

360 (43.6); 481 (22.4)

596 (80)

612 (10)

67.0

[a] N,N’-bis(pentylhexyl)perylene-3,4:9,10-tetracarboxylic diimide (φ = 0.99) in methylene
chloride was used as a reference.

The unimolecular nano-sized architectures of OFs 11 – 13, prepared through reprecipitation
in water, displayed only minor changes in absorption as compared to their molecularly
dissolved state (Figure 3.3B). However, a clear hypsochromic shift of especially the second
absorption maxima can be observed. It should be noted that this blue-shift is different for
each of the OFs, reflecting the role of the side-chains on the aggregation behavior.
Hydrophobic side-chains seemingly induce a larger shift of the absorption wavelength,
suggesting that these nanostructures may be more tightly packed into H-type aggregates.[36]
Their fluorescence spectra show larger differences, including a clear bathochromic shift of
the emission maxima for the most polar derivative OF 13. The shift from 590 nm for the most
nonpolar derivative OF 11 to 612 nm for OF 13 is most likely due to additional water that is
encapsulated by nano-architectures of the latter. It was shown for fluorene-benzothiadiazole
copolymers that their emission is dependent on the polarity of the environment,[37] which is
in this case clearly dictated by the polarity of the side-chains. These copolymers exerted a
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bathochromic shift of their emission maxima along with a diminished fluorescence intensity
upon more hydrophilic surroundings, similar to the observations here. Satisfactory
fluorescence quantum yields are observed for these nanostructures as values over 10% are
reached for all these OFs. These numbers are remarkably high as compared to the
corresponding fluorene-based polymers[37] and also gratifying as compared to other redemitting fluorene co-oligomers.[29] The decreasing quantum yield of the nanostructures with
increasing polarity could be explained by the encapsulation of water, similar as mentioned
before. Dynamic light scattering (DLS) measurements showed a strong scattering correlation
for all three OFs. These correlations could be best fitted with a first order exponential decay,
revealing a single population of architectures. The concomitant scattering intensity
distributions revealed hydrodynamic radii around 80 nm (Figure 3.3C) and thus these OFs
clearly formed self-assembled nanostructures in water. The hydrodynamic radius of the OFs
increases with side-chain hydrophobicity, which can intuitively be explained by a reduced
solubility. The sizes of the nanostructures were also confirmed by transmission electron
microscopy (TEM). Figure 3.3D shows a TEM image of OF 11 that reveals a nanostructure size
that is slightly smaller than the observed size in DLS, that is, the difference between the actual
and hydrodynamic size. TEM analysis also revealed regular spherical particles with a fairly
monodisperse distribution and an amorphous internal morphology. This TEM image is
representative for images taken for nanostructures of OFs 12 and 13 in which similar
structures were found.
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Figure 3.3 | Optical and morphological properties of benzothiadiazole bearing fluorene co-oligomers.
UV-Vis absorption spectra (dashed lines) and corresponding fluorescence spectra (solid lines) of OFs 11
– 13 in A) THF and B) water (c = 1.5 × 10–5 M, λexc = 480 nm). C) DLS data indicating diameters of
nanoparticles formed in water and D) a representative TEM images of OF 11 in water (c = 1.5 × 10–5 M,
scale bar: 0.5 µm, insets: magnified TEM image of the same sample, scale bar: 100 nm).

OFs 14 – 16 have an additional benzothiadiazole moiety installed at the core of the πconjugated backbone. In organic solution, these fluorene co-oligomers showed similar optical
characteristics as compared to OFs 11 – 13, despite the extended π-conjugated system (Table
3.2). However, the side-chains of this class of oligomers seem to have less influence on the
optical properties as absorption and fluorescence spectra completely overlap (Figure 3.4A).
Table 3.2 | Physicochemical characteristics of fluorene co-oligomers 14 – 16 in THF and in H2O.
OF

UV-Vis absorption λ/nm (ε/103 M–1 cm–1)

Fluorescence λmax/nm

Radius

(φPL/%)[a]

Rh/nm

THF

H2O

THF

H2O

H2O

14

356 (36.8); 488 (22.1)

330 (29.9); 468 (13.5)

600 (81)

590 (59)

139.7

15

356 (36.1); 489 (21.9)

350 (23.4); 477 (10.5)

601 (78)

597 (64)

69.8

16

356 (35.4); 488 (21.1)

345 (25.3); 472 (10.9)

600 (77)

607 (51)

84.8

[a] N,N’-bis(pentylhexyl)perylene-3,4:9,10-tetracarboxylic diimide (φ = 0.99) in methylene
chloride was used as a reference.

49

| Chapter 3
In contrast, these co-oligomers show a clear dependency on side-chain polarity in aqueous
solution (Figure 3.4B). This dependency is barely observed in the absorption characteristics,
however, the polarity mainly has a large influence on the maximum emission wavelength
similar to OFs 11 – 13. A difference of approximately 20 nm can be observed comparing the
most apolar to the most polar derivative, with the highest wavelength for the latter. The
fluorescence quantum yield of this class of oligomers is remarkably high and superior to OFs
11 – 13 discussed before in this chapter. The enhanced quantum yield may be explained by an
enhanced acceptor capacity through the extension of the acceptor fragment by an additional
benzothiadiazole moiety. Interesting to note is that the hydrodynamic radii of the selfassembled structures from these oligomers is largely different with double the size of the
apolar nanoparticles as compared to the polar ones (Figure 3.4C). These size differences were
also observed in TEM as well as the spherical morphology and amorphous interior of all three
unimolecular nanostructures. Figure 3.4D shows the TEM image of nanoparticles selfassembled from OF 14, which is morphologically representative for OFs 15 and 16 whereas
their sizes vary.
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Figure 3.4 | Optical and morphological properties of double aromatic core bearing fluorene cooligomers. UV-Vis absorption spectra (dashed lines) and corresponding fluorescence spectra (solid
lines) of OFs 14 – 16 in A) THF and B) water (c = 1.5 × 10–5 M, λexc = 480 nm). C) DLS data indicating
diameters of nanoparticles formed in water and D) a representative TEM images of OF 14 in water (c =
1.5 × 10–5 M, scale bar: 0.5 µm, insets: magnified TEM image of the same sample, scale bar: 100 nm).
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Naphthobisthiadiazole was introduced as acceptor fragment bridging the two donor
fluorene moieties in OFs 17 – 19. In organic solution, these oligomers show a bathochromically
shifted second absorption band as compared to OFs 11 – 16 (Table 3.3), most likely due to the
greater electron-accepting character of naphthobisthiadiazole and thus the enhanced
charge-transfer transition. The oligomers could, therefore, be excited at a higher wavelength
and which resulted in higher maximum emission wavelengths and high quantum yields. These
observations were even more pronounced in aqueous solution in which the maximum
emission wavelength shifted up to 40 nm depending on the side-chain topology while still
satisfactory quantum yields were obtained.
Table 3.3 | Physicochemical characteristics of fluorene co-oligomers 17 – 19 in THF and in H2O.
OF

UV-Vis absorption λ/nm (ε/103 M–1 cm–1)
THF

H2O

Fluorescence λmax/nm

Radius

(φPL/%)[a]

Rh/nm

THF

H2O

H2O

17

354 (58.4); 527 (30.2)

357 (29.1); 507 (13.9)

617 (79)

610 (48)

134.3

18

355 (52.8) ; 527 (29.4)

355 (52.7); 511 (18.0)

618 (80)

627 (38)

125.0

19

355 (55.1); 526 (27.7)

355 (47.3); 515 (16.4)

618 (76)

630 (54)

103.6

[a] N,N’-bis(pentylhexyl)perylene-3,4:9,10-tetracarboxylic diimide (φ = 0.99) in methylene
chloride was used as a reference.

In organic solution, the optical properties of OFs 17 – 19 showed to be independent of sidechain polarity, similar to the oligomers discussed before (Figure 3.5A). In contrast, the optical
characteristics in water showed to be highly dependent on side-chain polarity for these
oligomers. The extinction coefficient was found to be significantly lower for OF 17 as
compared to the more polar derivatives (Figure 3.5B). Moreover, the maximum emission
wavelength shifted 20 nm depending on the side-chain polarity showing the highest emission
maxima for the most polar derivative, while retaining satisfactory fluorescence quantum
yields that approach 50%. Figure 3.5C shows the size distribution of these core-enlarged
oligomers measured with DLS. Although the hydrodynamic radii of the self-assembled
structures seem to be rather similar, a slight polarity dependency can be observed. The
largest size was observed for the most apolar derivative and the smallest for the most polar,
which may intuitively not be surprising. Interestingly, structures of a broader size-range were
found in DLS for derivative OF 18 for the first time during this study. TEM images showed,
however, similar architectures for all three derivatives. Spherical nanoparticles with an
amorphous interior were observed of which a representative image is shown in Figure 3.5D.
The morphological difference between the two populations of nanostructures of OF 18, as
indicated by the shoulder in its DLS trace, is thus most likely in size rather than in shape.
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Figure 3.5 | Optical and morphological properties of core-extended fluorene co-oligomers. UV-Vis
absorption spectra (dashed lines) and corresponding fluorescence spectra (solid lines) of OFs 17 – 19 in
A) THF and B) water (c = 1.5 × 10–5 M, λexc = 510 nm). C) DLS data indicating diameters of nanoparticles
formed in water and D) a representative TEM images of OF 17 in water (c = 1.5 × 10–5 M, scale bar: 200 nm,
insets: magnified TEM image of the same sample, scale bar: 100 nm).

While the aforementioned fluorene co-oligomers all bear large flanking gallic acid
wedges, single chain side-chains were also introduced to reduce the bulkiness of the
oligomers. Benzothiadiazole bearing OFs 20 – 22 only show minor differences in their optical
properties in organic solution (Figure 3.6A). In their molecularly dissolved state they exert
two absorption bands of which the maxima can be found around 356 nm and 487 nm (Table
3.4). The overlapping fluorescence spectra all show an emission maxima at exactly 596 nm.
The fluorescence quantum yields in organic solution are found to be slightly dependent on
side-chain polarity, though similar to the values observed for the corresponding bulky sidechain containing OFs 11 – 13.
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Table 3.4 | Physicochemical characteristics of fluorene co-oligomers 20 – 22 in THF and in H2O.
OF

UV-Vis absorption λ/nm (ε/103 M–1 cm–1)
THF

H2O

Fluorescence λmax/nm

Radius

(φPL/%)[a]

Rh/nm

THF

H2O

H2O

20

355 (52.0); 488 (27.4)

356 (43.5); 481 (21.2)

596 (82)

612 (29)

80.4

21

356 (44.4); 487 (25.8)

351 (40.6); 461 (18.8)

596 (78)

602 (30)

82.2

22

357 (41.9); 486 (25.1)

347 (37.9); 459 (16.5)

596 (72)

608 (27)

75.1

[a] N,N’-bis(pentylhexyl)perylene-3,4:9,10-tetracarboxylic diimide (φ = 0.99) in methylene
chloride was used as a reference.

The optical properties of OFs 20 – 22 in aqueous solution were found to be very similar to
one another as well as to the corresponding spectra in the molecularly dissolved state (Figure
3.6B). This is in contrast to the observations made for the fluorene co-oligomers featuring the
gallic acid bearing side-chains and highlight the role of side-chain size and polarity on the
physicochemical characteristics. The unimolecular nano-sized architectures showed
absorption maxima at around 352 nm and 465 nm and emission maxima at around 610 nm.
The fluorescence quantum yield of these nanostructures is yet remarkably high, possibly due
to less encapsulated water molecules as a result of the lower side-chain component.
Moreover, the quantum yield is even higher than comparable small-side chain containing
fluorene co-oligomers that were reported previously.[27] DLS analysis revealed self-assembled
architectures with hydrodynamic radii of around 80 nm for all three OFs (Figure 3.6D). These
sizes were confirmed by TEM analysis of which Figure 3.6D shows the observed structures
formed by OF 20. These images are representative for the ones taken from self-assemblies of
OFs 21 and 22 in water, which revealed similar spherical particles with a fairly monodisperse
distribution and an amorphous internal morphology.
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Figure 3.6 | Optical and morphological properties of single chain bearing fluorene co-oligomers. UV-Vis
absorption spectra (dashed lines) and corresponding fluorescence spectra (solid lines) of OFs 20 – 22 in
A) THF and B) water (c = 1.5 × 10–5 M, λexc = 480 nm). C) DLS data indicating diameters of nanoparticles
formed in water and D) a representative TEM images of OF 20 in water (c = 1.5 × 10–5 M, scale bar: 0.5 µm,
insets: magnified TEM image of the same sample, scale bar: 200 nm).

All the fluorene co-oligomers studied here form stable self-assembled fluorescent
nanostructures in water. The physical properties of the fluorene co-oligomers bearing the
large gallic acid wedges (OFs 11 - 19) can be modulated by the nature of the side-chains.
Nanostructures which are self-assembled from fluorene co-oligomers with polar side chains
were found to be smaller in size and had in general a lower fluorescence quantum yield as
their respective apolar derivatives. In contrast, OFs 20 – 22, which are equipped with smaller
single chain side-chains, are less prone to changes in their physical properties upon varying
side-chain polarity, while bearing similar morphological properties. These side-chains may,
intuitively, be too small to i) accommodate large amounts of water that can influence the
optical properties of the aromatic core – which was shown to be sensitive to polarity changes
– and ii) to alter the self-assembly characteristics dominated by the aromatic core and apolar
fluorene side chains.
The aromatic backbone of OFs 11 – 13 are by design most analogous to previously
reported[31] fluorene co-oligomers (Figure 3.7A) and by comparison solely modified by the
introduction of two vinyl moieties between the donor and acceptor fragments. This
54

Self-assembled nanoparticles based on fluorene co-oligomers |
modification introduces multiple degrees of rotational freedom through reduction of steric
hindrance, which in turn allows for planarization of the entire aromatic backbone. The
extended π-conjugated system hence results in an overall bathochromic shift of the optical
spectra (Figure 3.7B). The absorption maxima of OF 12 are bathochromically shifted as
compared to OF 23, even though the extinction coefficient seems to be slightly lower. More
importantly, the maximum emission wavelength has shifted with over 40 nm from 551 nm to
594 nm while comparable quantum yields are obtained. A superior enhancement of the
fluorescence quantum yield was obtained by the installation of an additional
benzothiadiazole acceptor moiety. The quantum yields of OFs 14 – 16 exceeded values of 50%,
which are the highest found to date for red-emitting fluorene co-oligomers, possibly through
planarization of the entire π-conjugated backbone and an enhanced acceptor capacity. An
additional bathochromic shift of the optical spectra was obtained by replacement of the
acceptor fragment by a naphthobisthiadiazole moiety resulting in OFs 17 – 19. The absorption
and emission maxima shifted by an additional 20 – 40 nm, depending on the side-chain
substitution topology, while retaining satisfactory quantum yields approaching 50%.
The

ensemble

of

backbone

alterations,

including

the

introduction

of

the

naphthobisthiadiazole core and the two bridging vinyl moieties, resulted in a maximum
emission wavelength of 630 nm (OF 18). That is a total bathochromic shift of 80 nm as
compared to a previously reported fluorene co-oligomer, such as e.g. OF 23 (Figure 3.7B).[31]
These classes of fluorene co-oligomers also span the entire 80 nm emission range, which may
allow for tuning of the optical characteristics of the final material upon desire. Moreover, a
significant enhancement in fluorescence quantum yields is obtained as compared to their
corresponding polymers[37] and other red-emitting fluorene co-oligomers.[27,29]
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Figure 3.7 | Comparison of the optical properties in between fluorene co-oligomers with and without
the bridging vinyl moieties. A) Molecular structure of OF 23.[31] B) UV-Vis absorption spectra (dashed
lines) and corresponding fluorescence spectra (solid lines) of OFs 12, 18 and 23 in THF (c = 1.5 × 10–5 M,
λexc = 480, 510 and 430 nm, resp.).
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Co-assemblies
Figure 3.7B shows that the absorption spectrum of OF 12 partially overlaps with the
emission spectrum of OF 23, which would potentially allow for FRET from the donor (OF 23)
to the acceptor (OF 12). Co-assemblies of these two co-oligomers were prepared by mixing
both stock solutions in THF, in which the donor concentration was retained constant over all
samples, prior to reprecipitation in water. Stable fluorescent nanoparticles were obtained
after annealing at 90 °C for 5 minutes, to ensure full mixing of the co-oligomers. The
fluorescence spectra of these co-assemblies are shown in Figure 3.8A in which the ratio of
these two derivatives were systematically varied. FRET occurred for all the mixtures, which is
shown by the rapid reduction in donor intensity and enhanced emission of the acceptor upon
introduction of the latter. The observed general enhancement of acceptor emission and the
rapid quenching of the donor emission, even at low acceptor concentrations, shows efficient
intra-nanoparticle energy transfer. A representative non-linear evolution of the fluorescence
intensity of the mixed structures with varied ratios can be clearly observed in the normalized
spectrum, with the highest donor intensity for the highest incorporation ratio (Figure 3.8B).
Together with the observed gradual bathochromic shift with increasing incorporation ratios
of OF 12, this suggests the formation of a blend at low incorporation ratios and of
homogeneous domains at high incorporation ratios.[38] This phase separation phenomenon is
referred to as self-sorting and is previously observed for fluorene co-oligomer mixtures.[30]
This is most likely caused by the different torsion angles between the fluorene moieties and
the central benzothiadiazole, via the introduction of the vinyl moieties, resulting in a
preferred self-sorting behavior rather than perfect mixing.[31] These two-component
nanoparticles exert efficient energy transfer at low incorporation ratios due to the high
quantum yield of the acceptor co-oligomers as compared to other multi-component systems
including red-emitting fluorene co-oligomers.[29] Moreover, this nanoparticle system could be
even further optimized by incorporation of e.g. OF 18, as the optical spectra overlap to a
greater extend and the fluorescence quantum yield is enhanced.
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Figure 3.8 | Efficient intra-nanoparticle energy transfer in dual-colour co-assemblies. A) Fluorescence
spectrum of co-assemblies of OF 12 and 23 in water at different acceptor incorporation ratios (c = 1.5 ×
10–5 M for OF 23 in all the samples and proportionally for OF 12, λexc = 430 nm). B) Normalized fluorescence
spectrum to guide the eye on the evolution of the FRET-ratio at different incorporation ratios.

Conclusion
In summary, we have shown the facile synthesis of a new series of fluorene co-oligomers
with bathochromically shifted emission wavelengths and high quantum yields. Planarization
of the π-conjugated backbone was induced by the introduction of two vinyl moieties bridging
the fluorene moieties and the central benzothiadiazole core providing donor-acceptor
conjugation. Together with the substitution of the single benzothiadiazole acceptor
fragment for an extended naphthobisthiadiazole with a greater electron-accepting
character, a total bathochromic shift of the emission maxima of 80 nm was realized as
compared to previously reported fluorene co-oligomers. Moreover, a significant increase in
fluorescence quantum yield as compared to the corresponding polymers and other redemitting fluorene co-oligomers was obtained with values around 50%. The side-chain polarity
was shown to render the optical properties and is thus an important parameter to identify
the preferred molecular structure per application. In general, apolar co-oligomers showed
slightly blue-shifted emission maxima and an enhanced fluorescence quantum yield as
compared to their corresponding polar co-oligomers. The straightforward introduction of
smaller side-chains revealed a reduced influence on the physicochemical properties.
Co-assemblies of a previously reported fluorene co-oligomer and a core-extended
fluorene co-oligomer as synthesized here showed efficient intra-nanoparticle energy
transfer, especially due to the enhanced fluorescence quantum yield of the latter. The FRET
efficiency could even be optimized by mixing the most bathochromically shifted co-oligomer,
which shows significant overlap of the optical spectra and an even higher quantum yield.
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Moreover, the ensemble of fluorene co-oligomers contains derivatives that display emission
maxima over an optical range between 590 and 630 nm, which may allow for tuning of the
fluorescence output of multi-component co-assemblies. The evolution of FRET-ratio
depending on acceptor incorporation ratios may thus allow these co-assemblies to be further
developed into an optically responsive system. We envision these novel fluorene cooligomers to be promising candidates for the preparation of nanoparticles with tailored
physicochemical properties that may find application in imaging and sensing.

Experimental section
General remarks
All solvents employed were obtained from Biosolve BV and used without purification unless stated
otherwise. The reagents were obtained from Sigma-Aldrich and used without purification. Analytical thin
layer chromatography (TLC) was carried out using Merck pre-coated silica gel using ultraviolet light
irradiation at 254 and 365 nm. Manual column chromatography was performed using Merck 60 Å pore
size silica gel (particle size: 63 – 200 μm). All the NMR data were recorded on a Bruker Advance-III 400
MHz equipped with a BBFO probe from Bruker (400 MHz for 1H-NMR and 100 MHz for 13C-NMR).
Chemical shifts are reported in parts per million (ppm) referenced to an internal standard of residual
chloroform-d (7.26 ppm for 1H-NMR and 77 ppm for 13C-NMR, relative to tetramethylsilane (TMS) as
internal standard). 1H-NMR and 13C-NMR signals were assigned with the aid of two-dimensional 1H, 13C HSQC and 1H,

13C

-HMBC spectra. Infrared spectroscopy was measured using a PerkinElmer FT-IR

Spectrum Two equipped with a Perkin-Elmer UATR Two. Matrix assisted laser desorption/ionisation
time-of-flight mass spectra (MALDI-TOF-MS) were measured on a PerSeptive Biosystems Voyager-DE
Pro spectrometer with a Biospectrometry workstation using 2-[(2E)-3-(4-t-butylphenyl)-2-methylprop-2enylidene]malononitrile (DCTB) and α-cyano-4-hydroxycinnamic acid (CHCA) as matrix material and
methylene chloride as solvent. Dynamic light scattering experiments (DLS) were performed on a
Malvern Instruments Limited Zetasizer μV (model: ZMV2000). The incident beam was produced by a
HeNe laser operating at 632 nm. Visualization by TEM was performed by a Technai G2 Sphera by FEI
operating at an acceleration voltage of 80 kV. Samples were prepared by drop-casting a 1.5 × 10–5 M
aqueous PDI solution on a carbon film on a 400 square mesh copper grid and dried for 1 minute.

Synthetic procedure
2-bromo-7-nitro-fluorene (2) | To a stirred solution of 2-nitrofluorene (5 g, 23.7 mmol) in dry methylene
chloride (24 mL) was added Br2 (2.7 μL, 52.1 mmol). The HBr, which soon evolved from solution was
guided through a trap to a scrubbing solution of 2N NaOH. The mixture was stirred for 3 h. A yellow
precipitate appeared, which was filtered off, washed with 5% NaHSO3 and water and dried with MgSO4.
The resulting light yellow material was found pure (5.4 g, 18.6 mmol, 79%). 1H NMR (400 MHz, CDCl3) δ
8.40 (s, 1H), 8.30 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.77 (s, 1H), 7.73 (d, J = 8.1 Hz, 1H), 7.59 (d, J =
8.1, Hz, 1H), 4.01 (s, 2H). 13C NMR (100 MHz, CDCl3) δ 147.04, 146.98, 146.59, 143.57, 138.45, 130.74, 128.74,
123.32, 123.11, 122.51, 120.56, 120.03, 36.79. GCMS (ESI) calc. for C13H8BrNO2 [M] 290.12; observed [M]+
290.25.
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2-bromo-9,9-bis((S)-3,7-dimethyloctyl)-7-nitro-fluorene (3) | 2-bromo-7-nitro-fluorene (2, 5 g, 17.2 mmol)
was added to a mixture of powdered KOH (3.9 g, 68.9 mmol) and potassium iodide (0.4 g, 2.6 mmol) in
DMSO (17 mL), which gave a viscous, dark green reaction mixture. (s)-1-bromo-3,7-dimethyloctan (9.5 g,
43.1 mmol) was added and the mixture was stirred overnight at room temperature. Water was added
and the aqueous phase was extracted with methylene chloride several times. After drying the combined
organic layer over MgSO4 and removal of the solvent, a black oil was obtained. Column chromatography
(silica, heptane + 20% methylene chloride) gave an orange oil that slowly solidified into yellow crystal
plates (3.1 g, 5.4 mmol, 32%). 1H NMR (400 MHz, CDCl3) δ 8.27 (dd, J = 8.4, 2.1 Hz, 1H), 8.19 (d, J = 2.2 Hz,
1H), 7.77 (d, J = 8.4 Hz, 1H), 7.65 (d, J = 8.5 Hz, 1H), 7.56 – 7.51 (m, 2H), 2.12 – 1.93 (m, 4H), 1.50 – 1.36 (m,
2H), 1.18 – 1.11 (m, 2H), 1.10 – 0.95 (m, 8H), 0.90 – 0.85 (m, 4H), 0.83 – 0.75 (m, 12H), 0.69 (dd, J = 6.6, 2.4
Hz, 6H), 0.61 – 0.32 (m, 4H). 13C NMR (100 MHz, CDCl3) δ 154.33, 151.57, 147.43, 146.51, 137.80, 130.75,
126.52, 123.71, 123.43, 122.46, 119.95, 118.21, 55.86, 39.12, 37.31, 37.24, 36.53, 36.50, 32.74, 30.42, 27.92,
27.90, 24.56, 24.50, 22.65, 22.62, 22.55, 19.43, 19.40. GCMS (ESI) calc. for C33H48BrNO2 [M] 570.66;
observed [M]+ 571.30.
9,9-bis((S)-3,7-dimethyloctyl)-2-nitro-7-vinyl-fluorene (4) | 2-bromo-9,9-bis((S)-3,7-dimethyloctyl)-7nitro-fluorene (3, 3.0 g, 5.25 mmol) and 2,6-di-tert-butylphenol (16.2 mg, 78.9 µmol) were dried under
vacuum for 30 min. Then, tributyl(vinyl)stannane (2.3 mL, 7.9 mmol) dissolved in toluene (30 mL) was
added and the mixture was degassed by freeze pumping. After the addition of Pd(PPh3)2Cl2 (55.3 mg,
78.9 µmol) the reaction mixture was stirred overnight at 100 °C. The solvent was removed in vacuo and
the resulting dark oil was subjected to column chromatography (silica, cyclohexane + 5 - 30% methylene
chloride) yielding a yellow oil (2.11 g, 4.07 mmol, 78%). 1H NMR (400 MHz, CDCl3) δ 8.26 (dd, J = 8.3, 2.1
Hz, 1H), 8.21 (d, J = 2.0 Hz, 1H), 7.75 (dd, J = 13.7, 8.1 Hz, 2H), 7.47 (dd, J = 7.9, 1.4 Hz, 1H), 7.41 (d, J = 1.5 Hz,
1H), 6.82 (dd, J = 17.6, 10.9 Hz, 1H), 5.86 (d, J = 17.5 Hz, 1H), 5.34 (d, J = 10.8 Hz, 1H), 2.05 (dddd, J = 20.8,
15.3, 10.2, 6.5 Hz, 4H), 1.42 – 1.33 (m, 2H), 1.24 – 0.86 (m, 12H), 0.79 (dd, J = 6.7, 1.5 Hz, 12H), 0.69 (dd, J =
6.6, 1.2 Hz, 6H), 0.64 – 0.37 (m, 4H). 13C NMR (100 MHz, CDCl3) δ 152.84, 152.23, 147.49, 147.18, 138.89,
138.70, 137.05, 125.84, 123.45, 121.38, 120.89, 119.83, 118.25, 114.75,55.59, 39.25, 37.50, 37.43, 36.68, 36.59,
32.96, 32.88, 30.54, 28.02, 28.00, 27.05, 24.69, 24.60, 22.75, 22.73, 22.66, 19.63, 19.59, 19.53, 17.40, 13.72.
GCMS (ESI) calc. for C35H51NO2 [M] 517.78; observed [M]+ 517.50.
7,7'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(9,9-bis((S)-3,7-dimethyloctyl)-2-nitro-7-vinyl-fluorene) (5) |
9,9-bis((S)-3,7-dimethyloctyl)-2-nitro-7-vinyl-fluorene

(4,

500

mg,

0.996

mmol)

and

4,7-

dibromobenzo[c][1,2,5]thiadiazole (135 mg, 0.460 mmol) were dried under vacuum for 30 min. Then,
K2CO3 (318 mg, 2.299 mmol) dissolved in DMF (2 ml) was added and the mixture was degassed by freeze
pumping. After the addition of diacetoxypalladium (10.5 mg, 47 µmol) and Pd(PPh3)4 (11.2 mg, 9.7 µmol),
the reaction mixture was stirred overnight at 90 °C. The solvent was removed in vacuo and the resulting
dark oil was subjected to column chromatography (silica, cyclohexane + 5 - 30% ethyl acetate) yielding a
red oil (300 mg, 0.257 mmol, 56%). 1H NMR (400 MHz, CDCl3) δ 8.29 (dd, J = 8.3, 2.2 Hz, 2H), 8.24 (s, 2H),
8.17 (d, J = 16.2 Hz, 2H), 7.87 – 7.61 (m, 12H), 2.27 – 1.99 (m, 8H), 1.50 – 1.32 (m, 4H), 1.24 – 1.14 (m, 4H), 1.12
– 0.86 (m, 24H), 0.81 – 0.75 (m, 24H), 0.73 – 0.69 (m, 12H), 0.67 – 0.37 (m, 8H). 13C NMR (100 MHz, CDCl3)
δ 154.35, 154.07, 154.05, 153.13, 153.10, 152.35, 152.32, 147.40, 147.38, 147.26, 147.23, 139.23, 139.12, 138.83,
138.72, 134.27, 133.68, 131.57, 130.49, 129.52, 128.56, 127.59, 127.25, 126.56, 126.49, 125.37, 125.22, 123.54,
121.77, 121.69, 121.62, 119.99, 119.95, 118.29, 55.75, 55.71, 39.27, 39.26, 37.61, 37.54, 36.68, 36.65, 32.93,
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30.64, 30.61, 28.02, 24.71, 24.65, 24.62, 22.77, 22.74, 22.67, 19.61. MALDI-ToF (m/z): calc. for C76H102N4O4S
[M] 1166.76; observed [M]+ 1166.78.
In addition, 7,7'-(bis(benzo[c][1,2,5]thiadiazole-4,7-diyl))bis(9,9-bis((S)-3,7-dimethyloctyl)-2-nitro-7-vinylfluorene) (6) got extracted from this reaction mixture which was formed through palladium-catalyzed
Ullmann homocoupling[35] of the aryl bromides (30.0 mg, 23.0 µmol, 10%). 1H NMR (400 MHz, CDCl3) δ
8.52 (d, J = 7.4 Hz, 2H), 8.38 – 8.14 (m, 6H), 7.95 (d, J = 7.5 Hz, 2H), 7.92 – 7.70 (m, 8H), 7.67 (s, 2H), 2.26 –
1.92 (m, 8H), 1.47 – 1.35 (m, 4H), 1.22 – 0.96 (m, 24H), 0.94 – 0.87 (m, 4H), 0.78 (d, J = 6.6 Hz, 24H), 0.71
(d, J = 6.5 Hz, 12H), 0.64 – 0.40 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 154z.40, 154.10, 153.16, 152.37, 147.41,
147.28, 139.27, 138.74, 134.32, 131.57, 130.55, 128.63, 127.27, 126.60, 125.25, 123.57, 121.77, 121.72, 120.02,
118.33, 55.77, 39.30, 39.28, 37.64, 37.58, 36.70, 32.96, 30.67, 28.04, 24.73, 24.67, 22.80, 22.77, 22.69, 19.62.
MALDI-ToF (m/z): calc. for C82H104N6O4S2 [M] 1300.76; observed [M]+ 1300.64.
7,7'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(9,9-bis((S)-3,7-dimethyloctyl)-2-amine-7-vinyl-fluorene) (6) |
A mixture of 7,7'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(9,9-bis((S)-3,7-dimethyloctyl)-2-nitro-7-vinylfluorene) (5, 250 mg, 214 µmol) in ethanol:ethyl acetate (1:1, 5 mL) was purged with argon for 10 minutes.
Then, dichloro-l2-stannane (324 mg, 1.71 mmol) was added and the mixture was stirred and refluxed for
16 h. The ethanol was removed in vacuo and the residue was poured in 35 mL ethyl acetate and extracted
with 1 N NaOH, which resulted in a clear phase separation after 2 hours. The organic fraction was
collected and washed another two times with 1 N NaOH, once with H2O and dried over MgSO4. The
organic fraction was concentrated in vacuo and a red/brown solid was obtained. In order to remove
residual tin salts, short path column chromatography (silica, cyclohexane + 30% ethyl acetate and 0.1%
triethylamine) was performed yielding a dark red solid (235 mg, 214 µmol, quant.). 1H NMR (400 MHz,
CDCl3) δ 8.07 (d, J = 16.2 Hz, 2H), 7.80 – 7.44 (m, 12H), 6.67 (s, 4H), 3.78 (s, 4H), 2.08 – 1.87 (m, 8H), 1.52 –
1.35 (m, 4H), 1.23 – 0.90 (m, 28H, 4CH), 0.81 – 0.76 (m, 24H), 0.73 – 0.69 (m, 12H), 0.69 – 0.47 (m, 8H). 13C
NMR (100 MHz, CDCl3) δ 154.19, 153.24, 150.44, 146.36, 142.35, 134.98, 134.12, 132.35, 129.46, 126.72, 126.15,
122.92, 121.10, 120.80, 118.69, 114.17, 109.78, 54.78, 39.40, 38.17, 36.82, 33.15, 30.67, 28.07, 24.83, 22.84,
19.71. MALDI-ToF (m/z): calc. for C76H106N4S [M] 1106.81; observed [M]+ 1106.83.
OFs 11 – 13 | To a solution of tris(dodecyloxy)benzoic acid (28.1 mg, 40.5 µmol) and tris(PEG4)benzoic acid
(36.1 mg, 40.5 µmol) in dry DCM (0.3 mL) under inert conditions in separate flasks, Ghosez reagent (10.5
mg, 81.0 µmol) was added dropwise in order to convert to the acyl-chloride derivatives. After 1 hour of
stirring, NMR confirmed full conversion of the benzoic acid to the acyl-chloride derivatives. The solution
was concentrated in vacuo in the dark for 90 minutes. In a separate flask, 7,7'(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(9,9-bis((S)-3,7-dimethyloctyl)-2-amine-7-vinyl-fluorene) (8, 29.9
mg, 27.0 µmol) was dissolved in dry THF (0.3 mL) under inert conditions and triethylamine (8.5 µL, 32.4
µmol) was added. The acyl-chloride derivatives (40.5 µmol) were both dissolved in dry THF (0.3 mL),
mixed and added dropwise to the solution containing the starting material and stirred for 1h at room
temperature. The solution was concentrated in vacuo and the resulting red residue was subjected to
column chromatography (silica, heptane + 30 - 70% THF) yielding OF 11 (11.8 mg, 4.9 µmol, 18%),OF 12 (22.8
mg, 9.2 µmol, 34%) and OF 13 (15.6 mg, 6.1 µmol, 23%) as red solids. OF 11 | 1H NMR (400 MHz, CDCl3) δ
8.12 (d, J = 16.2 Hz, 2H), 7.86 – 7.66 (m, 14H), 7.57 – 7.50 (m, 2H), 7.10 (s, 4H), 4.05 (dt, J = 12.4, 6.5 Hz,
12H), 2.10 – 1.99 (m, 8H), 1.91 – 1.70 (m, 12H), 1.51 – 1.25 (m, 112H), 1.16 – 0.97 (m, 28H), 0.88 (t, J = 6.6 Hz,
18H), 0.77 (d, J = 6.5 Hz, 24H), 0.71 (dd, J = 6.5, 2.0 Hz, 12H), 0.67 – 0.47 (m, 8H). 13C NMR (100 MHz, CDCl3)
δ 165.54, 154.18, 153.43, 152.53, 151.36, 141.75, 141.38, 140.64, 137.61, 137.49, 136.31, 130.23, 129.52, 127.04,
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126.18, 123.78, 121.39, 120.33, 119.78, 118.90, 114.73, 106.07, 73.74, 69.72, 55.33, 39.36, 36.78, 33.12, 33.08,
32.09, 30.50, 29.92, 29.87, 29.81, 29.75, 29.56, 29.53, 28.08, 26.26, 24.81, 24.71, 22.85, 22.82, 22.73, 22.71,
19.72, 19.67, 14.28. MALDI-ToF (m/z): calc. for C162H258N4O8S [M] 2419.96; observed [M+H]+ 2420.98. OF
12 | 1H NMR (400 MHz, CDCl3) δ 8.41 (s, 1H), 8.11 (d, J = 16.2 Hz, 2H), 7.81 – 7.56 (m, 16H), 7.29 (s, 2H), 7.10
(s, 2H), 4.30 – 4.25 (m, 6H), 4.05 (dt, J = 12.8, 6.5 Hz, 6H), 3.84 – 3.83 (m, 6H), 3.73 – 3.67 (m, 30H), 3.57 –
3.52 (m, 6H), 3.39 (s, 9H), 2.04 (s, 8H), 1.86 – 1.76 (m, 6H), 1.37 – 1.27 (m, 58H), 1.11 – 0.99 (m, 28H), 0.85
– 0.82 (m, 9H), 0.76 (d, J = 6.6 Hz, 24H), 0.72 – 0.69 (m, 12H), 0.64 – 0.46 (m, 8H). 13C NMR (100 MHz,
CDCl3) δ 168.94, 154.17, 153.42, 152.73, 152.33, 151.35, 142.68, 141.73, 141.31, 138.40, 138.00, 137.61, 137.47,
130.58, 129.87, 126.53, 126.05, 123.71, 121.37, 121.21, 120.53, 119.82, 118.91, 114.74, 109.97, 106.08, 72.51,
72.09, 71.02, 70.96, 70.83, 70.78, 70.75, 70.73, 70.71, 70.66, 70.56, 69.92, 69.73, 69.45, 69.08, 59.17, 59.10,
45.46, 39.35, 36.79, 32.08, 31.07, 29.85, 29.80, 29.55, 29.52, 28.06, 26.25, 24.70, 22.84, 22.70, 19.65, 14.27.
MALDI-ToF (m/z): calc. for C153H240N4O20S [M] 2485.76; observed [M+H]+ 2486.81. OF 13 | 1H NMR (400
MHz, CDCl3) δ 8.42 (s, 2H), 8.11 (d, J = 16.1 Hz, 2H), 7.87 – 7.48 (m, 16H), 7.29 (s, 4H), 4.26 (dt, J = 10.5, 4.9
Hz, 12H), 3.84 (dt, J = 22.7, 4.9 Hz, 12H), 3.73 – 3.61 (m, 60H), 3.56 – 3.51 (m, 12H), 3.36 (d, J = 17.6 Hz, 18H),
2.14 – 1.96 (m, 8H), 1.40 (dd, J = 12.9, 6.5 Hz, 5H), 1.19 – 0.95 (m, 28H), 0.76 (d, J = 6.7 Hz, 24H), 0.72 – 0.69
(m, 12H), 0.63 – 0.50 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 169.36, 160.35, 154.18, 153.59, 152.73, 151.41,
141.70, 140.35, 137.85, 137.11, 136.49, 134.48, 134.16, 130.33, 129.53, 127.18, 126.47, 123.88, 121.45, 121.15,
120.84, 120.24, 118.87, 117.55, 115.84, 108.06, 72.47, 72.10, 72.06, 70.84, 70.82, 70.77, 70.73, 70.65, 69.97,
69.45, 69.25, 59.17, 59.13, 39.36, 37.80, 36.80, 33.05, 30.81, 28.07, 24.89, 24.69, 22.71, 19.73. MALDI-ToF
(m/z): calc. for C144H222N4O32S [M] 2551.56; observed [M+H]+ 2552.34.
7,7'-(bis(benzo[c][1,2,5]thiadiazole-4,7-diyl))bis(9,9-bis((S)-3,7-dimethyloctyl)-2-amine-7-vinylfluorene)

(9)

|

A

mixture

of

7,7'-(bis(benzo[c][1,2,5]thiadiazole-4,7-diyl))bis(9,9-bis((S)-3,7-

dimethyloctyl)-2-nitro-7-vinyl-fluorene) (6, 27.3 mg, 21.0 µmol) in ethanol:ethyl acetate (1:1, 1 mL) was
purged with argon for 10 minutes. Then, dichloro-l2-stannane (31.8 mg, 168.0 µmol) was added and the
mixture was stirred and refluxed for 16 h. The ethanol was removed in vacuo and the residue was poured
in 10 mL ethyl acetate and extracted with 1 N NaOH, which resulted in a clear phase separation after 2
hours. The organic fraction was collected and washed another two times with 1 N NaOH, once with H2O
and dried over MgSO4. The organic fraction was concentrated in vacuo and a red/brown solid was
obtained. In order to remove residual tin salts, short path column chromatography (silica, cyclohexane
+ 30% ethyl acetate and 0.1% triethylamine) was performed yielding a dark red solid (26.0 mg, 21.0 µmol,
quant.). 1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 7.5 Hz, 2H), 8.12 (d, J = 16.3 Hz, 2H), 7.91 (d, J = 7.6 Hz,
2H), 7.75 (d, J = 16.2 Hz, 2H), 7.65 – 7.49 (m, 12H), 2.11 – 1.85 (m, 8H), 1.30 – 1.22 (m, 4H), 1.16 – 0.96 (m,
24H), 0.91 – 0.86 (m, 4H), 0.84 – 0.74 (m, 24H), 0.74 – 0.68 (m, 12H), 0.65 – 0.44 (m, 8H). 13C NMR (100
MHz, CDCl3) δ 154.44, 154.23, 153.30, 150.51, 146.44, 142.59, 135.12, 134.81, 132.32, 131.54, 131.10, 128.02,
126.30, 126.22, 122.65, 121.28, 120.87, 118.73, 114.20, 109.80, 54.83, 39.39, 38.16, 38.04, 36.84, 36.79, 33.14,
30.70, 28.08, 24.83, 24.74, 22.84, 22.75, 22.72, 19.68. MALDI-ToF (m/z): calc. for C82H108N6S2 [M] 1240.81;
observed [M]+ 1240.79.
OFs 14 – 16 | To a solution of tris(dodecyloxy)benzoic acid (12.0 mg, 17.3 µmol) and tris(PEG5)benzoic acid
(15.4 mg, 17.3 µmol) in dry DCM (0.3 mL) under inert conditions in separate flasks, Ghosez reagent (4.5
mg, 34.6 µmol) was added dropwise in order to convert to the acyl-chloride derivatives. After 1 hour of
stirring, NMR confirmed full conversion of the benzoic acid to the acyl-chloride derivatives. The solution
was concentrated in vacuo in the dark for 90 minutes. In a separate flask, 7,7'-
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(bis(benzo[c][1,2,5]thiadiazole-4,7-diyl))bis(9,9-bis((S)-3,7-dimethyloctyl)-2-amine-7-vinyl-fluorene)

(9,

14.3 mg, 11.5 µmol) was dissolved in dry THF (0.3 mL) under inert conditions and triethylamine (3.6 µL,
13.8 µmol) was added. The acyl-chloride derivatives (17.3 µmol) were both dissolved in dry THF (0.3 mL),
mixed and added dropwise to the solution containing the starting material and stirred for 1h at room
temperature. The solution was concentrated in vacuo and the resulting red residue was subjected to
column chromatography (silica, heptane + 30 - 70% THF) yielding OF 14 (8.2 mg, 3.2 µmol, 27%), OF 15 (14.3
mg, 5.5 µmol, 47%) and OF 16 (7.6 mg, 2.8 µmol, 25%) as red solids. OF 14 | 1H NMR (400 MHz, CDCl3) δ
8.50 (d, J = 7.4 Hz, 2H), 8.17 (d, J = 16.3 Hz, 2H), 7.99 – 7.89 (m, 2H), 7.86 – 7.59 (m, 12H), 7.58 – 7.49 (m,
2H), 7.09 (s, 4H), 4.05 (dt, J = 12.7, 6.5 Hz, 12H), 2.20 – 1.93 (m, 8H), 1.82 (dp, J = 23.4, 7.6, 7.1 Hz, 12H), 1.52
– 1.26 (m, 112H), 1.21 – 0.95 (m, 28H), 0.88 (t, J = 6.6 Hz, 18H), 0.77 (d, J = 6.5 Hz, 24H), 0.72 (dd, J = 6.5, 2.1
Hz, 12H), 0.67 – 0.49 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 165.45, 153.33, 141.66, 131.46, 126.39, 126.30,
124.32, 123.48, 121.42, 119.92, 118.90, 114.55, 106.02, 105.96, 73.59, 69.79, 69.53, 39.13, 37.67, 36.62, 36.58,
31.89, 31.06, 30.91, 30.36, 30.23, 29.50, 29.27, 27.84, 25.98, 24.52, 22.54, 22.41, 22.51, 19.43, 13.99. MALDIToF (m/z): calc. for C168H260N6O8S2 [M] 2553.96; observed [M+H]+ 2554.97. OF 15 | 1H NMR (400 MHz,
CDCl3) δ 8.50 (d, J = 7.3 Hz, 2H), 8.17 (d, J = 16.2 Hz, 2H), 7.94 (d, J = 7.7 Hz, 2H), 7.89 – 7.64 (m, 14H), 7.54
(d, J = 15.1 Hz, 2H), 7.10 (s, 2H), 4.34 – 4.15 (m, 6H), 4.05 (dt, J = 13.0, 6.6 Hz, 6H), 3.96 – 3.46 (m, 42H),
3.38 (s, 9H), 2.20 – 1.96 (m, 8H), 1.80 (dp, J = 29.5, 6.8 Hz, 6H), 1.51 – 1.23 (m, 58H), 1.19 – 0.93 (m, 28H),
0.88 (t, J = 6.6 Hz, 9H), 0.77 (d, J = 6.5 Hz, 24H), 0.74 – 0.67 (m, 12H), 0.66 – 0.47 (m, 8H). 13C NMR (100
MHz, CDCl3) δ 164.53, 157.57, 141.79, 134.93, 131.52, 126.66, 126.97, 126.58, 121.47, 121.79, 119.79, 118.92,
114.85, 106.02, 73.53, 71.73, 71.16, 71.05, 70.79, 70.73, 69.53, 58.99, 58.89 39.20, 37.77, 33.12, 31.92, 29.56,
29.53, 29.46, 29.33, 27.81, 26.03, 24.65, 24.21, 22.61, 22.57, 19.47, 14.03. MALDI-ToF (m/z): calc. for
C159H242N6O20S2 [M] 2619.75; observed [M+H]+ 2620.76. OF 16 | 1H NMR (400 MHz, CDCl3) δ 8.50 (d, J = 7.4
Hz, 2H), 8.16 (d, J = 16.3 Hz, 2H), 7.94 (d, J = 8.8 Hz, 2H), 7.85 – 7.51 (m, 18H), 4.29 – 4.23 (m, 12H), 3.92 –
3.77 (m, 24H), 3.77 – 3.58 (m, 36H), 3.58 – 3.46 (m, 24H), 3.33 (s, 18H), 2.06 (s, 8H), 1.51 – 1.42 (m, 4H), 1.21
– 0.93 (m, 28H), 0.81 – 0.75 (m, 24H), 0.75 – 0.68 (m, 12H), 0.66 – 0.51 (m, 8H). 13C NMR (100 MHz, CDCl3)
δ 165.39, 157.13, 141.85, 131.67, 126.49, 126.38, 124.45, 123.45, 121.68, 119.84, 117.50, 114.93, 107.98, 72.42,
72.09, 71.91, 70.59, 70.56, 69.81, 69.32, 69.01, 58.99, 58.94, 39.15, 37.84, 36.64, 32.94, 30.71, 29.49, 27.88,
24.57, 24.07, 22.53, 19.43, 13.99. MALDI-ToF (m/z): calc. for C150H224N6O32S2 [M] 2685.55; observed [M+H]+
2686.57.
7,7'-(naphtho[1,2-c:5,6-c']bis([1,2,5]thiadiazole)-5,10-diyl)bis(9,9-bis((S)-3,7-dimethyloctyl)-2-nitro-7vinyl-fluorene) (7) | 9,9-bis((S)-3,7-dimethyloctyl)-2-nitro-7-vinyl-9H-fluorene (54.1 mg, 0.104 mmol) and
5,10-dibromonaphtho[1,2-c:5,6-c']bis([1,2,5]thiadiazole) (20 mg, 0.050 mmol) were dried under vacuum
for 30 min. Then, K2CO3 (34.4 mg, 0.249 mmol) dissolved in DMF (1 ml) was added and the mixture was
degassed by freeze pumping. After the addition of diacetoxypalladium (1.14 mg, 5.07 µmol) and
Pd(PPh3)4 (1.21 mg, 1.045 µmol), the reaction mixture was stirred overnight at 90 °C. The solvent was
removed in vacuo and the resulting dark oil was subjected to column chromatography (silica,
cyclohexane + 5 - 30% ethyl acetate) yielding a red oil (21.6 mg, 16.9 µmol, 34%). 1H NMR (400 MHz, CDCl3)
δ 8.94 (s, 2H), 8.33 (d, J = 16.2 Hz, 2H), 8.31 – 8.28 (m, 2H), 8.24 (d, J = 2.1 Hz, 2H), 7.91 – 7.74 (m, 8H), 7.71
(s, 2H), 2.14 (tq, J = 18.0, 6.6, 5.0 Hz, 8H), 1.47 – 1.36 (m, 4H), 1.26 – 1.16 (m, 4H), 1.12 – 0.87 (m, 24H), 0.81
– 0.75 (m, 24H), 0.73 – 0.69 (m, 12H), 0.68 – 0.40 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 153.82, 153.68,
153.19, 152.42, 147.35, 139.46, 138.56, 134.99, 129.98, 126.69, 125.40, 125.14, 124.61, 123.60, 121.89, 121.79,
120.07, 118.36, 55.80, 39.30, 39.28, 37.63, 36.75, 36.73, 33.00, 30.73, 28.05, 27.06, 24.74, 24.70, 22.80,
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22.77, 22.68, 19.66, 19.63. MALDI-ToF (m/z): calc. for C80H102N6O4S2, (m/z): [M] 1274.74; observed [M]+
1274.74.
7,7'-(naphtho[1,2-c:5,6-c']bis([1,2,5]thiadiazole)-5,10-diyl)bis(9,9-bis((S)-3,7-dimethyloctyl)-2-nitro-7vinyl-fluorene) (10) | A mixture of 7,7'-(naphtho[1,2-c:5,6-c']bis([1,2,5]thiadiazole)-5,10-diyl)bis(9,9bis((S)-3,7-dimethyloctyl)-2-nitro-7-vinyl-fluorene) (7, 21.6 mg, 17.0 µmol) in ethanol:ethyl acetate (1:1, 1
mL) was purged with argon for 10 minutes. Then, dichloro-l2-stannane (25.7 mg, 136 µmol) was added
and the mixture was stirred and refluxed for 16 h. The ethanol was removed in vacuo and the residue
was poured in 8 mL ethyl acetate and extracted with 1 N NaOH, which resulted in a clear phase
separation after 2 hours. The organic fraction was collected and washed another two times with 1 N
NaOH, once with H2O and dried over MgSO4. The organic fraction was concentrated in vacuo and a
red/brown solid was obtained. In order to remove residual tin salts, short path column chromatography
(silica, cyclohexane + 30% ethyl acetate and 0.1% triethylamine) was performed yielding a dark red solid
(20.6 mg, 17.0 µmol, quant.). 1H NMR (400 MHz, CDCl3) 8.27 (d, J = 16.2 Hz, 2H), 7.77 (d, J = 16.2 Hz, 2H),
7.73 – 7.63 (m, 2H), 7.63 – 7.56 (m, 6H), 7.56 – 7.48 (m, 2H), 6.76 – 6.61 (m, 4H), 2.09 – 1.93 (m, 8H), 1.43
– 1.43 (m, 4H), 1.22 – 1.16 (m, 4H), 1.15 – 0.97 (m, 24H), 0.82 – 0.75 (m, 24H), 0.74 (dd, J = 6.5, 1.9 Hz, 12H),
0.69 – 0.53 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 153.89, 153.36, 150.53, 146.49, 142.75, 135.69, 134.72,
132.31, 130.24, 126.41, 125.15, 123.58, 122.61, 121.39, 120.93, 118.81, 114.22, 109.80, 54.84, 39.41, 39.39, 38.18,
36.87, 36.82, 33.18, 30.74, 28.08, 27.07, 24.84, 24.78, 22.84, 22.75, 22.72, 19.74, 19.70. MALDI-ToF (m/z):
calc. for C80H106N6S2 [M] 1214.79; observed [M]+ 1214.78.
OFs 17 – 19 | To a solution of tris(dodecyloxy)benzoic acid (11.4 mg, 16.5 µmol) and tris(PEG5)benzoic acid
(14.7 mg, 16.5 µmol) in dry DCM (0.3 mL) under inert conditions in separate flasks, Ghosez reagent (4.3
mg, 33.0 µmol) was added dropwise in order to convert to the acyl-chloride derivatives. After 1 hour of
stirring, NMR confirmed full conversion of the benzoic acid to the acyl-chloride derivatives. The solution
was concentrated in vacuo in the dark for 90 minutes. In a separate flask, 7,7'-(naphtho[1,2-c:5,6c']bis([1,2,5]thiadiazole)-5,10-diyl)bis(9,9-bis((S)-3,7-dimethyloctyl)-2-nitro-7-vinyl-fluorene) (10, 13.3 mg,
11.0 µmol) was dissolved in dry THF (0.3 mL) under inert conditions and triethylamine (3.4 µL, 13.2 µmol)
was added. The acyl-chloride derivatives (16.5 µmol) were both dissolved in dry THF (0.3 mL), mixed and
added dropwise to the solution containing the starting material and stirred for 1h at room temperature.
The solution was concentrated in vacuo and the resulting red residue was subjected to column
chromatography (silica, heptane + 30 - 70% THF) yielding OF 17 (7.9 mg, 3.1 µmol, 28%), OF 18 (12.8 mg,
4.9 µmol, 45%) and OF 19 (7.4 mg, 2.8 µmol, 25%) as red solids. OF 17 | 1H NMR (400 MHz, CDCl3) δ 8.34 (d,
J = 16.2 Hz, 2H), 7.90 – 7.63 (m, 14H), 7.60 – 7.51 (m, 2H), 7.10 (s, 4H), 4.09 – 4.01 (m, 12H), 2.19 – 1.97 (m,
8H), 1.81 (dt, J = 30.1, 7.4 Hz, 12H), 1.50 – 1.27 (m, 112H), 1.21 – 0.96 (m, 28H), 0.89 (t, J = 6.6 Hz, 18H), 0.77
(dd, J = 6.6, 1.8 Hz, 24H), 0.74 – 0.71 (m, 12H), 0.69 – 0.51 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 165.50,
153.39, 141.45, 135.53, 128.12, 127.92, 126.36, 125.65, 124.04, 121.63, 119.99, 119.88, 118.94, 114.66, 106.00,
73.58, 69.58, 39.16, 37.69, 36.65, 36.63, 33.03, 32.98, 31.91, 31.02, 30.45, 30.24, 29.51, 29.33, 27.80, 26.02,
24.54, 24.09, 22.57, 22.54, 22.53, 19.47, 14.01. MALDI-ToF (m/z): calc. for C166H258N6O8S2 [M] 2527.94;
observed [M+H]+ 2528.97. OF 18 | 1H NMR (400 MHz, CDCl3) δ 8.34 (d, J = 16.8 Hz, 2H), 7.96 – 7.61 (m,
18H), 7.11 (s, 2H), 4.28 (s, 6H), 4.09 – 4.02 (m, 6H), 3.62 (d, J = 51.0 Hz, 42H), 3.37 (s, 9H), 2.26 – 1.96 (m,
8H), 1.86 – 1.75 (m, 6H), 1.53 – 1.27 (m, 58H), 1.22 – 0.94 (m, 28H), 0.89 (t, J = 6.6 Hz, 9H), 0.77 (dd, J = 6.6,
1.7 Hz, 24H), 0.74 – 0.70 (m, 12H), 0.68 – 0.47 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 164.80, 153.15, 141.86,
135.39, 128.31, 126.29, 124.74, 121.54, 119.82, 119.24, 118.98, 114.89, 107.95, 106.00, 73.58, 72.44, 71.88,
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70.55, 69.79, 69.58, 69.30, 58.97, 58.94, 39.13, 37.77, 36.73, 36.71, 32.96, 31.91, 30.45, 29.51, 29.26, 27.86,
26.00, 24.50, 22.55, 22.53, 19.46, 14.00. MALDI-ToF (m/z): calc. for C157H240N6O20S2 [M] 2593.74; observed
[M+H]+ 2594.76. OF 19 | 1H NMR (400 MHz, CDCl3) δ 8.34 (d, J = 15.3 Hz, 2H), 7.97 – 7.54 (m, 20H), 4.43 –
4.14 (m, 12H), 3.82 – 3.54 (m, 84H), 3.36 (s, 18H), 2.28 – 1.93 (m, 8H), 1.45 – 1.40 (m, 4H), 1.17 – 0.97 (m,
28H), 0.84 – 0.76 (m, 24H), 0.74 – 0.71 (m, 12H), 0.69 – 0.51 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 165.19,
156.47, 141.61, 134.99, 128.54, 125.93, 125.04, 123.63, 121.67, 120.01, 119.56, 118.88, 114.63, 107.99, 106.00,
73.48, 71.99, 71.16, 71.34, 70.72, 70.08, 69.53, 69.34, 58.91, 58.85, 39.14, 37.81, 36.70, 32.91, 30.79, 30.39,
28.18, 27.01, 24.43, 22.87, 22.51, 19.43, 13.99. MALDI-ToF (m/z): calc. for C148H222N6O32S2 [M] 2659.54;
observed [M+H]+ 2660.56.
OFs 20 – 22 | The pH of a solution of 7,7'-(benzo[c][1,2,5]thiadiazole-4,7-diyl)bis(9,9-bis((S)-3,7dimethyloctyl)-2-amine-7-vinyl-fluorene) (8, 59.8 mg, 54.0 µmol) in dry methylene chloride (1.0 ml) was
adjusted to 8 using a few drops of TEA (1.2 eq.). Methyl-PEG4-NHS (36.0 mg, 108.0 µmol) and lauric acidNHS (32.1 mg, 108.0 µmol) dissolved in dry methylene chloride (0.5 mL) were added dropwise and the
reaction continued overnight at room temperature under an inert atmosphere. The crude reaction
mixture was purified by column chromatography (silica, methylene chloride + 1% methanol) yielding OF
20 (18.3 mg, 12.4 µmol, 22% yield), OF 21 (37.9 mg, 25.1 µmol, 47% yield) and OF 22 (15.6 mg, 10.1 µmol,
19% yield) as red solids. OF 20 | 1H NMR (400 MHz, CDCl3) δ 8.10 (d, J = 16.2 Hz, 2H), 7.77 – 7.54 (m, 14H),
7.48 (d, J = 8.2 Hz, 2H), 7.19 (s, 2H), 2.39 (t, J = 7.6 Hz, 4H), 2.14 – 1.90 (m, 8H), 1.84 – 1.69 (m, 4H), 1.47 –
1.23 (m, 28H), 1.19 – 0.96 (m, 28H), 0.93 – 0.83 (m, 14H), 0.80 – 0.75 (m, 24H), 0.73 – 0.67 (m, 12H), 0.65 –
0.46 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 169.75, 154.17, 152.42, 151.28, 141.75, 137.59, 136.41, 134.88,
134.04, 128.49, 126.95, 126.16, 122.01, 121.33, 120.30, 119.69, 118.48, 114.31, 55.26, 39.36, 36.77, 33.05, 32.07,
30.67, 29.86, 29.80, 29.78, 29.66, 29.58, 29.50, 28.08, 25.72, 24.80, 24.71, 22.85, 22.82, 22.71, 19.67, 14.28.
MALDI-ToF (m/z): calc. for C100H150N4O2S [M] 1472.39; observed [M]+ 1472.15. OF 21 | 1H NMR (400 MHz,
CDCl3) δ 8.72 (s, 1H), 8.10 (d, J = 16.2 Hz, 2H), 7.90 – 7.54 (m, 16H), 7.48 (s, 1H), 3.88 (t, J = 5.6 Hz, 2H), 3.75
– 3.62 (m, 10H), 3.56 – 3.53 (m, 2H), 3.37 (s, 3H), 2.69 (t, J = 5.6 Hz, 2H), 2.11 – 1.94 (m, 8H), 1.44 – 1.25 (m,
24H), 1.19 – 0.95 (m, 28H), 0.89 – 0.87 (m, 3H), 0.77 (dd, J = 6.6, 2.6 Hz, 24H), 0.72 – 0.67 (m, 12H), 0.64 –
0.43 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 169.92, 154.17, 152.29, 151.33, 141.59, 138.12, 136.84, 136.04,
134.10, 129.47, 126.94, 126.13, 123.58, 121.34, 120.06, 119.57, 118.75, 114.60, 72.06, 70.79, 70.67, 70.55, 70.48,
67.37, 59.15, 55.25, 55.22, 39.35, 38.30, 37.95, 37.81, 36.82, 36.77, 33.14, 33.05, 32.06, 30.70, 29.79, 29.76,
29.65, 29.57, 29.51, 29.49, 28.06, 24.88, 24.79, 24.69, 22.83, 22.81, 22.72, 22.70, 19.69, 19.61, 14.26. MALDIToF (m/z): calc. for C98H146N4O6S [M] 1508.33; observed [M]+ 1508.08. OF 22 | 1H NMR (400 MHz, CDCl3)
δ 8.73 (s, 2H), 8.09 (d, J = 16.2 Hz, 2H), 7.82 – 7.54 (m, 14H), 7.46 – 7.36 (m, 2H), 3.87 (t, J = 5.7 Hz, 4H),
3.74 – 3.62 (m, 20H), 3.56 – 3.52 (m, 4H), 3.37 (s, 6H), 2.69 (t, J = 5.6 Hz, 4H), 2.11 – 1.91 (m, 8H), 1.47 – 1.35
(m, 4H), 1.18 – 0.93 (m, 25H), 0.89 – 0.84 (m, 4H), 0.77 (dd, J = 6.6, 2.6 Hz, 24H), 0.72 – 0.67 (m, 12H), 0.63
– 0.42 (m, 8H). 13C NMR (100 MHz, CDCl3) δ 169.94, 154.14, 152.26, 151.30, 141.56, 138.09, 136.82, 136.02,
134.04, 129.47, 126.94, 126.09, 123.56, 121.31, 120.04, 119.56, 118.72, 114.56, 72.03, 70.76, 70.64, 70.53, 70.45,
67.36, 59.14, 55.20, 39.33, 38.27, 38.01, 37.74, 36.79, 33.12, 33.03, 30.75, 28.04, 24.87, 24.67, 22.82, 22.80,
22.70, 22.68, 19.67, 19.59. MALDI-ToF (m/z): calc. for C96H142N4O10S [M] 1544.27; observed [M]+ 1544.03.
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Particle formation
Nano-sized architectures were prepared from unimolecular building blocks by means of reprecipitation.
This includes rapid injection of 15 µL of a 1 × 10–3 M OF stock solution dissolved in anhydrous
tetrahydrofuran (≥ 99.9%) into 1 mL filter sterilized demineralized water followed by manual stirring,
yielding a 1.5 × 10–5 M nanoparticle solution.

Optical measurements
UV-Vis spectra were measured on a Jasco V-650 spectrophotometer equipped with a Perkin-Elmer PTP1 Peltier temperature control system. The spectra were measured in quartz cuvettes and extinction
coefficients were calculated from Lambert-Beer’s law. Fluorescence spectra were recorded on a Varian
Cary Eclipse fluorescence spectrophotometer. Fluorescence quantum yields (φ) were calculated from
the integrated intensity under the emission band (I) using equation 1, where OD is the optical density of
the solution at the excitation wavelength and n is the refractive index. N,N’-bis(pentylhexyl)perylene3,4:9,10-tetracarboxylic acid bisimide (φ = 0.99) in methylene chloride was used as a reference.
=

(1)
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4
Side-chain polarity and self-assembly
behavior of perylene diimides

Self-assembly
in water

Abstract
Perylene-3,4:9,10-tetracarboxylic acid diimides (PDIs) have recently gained considerable
interest for water-based biosensing applications. PDIs have been studied intensively in the
bulk state, but their physical properties in aqueous solution in interplay with side-chain
polarity are, however, poorly understood. Therefore, three perylene-diimide based
derivatives were synthesized to study the relationship between side-chain polarity and their
self-assembly characteristics in water. The polarity of the side-chains dictates the size and
morphology of the formed aggregates. Side-chain polarity renders the self-assembly and
photophysical properties of the PDIs – both important for imminent water-based applications
– which show to be especially responsive to changes in solvent composition.

This work has been published as:
J. Schill, L-G. Milroy, J.A.M. Lugger, A. P. H. J. Schenning, L. Brunsveld, ChemistryOpen 2017, 6, 266–272.
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Introduction
Nanostructures fabricated by the molecular self-assembly of π-conjugated polymers and
small molecules have been widely explored for diverse applications.[1–3] While polymers have
the advantage of solution processing, the self-assembly of small molecules has gained much
interest due to their defined chemical structures as well as their tunability and dynamics in
the aggregated states.[4–6] In particular, the self-assembly of chromophoric small molecules
holds great promise for applications in optoelectronics[7–9], polyelectrolytes[10–12] and
sensing[13–15] due to their relevant optical properties. In these fields, an attractive class of
chromophores, perylene-3,4:9,10-tetracarboxylic acid diimides (PDIs), has been widely used
due to their ease of synthesis, strong intermolecular π-π interactions which facilitate the selfassembly process, besides their excellent electronic and optical properties.[16–18] Research
into PDIs has mainly focused on their use in bulk. For example, the liquid crystalline behavior
of this dye resulted in semiconducting[19–21] and temperature-responsive materials.[22,23]
Moreover, solvent-free techniques were exploited to shape these dyes into well-defined
fibers[24] and to prepare oriented nanoporous silica films.[25] In contrast to advances in bulk
processing, the number of studies on PDIs in aqueous solution has been limited by their poor
solubility. Recent efforts have been made to improve the aqueous solubility of PDIs, by
introducing hydrophilic substituents at different positions on the perylene core.[26,27] Intrinsic
aggregation of these dyes in water was subsequently suppressed by introducing polar
dendron substituents at the imide positions, and by controlling the dendron generation.[28]
Hence, side-chain polarity can influence the physical characteristics of conjugated polymers
and small molecules in aqueous solution.[29,30] Stable polymer dots were formed through the
introduction of hydrophobic side-chains,[31,32] while the introduction of polar side-chains led
to a dynamic polymers,[33] and vesicle formation by combining both hydrophobic and
hydrophilic side-chains into amphiphilic polymers.[34,35] Similar results were obtained for πconjugated small molecules bearing hydrophobic side-chains, which could self-assemble into
nanoparticles,[36,37] of either spherical[38–40] or vesicular[41–43] morphologies, while the majority
of bola-amphiphilic π-conjugated small molecules were molecularly dissolved.[44,45] Moreover,
the performance of electronic devices based on PDIs was shown to depend on side-chain
polarity.[46–49] Concomitantly, the importance of PDI side-chain polarity in aqueous
environment has been touched upon for the design of functional surfactants for carbon
nanotubes.[50] These studies all concluded that stability and dynamics of PDIs are dependent
on side-chain polarity, which is therefore also a key parameter for controlling PDI-based
supramolecular systems. Although core-twisted PDIs have been studied to obtain kinetic
control over co-self-assembly,[51] the influence of the side-chain polarity of PDI derivatives on
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their physical properties in aqueous solution has not been investigated. Therefore, in this
work we studied three PDI derivatives with systematically altered side-chains to shed light on
how differences in side-chain polarity correlate to changes in the self-assembly properties of
these small molecules. A detailed understanding of the physical properties of PDIs is
fundamental to the rational design of PDI derivatives for imminent water-based applications.

Results and Discussion
Molecular design
Three known PDI derivatives with varying side-chain polarity were chosen for this study
to allow for a comparison of our solution data with the reported bulk properties, and thereby
the influence of side-chain polarity on the thermotropic properties of these small
molecules.[52] As the introduction of swallow tail substituents at the imide position is typically
sufficient to impart solubility and as PDI derivatives bearing these substituents have been
studied in bulk, a hydrophobic and hydrophilic swallow tail were selected as side-chains
(Scheme 4.1). While condensation of perylene-3,4:9,10-tetracarboxylic dianhydride with an
excess of primary amines generally allows access to symmetrical bisimides in high yields,
unsymmetrical derivatives are usually prepared by partial saponification in strong acidic or
basic environment followed by a second condensation reaction.[48,52] The preparation of a
statistical mixture of symmetrically and unsymmetrically substituted perylene derivatives by
treating the dianhydride with a mixture of primary amines reportedly leads to difficulties with
purification.[53] For the ease of synthesis, however, here the dianhydride starting material was
substituted by SI-3 and heptyloctylamine in a one-pot fashion to yield a mixture of PDIs 1 – 3.
Fortunately, the three derivatives bearing systematically altered side-chain polarity could be
conveniently isolated by silica gel column chromatography in 22%, 24% and 11% yield,
respectively, with an overall yield of 57%. This straightforward synthetic route thus allows for
satisfactory yields of these different PDI derivatives for further studies into their respective
self-assembly properties.
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Scheme 4.1 | Synthetic route towards perylene-3,4:9,10-tetracarboxylic acid diimides (PDIs) derivatives 1
– 3. i) Imidazole, 180 °C, 16h, 57%.[48]

Thermotropic behavior
In order to confirm the bulk properties of the three derivatives, the thermotropic behavior
was studied by a combination of differential scanning calorimetry (DSC) and polarized optical
microscopy (POM). Moreover, X-ray diffraction (XRD) was measured to study the molecular
order in their mesophases. To exclude influences of sample thermal history, the first heating
cycle in the DSC measurements was neglected. The phase transition temperatures observed
in the first cooling and second heating cycle are shown in Figure 4.1A. The thermograms of
PDIs 1 – 3 all show a mesophase upon cooling from the isotropic melt.
A)

B)
PDI 1
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122
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d100= 18.5
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daliphatic= 4.2
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Figure 4.1 | Thermotropic behavior of PDI derivatives. A) DSC thermograms of PDI 1 – 3 showing the
second heating and first cooling cycle at heating rate of 10 K min–1 with respective transition
temperatures (°C). B) XRD patterns of Colh mesophases of PDI 1 (at 105 °C), 2 (at 70 °C) and 3 (at 60 °C).
d-Spacings are given in Ångström.

XRD measurements revealed that the mesophases exhibited a monotropic hexagonal
columnar (Colh) texture (Figure 4.1B), which was confirmed by polarization microscopy
(Figure 4.2). Despite the controversy in the literature about the liquid crystalline behavior of
1,[54,55] our results are consistent with earlier findings.[47,52] In summary, the liquid crystalline
temperature window of the perylene derivatives could be controlled by means of the side-
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chain substitution pattern. In addition, the melting point of the liquid crystalline phase and
the clearing temperature revealed to be side-chain dependent, indicating the impact of the
structure-property relationship.
A)

B)

C)

Figure 4.2 | Polarized optical microscopy images of LC textures under crossed polarizers. A) PDI 1
annealed in the mesophase at 110 °C showing typical focal conic texture of Colh phase, B) PDI 2 showing
large dendritic growth aggregates of Colh phase formed upon annealing at 135 °C and C) PDI 3 in
mesophase at 105 °C showing fan-shaped focal conic textures. Scalebar: 200 µm.

Morphology and optical properties
The optical properties of the three derivatives were first determined in the molecularly
dissolved state, by measuring the optical properties in tetrahydrofuran (THF, Figure 4.3A). In
this organic solvent, the absorption maxima of all three derivatives appeared at 522 nm, along
with two higher vibronic transitions located at 486 nm and 455 nm, which is characteristic for
dissolved PDI chromophores.[18] Additionally, the fluorescence spectra represent a mirror
image of the absorption spectra maintaining the vibronic pattern accompanied by wellresolved fine structures. Accordingly, despite the varying imide substituents, the shape and
position of the absorption and emission spectra are almost identical in their non-aggregated
state. The fluorescence quantum yield in organic solution is concomitantly quantitative.
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Figure 4.3 | Optical and morphological properties of imide-substituted perylene derivatives. UV-Vis
absorption spectra (dashed lines) and corresponding fluorescence spectra (solid lines) of PDI 1 – 3 in A)
THF and B) water (c = 1.5 × 10–5 m, λexc = 455 nm). C) DLS data of PDI 1 and 2 and D) TEM images of PDI 1
(left) and 2 (right) in water (c = 1.5 × 10–5 m, scale bar: 200 nm, insets: magnified TEM image of the same
sample, scale bar: 50 nm).

Given the focus of this work on the interplay between self-assembly and side-chain
polarity in an aqueous environment, nano-sized unimolecular architectures were prepared
from PDIs 1 – 3 by means of reprecipitation.[32,56] Rapid injection of a stock solution of each
PDI in organic solvent into filter sterilized demi-water followed by manual stirring yielded
nano-sized architectures. These structures were characterized by a range of techniques to
study the influence of side-chain hydrophobicity on their physical properties.
In aqueous solution (Figure 4.3B) a blue shift of the absorption maxima to 499 nm is
observed. The intensity reversal of the vibronic transitions indicates that the Frank-Condon
factors now favor the higher excited vibronic state, suggesting the formation of H-type π-π
stacks.[57] Moreover, the distinct drop in overall absorption intensity and clear scattering
effects pinpoint the formation of self-assemblies, with PDIs 1 and 2 in a similar molecular
environment. Owing to a pronounced excitonic coupling between closely stacked PDIs, the
fluorescence spectra of PDI 1 and 2 display a typical excimer-type broad emission band with a
large stokes shift that is accompanied by a significant drop in fluorescence quantum yield in
aqueous solution (Table 4.1). This fluorescence quenching process is a well-known feature of
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H-type perylenediimide stacks in water and has been attributed to aggregation driven by
intermolecular π-π interactions.[58] In contrast, PDI 3 still shows a retained vibronic pattern, a
moderate stokes shift and a relatively high quantum yield. These results suggest that PDI 3
forms weaker π-π interactions than PDIs 1 and 2 and, hence, that smaller aggregates or maybe
even partially dissolved molecules in aqueous solution are present, resulting in a less
pronounced effect on its optical properties (vide infra).
The hydrodynamic diameter of the formed nanostructures was determined by dynamic
light scattering (DLS). Figure 4.3C shows the intensity distribution fitted to a spherical model
which was derived from the corresponding correlograms. These correlograms show a strong
scattering correlation for PDIs 1 and 2, though no correlation for PDI 3, which in the latter case
suggests the absence of large aggregates and is in line with the optical properties in water.
In contrast, PDIs 1 and 2 measured a hydrodynamic diameter of 178 nm and 123 nm,
respectively. TEM analysis of PDIs 1 and 2 dropcasted from an aqueous solution indeed
revealed regular spherical particles with a monodisperse distribution and an amorphous
internal morphology at low concentration of 1.5 × 10–5 m (Figure 4.3D). In addition, the
observed particle size in TEM is in agreement with the aforementioned DLS data. These
results reveal that the side-chain polarity of PDIs 1 – 3 determines their solubility, selfassembly, and hence their morphology and optical properties in aqueous solution.
Table 4.1 | Optical characteristics and hydrodynamic radius of PDI derivatives in THF and H2O (c = 1.5 × 10–
5

M, λexc = 455 nm).

PDI

1
2
3

UV-Vis absorption λ/nm (ε/103 M–1 cm–1)

Fluorescence λmax/nm (φPL/%)[b]

Radius Rh/nm

THF

H2O

THF

H2O
629 (6)

61.3

644 (1)

86.5

545; 585 (15)

-[a]

455 (14.7); 486

494 (7.9); 545

534; 571; 618

(40.0); 522 (65.9)

(5.3)

(93)

455 (12.2); 486

499 (8.5); 547

533; 571; 618

(32.5); 522 (53.3)

(5.0)

(89)

455 (14.8); 486

499 (20.2); 533

533; 571; 617

(37.3); 522 (60.0)

(17.6)

(83)

[a] The absence of scattering correlation suggests no large aggregates are formed in water. [b]
N,N’-bis(pentylhexyl)perylene-3,4:9,10-tetracarboxylic diimide (φ = 0.99) in methylene chloride
was used as a reference.

Self-assembly characteristics
Given that the nanostructures are formed upon rapid injection of the molecularly
dissolved PDIs into water, it is reasonable to assume that these aggregate structures exist in
a kinetically trapped state. This assumption was further supported by changing the self73
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assembly process from reprecipitation to simple dissolution in water where either a fast (PDI
3, minutes), very slow (PDI 2, multiple days) or no (PDI 1) dissolution was observed. The
intrinsic binding strength of the PDIs, which is driven by the hydrophobic interactions, was
compared by performing absorption measurements in THF-enriched aqueous solutions
(Figure 4.4A – C). The transition from monomers to aggregates occurred at different solvent
mixtures depending on the solubility of the PDIs. Intuitively, the most hydrophilic PDI 3 shows
a transition from monomer to aggregate only in samples with very little THF, while the most
hydrophobic PDI 1 already aggregates in highly THF-enriched aqueous solution. Moreover,
PDIs 1 and 2 exhibit a sharp transition between monomeric and aggregate states upon a
decreasing THF content while PDI 3 features a more gradual transition, again highlighting the
interplay between side-chain polarity and self-assembly (Figure 4.4D).
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Figure 4.4 | Solvent-dependent optical properties of PDIs with altered hydrophobicities. UV-Vis
absorption spectra of PDI A) 1, B) 2 and C) 3 in different H2O/THF mixtures. Arrows indicate spectra
changes for THF enriched mixtures (c = 2.0 × 10–5 M). D) The relative aggregation state of PDI 1, 2 and 3
in THF enriched aqueous solutions, derived at (λ = 522 nm).
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With the need for a better understanding of the PDI assembly characteristics towards
biomedical applications, temperature-dependent optical measurements were performed in
order to characterize the interaction between monomers in more detail. However, no
significant change in absorption or fluorescence was observed for PDIs 1 and 2, suggesting an
extremely high intrinsic binding constant between these perylene derivatives due to
hydrophobic interactions (Figure 4.5A & B).
In contrast, the temperature-dependent optical measurements of PDI 3 clearly show an
increase in both absorption and fluorescence intensity (Figure 4.5C). The spectra feature the
characteristic signatures of molecularly dissolved PDIs at elevated temperatures. Hence a
thermodynamic equilibrium for the assembly of PDI 3 can be presumed. Additionally,
aggregates of this derivative could not be observed with DLS or TEM and the monomer-like
vibronic pattern observed in the optical measurements of Figure 4.3B both suggest small
aggregates and molecular dissolved species of PDI 3 in aqueous solution. To elucidate the
aggregation mechanism, the absorbance of a typical aggregation band (λ = 533 nm) was
probed as a function of temperature. The resulting cooling curve is characterized by a nonsigmoidal shape and the concomitant absence of a critical aggregation temperature (Figure
4.5C, inset).[59,60] However, the intrinsic binding constants in aqueous solution are too high to
switch the system completely to monomerically dissolved PDIs purely by elevating the
temperature and thus the melting temperature and concomitant binding constants could not
be determined from these measurements.
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To understand the formation of the aggregates of PDI 3 in more detail, concentrationdependent UV-Vis absorption measurements were performed in water. A gradual decrease
of the absorption maxima accompanied by a small bathochromic shift was observed, showing
a transition from monomeric PDIs to aggregated species upon increasing concentration
(Figure 4.6A). A similar transition from monomer to aggregates was also observed by
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increasing the hydrophobic effect in THF/H2O mixtures (Figure 4.4C). The corresponding plot
of the extinction coefficient versus the PDI 1 concentration could subsequently be fitted to
the dimer model (Figure 4.6B).[61] Although the strong aggregation properties of PDI 3
necessitates measuring at low concentrations with resulting low absorption intensity, the
intrinsic binding constant of PDI 3 was determined to be 2.2 × 105 M-1 in water. The resulting
degree of aggregation (αagg) was calculated, revealing that the transition from monomeric
(αagg close to zero) to aggregated species (αagg close to one) covers a large concentration
range (Figure 4.6C). These findings suggest that ethylene glycol functionalized PDI 3 shows
only a weak excitonic coupling in its aggregated state possibly due to weaker intermolecular
π-π interactions through an enhanced solubility in polar solvents. In addition, a prohibited
longitudinal growth was observed, possibly by steric hindrance or back folding of the sidechains and, hence, the formation of only small aggregates.
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Figure 4.6 | The intrinsic binding constant of PDI 3. A) Concentrations-dependent UV-Vis absorption
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To further corroborate the confined aggregate size of PDI 3 in aqueous solution, diffusion
ordered spectroscopy (DOSY) NMR experiments were conducted. Analysis of the DOSY
spectra reveals translational diffusion coefficients of 1.006 × 10–9 and 1.096 × 10–10 m2s–1 in
chloroform and water at room temperature, respectively. Considering the Stokes-Einstein
equation, the hydrodynamic radius can be determined (Experimental section). Despite the
elongated nature of the aggregates over the assumed spherical morphology in this equation,
hydrodynamic radii of 4.0 and 22.4 Å were derived, respectively, suggesting smaller
aggregates as compared to PDIs 1 and 2. In order to show the dynamic nature of PDI 3
aggregates in water, DOSY measurements at elevated temperatures were performed. The
diffusion coefficients and hence the derived hydrodynamic radii of the aggregates show a
linear inverse relationship with temperature, showing a gradual disassembly process upon
increasing temperature (Figure 4.6D). These results are consistent with the aforementioned
absorption measurements.

Conclusion
In summary, we have reported the synthesis of three perylene diimide derivatives, each
prepared in a one-pot fashion, with each derivative bearing imide-substituents with
systematically altered side-chain polarity, being the main factor controlling assembly and
dynamics. Subsequent to the analysis and comparison of their thermotropic behavior in bulk,
the influence of side-chain polarity on their aggregation kinetics in aqueous solution was
studied. While a decreased side-chain polarity resulted in kinetically trapped structures
bearing high intrinsic binding constants due to hydrophobic interactions favorable over
aqueous solubility, the introduction of polar side-chains resulted in assemblies with a
thermodynamic, responsive nature. Concomitantly, small aggregates were observed in
absorption and DOSY measurements, which are likely caused by steric hindrance upon
longitudinal growth as well as by the increased solubility of the PDI derivative. These findings
thus clearly demonstrate that side-chain polarity not only plays a key role in bulk, but is
similarly important for the self-assembly behavior of perylene derivatives in aqueous solution.
The polarity of the substituents on the π-conjugated perylene core dictates the size,
morphology and optical properties of the self-assembled nano-sized architectures. We
foresee this principle to be of value regarding the molecular design of perylene-based
systems for imminent water-based applications.
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Experimental section
General remarks
All solvents employed were obtained from Biosolve BV and used without purification unless stated
otherwise. The reagents were obtained from Sigma-Aldrich and used without purification. Analytical thin
layer chromatography (TLC) was carried out using Merck pre-coated silica gel using ultraviolet light
irradiation at 254 and 365 nm. Manual column chromatography was carried out using Merck 60 Å pore
size silica gel (particle size: 63 - 200 μm). All the NMR data were recorded on a Bruker Advance-III 400
MHz equipped with a BBFO probe from Bruker (400 MHz for 1H-NMR and 100 MHz for 13C-NMR).
Chemical shifts are reported in parts per million (ppm) referenced to an internal standard of residual
proteosolvent Chloroform-d (7.26 ppm for 1H-NMR, 77 ppm for 13C-NMR, relative to tetramethylsilane
(TMS) as internal standard). 1H-NMR and 13C-NMR signals were assigned with the aid of two-dimensional
1H, 13C

-HSQC and 1H, 13C-HMBC spectra. Matrix assisted laser desorption/ionization time of flight mass

spectra (MALDI-TOF-MS) were measured on a PerSeptive Biosystems Voyager-DE Pro spectrometer
with

a

Biospectrometry

workstation

using

2-[(2E)-3-(4-tert-butylphenyl)-2-methylprop-2-

enylidene]malononitrile (DCTB) and α-Cyano-4-hydroxycinnamic acid (CHCA) as matrix material and
methylene chloride as solvent. For the LC-MS a C18, Jupiter SuC4300A, 150 x 2.00 mm column using H2O
with 0.1 % F.A. and acetonitrile with 0.1% F.A. with a gradient of 5% to 100% acetonitrile in 10 min, with a
flow rate of 0.2 mL/min. POM was performed with a Jeneval microscope equipped with crossed
polarizers, a Linkam THMS 600 heating stage, and a Polaroid DMC le CCD camera. DSC measurements
were performed in hermetic T-zero aluminum sample pans using a TA Instruments Q2000 – 1037 DSC
instrument equipped with a RCS90 cooling accessory. Transition temperatures and enthalpies were
typically determined from the first cooling and second heating run using Universal Analysis 2000
software (TA Instruments, USA), with heating and cooling rates of 10 K min–1. XRD profiles were recorded
on a Ganesha lab instrument equipped with a Genix-Cu ultra-low divergence source producing X-ray
photons with a wavelength of 1.54 Å and a flux of 1 × 108 photons s–1. Diffraction patterns were collected
using a Pilatus 300K silicon pixel detector with 487 x 619 pixels of 172 µm2 placed at a sample to detector
distance of 91 mm. Temperature was controlled with a Linkam HFSX350 heating stage and cooling unit.
Azimuthal integration of the diffraction patterns was performed by utilizing the SAXSGUI software. The
beam center and the q-range were calibrated by using silver behenate (d(100) = 0.1076 Å–1; 58.39 Å); d(300)
was used for the calibration. Measurements were performed on bulk samples sealed in 1.0 mm diameter
glass capillaries, 0.01-mm-wall thickness (Hilgenberg). Dynamic light scattering experiments (DLS) were
performed on a Malvern Instruments Limited Zetasizer μV (model: ZMV2000). The incident beam was
produced by a HeNe laser operating at 632 nm. Visualization by TEM was performed by a Technai G2
Sphera by FEI operating at an acceleration voltage of 80 kV. Samples were prepared by drop-casting a
1.5 × 10–5 M aqueous PDI solution on a carbon film on a 400 square mesh copper grid and dried for 1
minute.

79

| Chapter 4

Synthetic procedure
Imide-substituted perylene derivatives (1 – 3)[48] Perylene-3,4:9,10-tetracarboxylic dianhydride (100 mg,
255 µmol), heptyloctylamine (58 mg, 255 µmol) and SI-3 (98 mg, 255 µmol) were added to imidazole (500
mg) and the mixture was stirred at 170 °C for 16 h under argon. Subsequently, the mixture was slowly
cooled down to room temperature and diluted with EtOH and 2 M HCl (1:1). The mixture was stirred for
3 h, filtered and washed several times with a mixture of EtOH and 2 M HCl (1:1) and then with warm water.
The residue was dried (vacuum stove) yielding a dark red material that was purified by silica column
chromatography (CH2Cl2 + 5% MeOH) using a stepwise gradient to obtain PDI 1 – 3 with an overall yield
of 57%. The reported 1H-NMR and 13C-NMR data are in good agreement with reference [52].
PDI 1 | 45.5 mg, 56.1 µmol (22%). 1H NMR (400 MHz, CDCl3) δ 8.67 – 8.47 (m, 8H, 8ArH), 5.23 – 5.12 (m, 2H,
N-CH), 2.31 – 2.18 (m, 4H, 2αCH2), 1.93 – 1.81 (m, 4H, 2αCH2), 1.39 – 1.15 (m, 40H, 20CH2), 0.81 (t, J = 6.6 Hz,
12H, 4CH3). 13C NMR (100 MHz, CDCl3) δ 164.60, 163.53 (4C, CONR), 134.38, 131.80, 131.07, 129.56, 126.35,
124.00, 123.28, 122.95 (20C, CAr), 54.89 (2C, N-CH), 32.50, 31.93, 29.65, 29.36, 27.14, 22.73 (24C, CH2), 14.18
(4C, CH3). MALDI-ToF (m/z): calc. for C54H70N2O4 [M] 811.15; observed [M]– 810.56.
PDI 2 | 59.2 mg, 61.2 µmol (24%). 1H NMR (400 MHz, CDCl3) δ 8.69 – 8.45 (m, 8H, 8ArH), 5.75 – 5.66 (m,
1H, N-CH-OEG), 5.24 – 5.13 (m, 1H, N-CH), 4.19 (dd, J = 10.5, 7.8 Hz, 2H, αOCH2-OEG), 3.96 (dd, J = 10.6, 5.8
Hz, 2H, αOCH2-OEG), 3.76 – 3.50 (m, 20H, 10OCH2-OEG), 3.48 – 3.44 (m, 4H, 2OCH2-OEG), 3.31 (s, 6H,
2OCH3), 2.36 – 2.15 (m, 2H, αCH2), 1.96 – 1.81 (m, 2H, αCH2), 1.42 – 1.12 (m, 20H, 10CH2), 0.80 (t, J = 6.6 Hz,
6H, 2CH3).13C NMR (100 MHz, CDCl3) δ 163.95 (4C, CONR), 134.65, 134.44, 131.99, 131.56, 131.26, 129.86,
129.63, 126.46, 126.41, 124.07, 123.48, 123.19, 123.03 (20C, CAr), 72.00, 70.66, 70.61, 70.58, 70.48, 69.44 (14C,
OCH2-OEG), 59.11 (2C, OCH3), 54.92 (1C, N-CH), 52.26 (1C, N-CH-OEG), 32.51, 31.93, 29.65, 29.36, 27.13, 22.74
(12C, CH2), 14.20 (2C, CH3). MALDI-ToF (m/z): calc. for C54H74N2O12 [M] 967.19; observed [M]– 966.50.
PDI 3 | 31.5 mg, 28.1 µmol (11%). 1H NMR (400 MHz, CDCl3) δ 8.75 – 8.40 (m, 8H, 8Ar), 5.75 – 5.65 (m, 2H,
N-CH-OEG), 4.19 (dd, J = 10.6, 7.7 Hz, 4H, 2αOCH2-OEG), 3.99 (dd, J = 10.6, 5.8 Hz, 4H, 2αOCH2-OEG), 3.75
– 3.43 (m, 48H, 24OCH2-OEG), 3.28 (s, 12H, 4OCH3). 13C NMR (100 MHz, CDCl3) δ 164.00 (4C, CONR), 134.68,
131.60, 129.69, 126.51, 123.23, 123.02 (20C, CAr), 72.02, 70.68, 70.61, 70.60, 70.49, 69.47 (28C, OCH2-OEG),
59.13 (4C, OCH3), 52.30 (2C, N-CH). MALDI-ToF (m/z): calc. for C58H78N2O20 [M] 1123.24; observed [M]–
1122.55.
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2-(dibenzylamino)propane-1,3-diol (SI-1) | 2-Aminopropane-1,3-diol (5.00 g, 54.9 mmol) and anhydrous
potassium carbonate (22.8 g, 165 mmol) were suspended in ethanol (200 mL). Benzyl bromide (28.2 g,
165 mmol) was added dropwise over a course of 30 min while stirring thoroughly. After the mixture was
refluxed for 3 h, the residue were separated by filtration, and volatiles were removed under reduced
pressure. The residue dissolved in EtOAc was washed with water, aqueous NaHCO3 and brine and dried
over MgSO4. After removal of the solvent in vacuo, the crude product was purified by recrystallization
from benzene/hexane (5:6) to give 6.3 g (23.0 mmol, 42%) of white needles. LC-MS (ESI): calc. for
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C17H21NO2 [M] 271.35, observed [M]+ 272.33, LC, Rt = 4.23. 1H NMR (400 MHz, CDCl3) δ 7.43 - 7.19 (m, 10H,
10ArH), 3.79 (s, 4H, 2N-CH2), 3.77 – 3.72 (m, 2H, OCH2), 3.68 – 3.61 (m, 2H, OCH2), 3.10 – 2.99 (m, 1H, NCH). 13C NMR (100 MHz, CDCl3) δ 139.10, 129.00, 128.53, 127.32 (12C, CAr), 60.07 (1C, N-CH), 59.88 (2C,
OCH2), 54.02 (2C, N-CH2). The reported 1H-NMR and 13C-NMR data are in good agreement with reference
[48].
N,N-dibenzyl-2,5,8,11,15,18,21,24-octaoxapentacosan-13-amine (SI-2) | To a stirred suspension of NaH (60%
suspension in mineral oil) (0.23 g, 9.58 mmol) in dry THF (10 mL), SI-1 (1.30 g, 4.79 mmol) in dry THF (5
mL) was added dropwise under nitrogen, and after stirring for 30 min., tri(ethylene glycol) monomethyl
ether tosylate (3.05 g, 9.58 mmol) in dry THF (5 mL) was added dropwise. The reaction mixture was
refluxed overnight, cooled, and treated carefully with MeOH to quench potential unreacted NaH. The
solvent was removed under reduced pressure and the resulting brown oil was extracted four times with
20 mL portions of hot ether. The combined ether fractions were concentrated by rotary evaporation to
give 1.21 g (2.13 mmol, 44.8%) as a yellow liquid. LC-MS (ESI): calc. for C31H49NO8 [M] 563.72, observed
[M]+ 564.50, LC, Rt = 5.20. 1H NMR (400 MHz, CDCl3) δ 7.42 – 7.33 (m, 4H, 4ArmH), 7.28 – 7.21 (m, 4H,
4AroH), 7.18 – 7.12 (m, 2H, ArpH), 3.78 (s, 4H, 2N-CH2), 3.73 – 3.43 (m, 28H, 14OCH2-OEG), 3.31 (s, 6H,
2OCH3), 3.15 – 3.00 (m, 1H, N-CH). 13C NMR (100 MHz, CDCl3) δ 140.63, 128.48, 127.90, 126.47 (12C, CAr),
71.76, 70.47, 70.42, 70.39, 70.33, 70.18 (14C, OCH2-OEG), 58.69, 56.20 (2C, OCH3), 54.98 (1C, N-CH). The
reported 1H-NMR and 13C-NMR data are in good agreement with reference [48].
2,5,8,11,15,18,21,24-octaoxapentacosan-13-amine (SI-3) | To a solution of SI-2 (1.21 g, 2.13 mmol) in MeOH
(30 mL) 10% Pd/C catalyst was added (0.68 g). The mixture was hydrogenated overnight in a Parr shaker
at 55 psi of H2. The reaction mixture was then filtered and the solvent was removed under reduced
pressure to give 0.651 g (80 %) of a yellowish oil. LC-MS (ESI) (m/z): calc. for C17H37NO8 [M] 383.48,
observed [M]+ 384.25, LC, Rt = 3.44. 1H NMR (400MHz, CDCl3) δ 8.04 (s, 2H, 1NH2), 3.72 – 3.58 (m, 4H, 2NCH2-OEG), 3.58 – 3.32 (m, 24H, 12OCH2-OEG), 3.24 – 3.14 (m, 7H, 2OCH3, N-CH). 13C NMR (100 MHz, CDCl3)
δ 71.69, 71.65, 70.40, 70.34, 70.25, 70.09, 70.04, 69.93, 67.76 (14C, OCH2-OEG), 58.78, 58.73 (2C, OCH3),
51.83 (1C, N-CH). The reported 1H-NMR and 13C-NMR data are in good agreement with reference [48].

Particle formation
Nano-sized architectures have been prepared from unimolecular building blocks by means of
reprecipitation. This includes rapid injection of 15 µL of a 1 × 10–3 M perylene derivative stock solution
dissolved in anhydrous tetrahydrofuran (≥ 99.9%, inhibitor free) into 1 mL filter sterilized demi-water
followed by manual stirring, yielding a 1.5 × 10–5 M nanoparticle solution.

Optical measurements
UV-Vis spectra were measured on a Jasco V-650 spectrophotometer equipped with a Perkin-Elmer PTP1 Peltier temperature control system. The spectra were measured in quartz cuvettes and extinction
coefficients were calculated from Lambert-Beer’s law. Fluorescence spectra were recorded on a Varian
Cary Eclipse fluorescence spectrophotometer. Fluorescence quantum yields (φ) were calculated from
the integrated intensity under the emission band (I) using equation 1, where OD is the optical density of
the solution at the excitation wavelength and n is the refractive index. N,N’-bis(pentylhexyl)perylene3,4:9,10-tetracarboxylic acid bisimide (φ = 0.99) in methylene chloride was used as a reference.
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(1)

DOSY measurements
DOSY measurements were performed using a bipolar gradient pulse paired stimulated echo and LED
(ledbpgp2s) pulse sequence. The self-diffusion of HDO was used to calibrate the machine to its known
diffusion constant of 2.299 × 10–9 m2s–1 in D2O at 298 K.[62] The Stokes-Einstein equation for the diffusion
of spherical particles (equation 2) was used to calculate the hydrodynamic diameter of the aggregates.
D=

(2)
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Bay-substituted perylene diimides as off-on
fluorescent probes for lipid bilayers

Abstract
Interest in bay-substituted perylene-3,4:9,10-tetracarboxylic diimides (PDIs) for solutionbased applications is growing due to their improved solubility and altered optical and
electronic properties with respect to unsubstituted PDIs. Synthetic routes to 1,12 baysubstituted PDIs have been very demanding due to issues with steric hindrance and poor
regioselectivity. Here we report a simple one-step regioselective and high yielding synthesis
of a 1,12-dihydroxylated PDI derivative that can subsequently be alkylated in a straightforward
fashion to produce nonplanar 1,12-dialkoxy PDIs. These PDIs show a large Stokes shift, which
is specifically useful for bioimaging applications. A particular cationic PDI gemini-type
surfactant has been developed that forms non-fluorescent self-assembled particles in water
(‘off state’), which exerts a high fluorescence upon incorporation into lipophilic bilayers (‘on
state’). Therefore, this probe is appealing as a highly sensitive fluorescent labelling marker
with a low background signal for imaging artificial and cellular membranes.

This work has been published as:
J. Schill, S. van Dun, M.J. van Pouderoijen, H.M. Janssen, L-G. Milroy, A. P. H. J. Schenning, L. Brunsveld,
Chem. –Eur. J. 2018, 24, 7734–7741.
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Introduction
Substituted perylene-3,4:9,10-tetracarboxylic diimides (PDIs), have attracted interest for
a variety of applications, including organic electronics,[1–3] single molecule spectroscopy[4–6]
and bioimaging.[7–9] For bioimaging, fluorescent quenching of PDIs has been used to sense
hydrophobicity changes such as in artificial and cellular bilayers.[10–20] However PDIs as highly
sensitive fluorescent probes with a low background signal are still rare. Such off-on
fluorescent probes would be appealing for cellular imaging. Also, surprisingly few examples
have been reported of water-soluble PDIs not bearing large MW solubilizing substituents
(e.g. dendrimer like).[9,21–23]
Fine tuning of the physical, optical, and electronic properties of PDIs is typically achieved
through substitution of the perylene ring system at either the imide-, ortho-, or bay-positions,
or a combination of the three to customize the optical, electronic and self-assembly
properties of the PDIs (Figure 5.1A).[24,25] Substituents on the imide nitrogens of PDIs tend to
improve solubility[26,27] while retaining the planarity of the perylene aromatic ring system, thus
preserving the perylene’s optical properties.[28] N-substitution of PDIs can also influence their
self-assembly properties, which has stimulated intensive studies into bulk and solution-based
applications of these compounds.[29–32] By contrast, substitution of the perylene ring system
at either the ortho- or bay-positions can significantly influence the optical and solubility
properties of the PDIs, dependent upon the substitution pattern, the steric bulk and
electronic properties of the substituent group.[33–36] Bay-substitution, for example, increases
steric hindrance in this region of the molecule, which is relieved by out-of-plane twisting of
the PDIs perylene ring system. This phenomenon causes a disruption to the π-π stacking
behavior of the PDI, which leads to improved solubility and altered physical properties.[33,37]
Substitution of PDIs at the bay position is, however, synthetically demanding, involves
halogenation reactions, and predominantly four-fold bay-substituted PDIs have been
reported.[35,38–43] Partly substituted 1,6 and 1,7 regioisomers, commonly as mixtures,[44–48] have
also been synthesized,[49,50] while 1,12-bay-substituted PDIs have been rarely reported. The
latter are interesting as the distortion of the perylene ring system by the 1,12-substitution will
strongly alter the optical properties of the compound, comparable to their corresponding
tetrasubstituted PDIs, while solubility and self-assembly properties will be different.[51–53]
Unfortunately,

1,12-bay

substituted

PDIs

have

to

be

accessed

via

halogenation/dehalogenation chemistry, [54–57] which is typically inefficient, cumbersome, and
low yielding. Controlled and efficient access to 1,12-bay substituted PDIs is evidently
challenging, and yet also potentially highly valuable given their untapped chemical potential
and prospective influence on the PDIs optical properties.
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Here we report a one-step, atom efficient, and regioselective synthesis of a 1,12dihydroxylated PDI based on violanthrone chemistry (Figure 5.1A).[58] This bay-substituted PDI
acts as an intermediate towards the introduction of structurally diverse polar and apolar sidechains via straightforward O-alkylation chemistry. A particular cationic bay-substituted PDI
derivative, resulting from this synthetic approach, can be regarded as a new type of geminisurfactant[59] bearing two hydrophilic head groups, two hydrophobic groups and a
fluorescent rigid core. This amphiphile forms non-fluorescent self-assembled particles in
aqueous solution, while lighting up upon incorporation in a hydrophobic matrix, and can be
exploited as an off-on fluorescence probe for artificial and cellular lipid bilayers (Figure 5.1B).
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Figure 5.1 | Bay-substituted perylenes as fluorescent probes for lipid bilayers. Schematic overview of A)
the synthesis approach from previous work through multistep halogenation and dehalogenation that is
typically low yielding, and the novel approach presented here which involves direct dihydroxylation of a
single-side bay and B) the self-assembly of a cationic PDI derivative into nanostructures and the
incorporation of these PDI molecules into lipophilic bilayers for bioimaging.
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Results and Discussion
Molecular design
Starting material PDI 1 was prepared from parent perylene-3,4:9,10-tetracarboxylic
dianhydride and n-amylamine[60] and purified[61] according to literature procedures. By a
procedure derived from violanthrone chemistry,[58] PDI 1 was subsequently oxidized by
activated manganese(IV) oxide (MnO2) in sulfuric acid and then partially reduced using
sodium sulfite, introducing two hydroxyl groups at positions 1 and 12, yielding PDI 2 (Scheme
5.1).
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Scheme 5.1 | Direct 1,12-dihydroxylation of the perylene-3,4:9,10-tetracarboxylic diimides (PDIs) and
subsequent synthetic route to PDI 3 – 7. i) H3BO3, MnO2, H2SO4, room temperature, 16h, quant; ii) K2CO3
or DIPEA, dimethylformamide, 100 °C, 48h, 43% (3), 60% (4), 43% (5) and 13% (7); iii) trimethylamine,
tetrahydrofuran, room temperature, 24h, quant.

A comparative synthesis of a 1,7-substituted PDI and its 1,12-isomer would provide
evidence for the assignment of the 1,12-substitution topology for PDIs prepared by our
procedure. Therefore, the 1,7-isomer of PDI 7 was prepared through more conventional
perylene chemistry (Scheme 5.2).[47] Alkoxylation of the bay area of PDI 8 through basemediated nucleophilic substitution with octanol resulted in PDI 9. Then, saponification of the
diimide in a strong basic environment (PDI 10) and subsequent condensation of the
dianhydride with n-amylamine allowed for the preparation of the envisioned 1,7-isomer PDI
11.
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Scheme 5.2 | Synthesis scheme for the preparation of 1,7-alkoxylated perylene-3,4:9,10-tetracarboxylic
acid diimides (PDIs). i) octanol, K2CO3, dimethylformamide, 80 °C, 96h, 28%; ii) KOH, t-BuOH, reflux, 8h,
62%; iii) n-amylamine, imidazole, 130 °C, 16h, 83%.

The 1H- and 13C-NMR of PDI 2 showed to be remarkably clean. The infrared spectrum of
PDI 1 and 2 in the solid state show the symmetric and asymmetric carbonyl stretching
vibrations at 1694 and 1652 cm-1 and the breathing mode of the perylene ring system at 1591
cm-1 in the fingerprint region. In the functional group region, the C-H stretching vibrational
modes of the alkanes occur at around 2954 and 2926 cm-1 for both PDI derivatives.
Importantly, a broad vibrational mode associated with OH stretching was also observed here
for PDI 2, providing further evidence for the introduction of the hydroxyl groups (Figure
5.2A).
Due its low solubility, PDI 2 was directly used for alkylation without further purification.
Substitutions of the hydroxyls at the bay area were chosen such that PDI derivatives with
varying side-chain polarity were synthesized. This allows for a clear analysis of the influence
of side-chain polarity on the photophysical and morphological properties of the products.
With 1,12-dihydroxylated PDI 2 in hand, subsequent reactions with 2-ethylhexylbromide,
monomethyl triethylene glycol p-toluenesulfonate, 1,6-dibromohexane and n-octylbromide
yielded PDI 3 – 5 and 7, respectively (Scheme 5.1). It is worth noting that all introduced linear
and branched bay-substituents ensured excellent solubility of PDI 3 – 5 and 7 in organic
solvents as compared to the solubilities of their parent PDIs 1 and 2. After separation of PDI 5
from its cyclized side product by silica gel chromatography, substitution of the bromides by
trimethylamine yielded doubly charged cationic species PDI 6, which was conveniently
purified by precipitation from acetone. As discussed previously, substitution at bay-area
positions, such as the 1,12 positions, can be particularly challenging due to steric hindrance
restrictions. In contrast, this synthetic route has allowed for satisfactory overall yields of 43%,
60%, 43% and 13% for PDI 3 – 5 and 7, respectively.
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Figure 5.3B shows the superimposed 1H-NMR spectra of the 1,7- and 1,12-substituted
regioisomers of di-n-octyl-substituted PDIs 11 and 7, respectively. The resonance peaks
corresponding to protons Ha in the aromatic region of PDI 11 shift significantly downfield
through intramolecular hydrogen bonding of Ha with the adjacent oxygen atom in the 1,7subsitution topology. In contrast, the corresponding Ha proton signals in PDI 7 are shifted
more upfield, presumably because no intramolecular hydrogen bonding can take place in this
1,12-substituted PDI. Moreover, PDI 11 shows an expected triplet for protons Hg at ~4.3 ppm,
while the restricted rotation of the alkoxy substituents in PDI 7 results in a broad peak for
these protons. This loss of clear multiplicity for protons Hg is a feature of all 1,12-substituted
PDIs studied in this chapter.
A)

B)

100

Ha

Hb Hd CHCl3

Hg

PDI 11

Transmittance / %

95
2926
2954

90
85

628

Hb+dHa

1086

80
75

1694

PDI 1
PDI 2

CHCl3

PDI 7

Hg

1255

1591
1652 1341

809
747

70
4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm-1

500

10.0

9.0

8.0

7.0
6.0
f1 / ppm

5.0

4.0

3.0

Figure 5.2 | Characterization of the bay-substituted perylene derivatives. A) Infrared spectrum of PDI 1
and 2 in the solid state. B) Zoom in area of the superimposed 1H-NMR spectra of 1,7-isomer PDI 11 (top)
and 1,12-isomer PDI 7 (bottom).

Examination of PDI 2 revealed no evidence for the formation of mono-, tri- or tetra-bay
hydroxylated derivatives by mass spectrometry, 1H- and 13C-NMR. Due to the much improved
solubility of the substituted derivatives of PDI 2, a detailed 2D-NMR study was performed on
PDI 3 to provide further evidence of the 1,12-substitution topology for PDIs prepared by our
procedure. The perylene-bound protons of PDI 3 were assigned by the presence of 3JCH
correlations between protons Hb (δ 8.55) and carbonyl carbons Ce (δ 163.9) and between Hd
(δ 8.43) and carbonyl carbons Cf (δ 163.8) and by the absence of this correlation for Ha (δ 8.48)
(Figure 5.3A). The presence of additional 3JCH correlations between protons Hb (δ 8.55) and Hd
(δ 8.43) with carbon Cc (δ 123.6) and the absence of a 3JCH correlation between one single
carbon both with Ha (δ 8.48) and Hd (δ 8.43) simultaneously, is consistent with either a 1,7- or
a 1,12-substituted[56] isomer. Protons Hg were observed as two signals at δ 4.28 and δ 4.02,
both correlating with a single carbon signal Cg at δ 72.8 in a HSQC experiment. Cross peaks
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between these proton signals were observed in a COSY experiment, indicating that each
signal arises from two protons Hg, each bound to a different Cg carbon, and that protons Hg
are thus diastereotopic. In a NOESY experiment, these protons show a through-space dipolar
interaction with protons Hd, corroborating the 1,12-substitution topology. Moreover, cross
peaks between protons Hg were herein also observed, which is expected for non-equivalent
protons bound to the same carbon (Figure 5.3B). However, these non-exchangeable protons
show the same phase as the diagonal, indicating conformational exchange, classified as
restricted rotation, at these positions.[62] These conformational exchange peaks give rise to
the assumption that the 1,12-substitution pattern distorts the perylene’s aromatic ring
system, hence altering the physical properties as noted before herein.
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Figure 5.3 | Detailed 2-D NMR characterization of the 1,12-substitution topology. A) Zoom in on the
aromatic region of the 2D 1H, 13C–HMBC spectrum of PDI 3, showing 3JCH correlations between perylene
bound 1H- and 13C-atoms. B) Two dimensional NOESY spectrum of PDI 3, showing the through-space
dipolar interaction of diastereotopic protons Hg (red crosspeaks at ~δ 4.3) and the interaction of these
protons with the perylene-bound proton Hd (blue crosspeaks at ~δ 8.4). The dashed lines in both figures
are drawn to guide the eye.

The above detailed 2D NMR study unequivocally proves that the applied oxidative
chemistry to acquire dihydroxylated PDI 2, indeed results in 1,12-dialkoxy PDI regioisomers
after alkylation. Note that this 1,12-assignment is in contradiction with reported 1,7assignments (that were solely based on 1H NMR spectra), for PDIs that have been prepared
using a procedure similar as delineated here,[63,64] but that the 1,12-assignment is in line with
regioisomer assignments as reported for hydroxylated violanthrones.[58]
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Morphology and optical properties
The bay-substituted PDIs 3, 4, and 6 were studied by UV-Vis and fluorescence
spectroscopy in their molecularly dissolved state in anhydrous dimethylsulfoxide (DMSO).
This solvent was chosen to ensure complete solubility for the doubly charged PDI 7. Non-baysubstituted parent PDI 1 is notably less soluble than PDIs 3 – 7 and tends to aggregate at
higher concentrations in DMSO. Gratifyingly, PDI 1 was sufficiently soluble in anhydrous
tetrahydrofuran (THF) to enable optical measurements at the desired concentration.
Table 5.1 shows the maximum absorption and emission wavelengths, including the
extinction coefficient and the quantum yield, of non-bay- and 1,12-bay-substituted PDIs 1, 3, 4,
and 6 as derived from the UV-Vis and fluorescence spectroscopy studies. The absorption
spectra of PDIs bearing a 1,12-substitution topology clearly show a bathochromic shift,
broadening of the lowest energy absorption band and thus a loss of sharp vibronic
progressions as compared to parent PDI 1 (Figure 5.4). The latter effect is generally attributed
to an out-of-plane distortion of the perylene ring system due to the sterically encumbered
substituent groups.[65,66] The overall bathochromic shift of the maximum absorption
wavelength is due to the π-donating effect of the oxygen substituents on the perylene ring
system.[52]
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Figure 5.4 | Bathochromic shift of the spectral bands of 1,12-bay-substituted perylene derivatives. UVVis absorption spectra (dashed lines) and corresponding fluorescence spectra (solid lines) of PDI 1 and 3
in THF (c = 1.5 × 10–5 M, λexc = 455 nm and 530 nm, resp.).

The fluorescence spectra of 1,12-bay-substituted PDIs are a mirror image of their
corresponding absorption spectra (Figure 5.5A), including the loss of vibronic fine structure
accompanied by a relatively large Stokes shift as compared to PDI 1. The distorted planarity
of the perylene ring system additionally attributes to a large bathochromic shift of ~100 nm.
Quantum yields of about 70% to 80% were measured for all PDI derivatives, independent of
the substituents and spectral shapes (Table 5.1).
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Table 5.1 | Optical characteristics of PDI derivatives 1, 3, 4 and 6 in THF (for 1) and DMSO (for 3, 4 and 6)
and in H2O.
PDI

UV-Vis absorption λ/nm (ε/103 M–1 cm–1)

Fluorescence λmax/nm

Radius

(φPL/%)[a]

Rh/nm

THF / DMSO

H2O

THF / DMSO

H2O

1

430 (9.1); 455 (20.1); 485

-[b]

529; 570; 617

-[b]

-[b]

3

400 (9.5); 417 (11.1); 547

418 (4.6); 547 (11.9);

627 (79)

667; 778

83

(27.2); 582 (36.2)

585 (9.8)

4

396 (7.1); 416 (9.2); 546

423 (4.4); 540 (13.7);

628 (80)

718

(26.4); 583 (37.1)

606 (5.5)

6

396 (6.6); 417 (8.5); 546

424 (3.5); 556 (11.3);

(24.8); 585 (36.8)

607 (6.1)

(46.8); 520 (74.0)

(71)
(2)
48

(<0.5)
625 (82)

641

-[c]

(<0.1)

[a] N,N’-bis(pentylhexyl)perylene-3,4:9,10-tetracarboxylic diimide (φ = 0.99) in methylene
chloride was used as a reference. [b] PDI 1 is insoluble in H2O and hence precipitated at 1.5 × 10-5
M. [c] The absence of scattering correlation suggests the absence of large aggregates in water.

Self-assembly characteristics
Nano-sized assemblies of the PDIs were prepared through reprecipitation in aqueous
media.[67] Rapid injection of a DMSO stock solution, containing molecularly dissolved PDI, into
filter-sterilized demiwater resulted in self-assembled architectures for all PDIs bearing a baysubstitution topology. PDI 1 did not form stable self-assembled architectures, but instead
formed clearly visible and much larger aggregates (i.e. precipitates) in aqueous solution, also
at low concentrations, preventing determination of its optical properties in water. The
hypsochromic shift of the absorption maxima of 1,12-bay-substituted PDIs through reversal of
the vibronic transitions revealed the formation of H-type π-π stacks,[68,69] which is
accompanied by a distinct overall drop in absorption intensity (Figure 5.5B). While vibronic
structure blurring was already observed in organic solvent due to core planarity distortion, a
significant drop in overall fluorescence intensity and quantum yield is typically annotated to
intermolecular π-π interactions. Even though PDIs are known for their non-radiative
relaxation from their excited-state upon polarity induced face-to-face interactions, these baysubstituted PDI derivatives show a large Stokes shift of approximately 100 nm and a
bathochromically shifted fluorescence spectrum.
The morphological characteristics of the formed architectures were determined by
dynamic light scattering (DLS) and transmission electron microscopy (TEM). DLS analysis
showed a strong scattering correlation of PDI 3 and 4. Fits of the scattering intensity
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distribution revealed hydrodynamic radii of 83 and 48 nm, respectively (Figure 5.5C), which
are in agreement with the observations in TEM images (Figure 5.5D). Intuitively, the larger
particle size of PDI 3 could be explained by the hydrophobicity of the side-chains. Moreover,
the drop-casted particles were spherical with a fairly monodisperse distribution. In contrast
with PDIs 3 and 4, no scattering correlation nor electron microscopic visualization of cationic
PDI 6 could be achieved, suggesting the absence of large aggregates. While the optical data
of PDI 6 shows signs of self-assembly, we envision the formation of only small aggregates.
The deviating behavior for PDI 6 is likely due to charge repulsive forces, as has been observed
for other polar PDI derivatives.[32] In summary, these novel PDI derivatives show an electronic
S0-S1 transition resulting in strong absorption in the visible region between 500 nm and 650
nm in both monomeric and self-assembled state, which makes them suitable for fluorescence
microscopy. Moreover, they display bathochromically shifted fluorescence spectra, as
compared to non-bay-substituted perylenes.
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Figure 5.5 | Optical and morphological properties of 1,12-bay-substituted perylene derivatives. UV-Vis
absorption spectra (dashed lines) and corresponding fluorescence spectra (solid lines) of PDI 3, 4 and 6
in A) DMSO and B) water (c = 1.5 × 10–5 M, λexc = 530 nm). C) DLS data indicating diameters of nanoparticles
formed by PDI 3 and 4 in water and D) TEM images of PDI 3 (left) and 4 (right) in water (c = 1.5 × 10–5 M,
scale bar: 1 µm, insets: magnified TEM image of the same sample, scale bar: 200 nm).
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Artificial lipid bilayers
A challenge in bioimaging to date is to find nontoxic fluorophores of small size and high
brightness that operate beyond the optical spectral window of biomatter. From this
perspective all three 1,12-bay-substituted perylene derivatives exhibit interesting physical
properties, with PDI 6 being most interesting for bioimaging applications due to its cationic
amphiphilic nature, which potentially favors cellular uptake. The potential of PDI 6 as
bioimaging probe was investigated by first studying its interaction with artificial lipid bilayers.
Therefore, a 5 µM aqueous solution of PDI 6 was incubated in the presence of giant
unilamellar vesicles (GUVs) prepared from dipalmitoylphosphatidylcholine (DPPC) via a
standard reverse-phase evaporation method. The resulting fluorescence emission spectrum
showed a maximum emission wavelength at 616 nm similar to the maximum observed for
this perylene derivative in DMSO, and hypsochromically shifted as compared to the
fluorescence in aqueous solution (Figure 5.6). This effect indicates that in the presence of
GUVs PDI 6 is surrounded by a less polar environment than pure water, and presumably
incorporated in the lipid bilayer.
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Figure 5.6 | Transition temperature dependent incorporation of PDI 6 into the GUVs lipid bilayer.
Fluorescence spectra of GUVs (DPPC) incubated with a 5 µM solution of PDI 6 in water at two different
temperatures (c = 1.5 × 10–5 M, λexc = 530 nm).

Moreover, the increased overall perylene fluorescence of the GUVs led us to hypothesize
that the molecules are incorporated into the lipid bilayer in monomeric form. Results from
temperature-dependent fluorescence studies strengthen this hypothesis as the perylene
fluorescence was observed to increase at temperatures above the DPPC transition
temperature of 41°C (Figure 5.6). Dye incorporation most likely occurs through insertion of
the apolar perylene moiety into the lipid bilayer while the polar heads are exposed to the
outer environment along with the polar lipid headgroups.[70] Fluorescence microscopy
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images show highly fluorescent GUVs after excitation of PDI 6, and confocal laser scanning
microscopy (CLSM) images strongly suggest that the fluorescence originates from the lipid
bilayer corroborating the hypothesis of incorporation of PDI 6 into the lipid bilayer (Figure
5.7A – C).

Figure 5.7 | Microscopy images of the incorporation of PDI 6 into the GUVs lipid bilayer. A) Brightfield,
B) fluorescence and C) confocal laser scanning microscopy images of GUVs (DPPC) incubated with a 5 ×
10–6 M solution of PDI 6 (scale bar: 2.5 µm).

Next, the optical properties as well as the aggregation state of PDI 6 were studied in
phosphate buffered saline (PBS), having a higher ionic strength than pure water. The
absorption spectra of PDI 6 in water and PBS were similar (Figure 5.8A), indicating an
aggregated state of PDI 6 in both solutions. Interestingly, a slight drop in intensity of the
electronic S0-S1 transition can be observed in PBS, indicative of differences nevertheless.
Figure 5.8B shows the fitted hydrodynamic diameter, of around 275 nm, of PDI 6 in PBS which
is derived from the scattering correlation. This DLS analysis shows that the doubly charged
perylene derivative is assembled in larger nanostructures in PBS, in contrast to water, most
likely due to the ionic strength of the buffer.
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Figure 5.8 | Optical and morphological properties of PDI 6 in phosphate buffered saline. A) UV-Vis
absorption spectra PDI 6 in H2O and PBS. B) DLS data of PDI 6 in PBS (c = 1.5 × 10–5 M).
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Cellular uptake
Cellular uptake studies were performed to study the potential of PDI 6 as an off-on
fluorescent lipid probe or organelle stain for bioimaging applications.[71,72] For these
applications, the toxicity of a probe needs to be kept to a minimum, thus, the cellular toxicity
of PDI 6 was measured via a MTT-cell activity assay. PDI 6 was observed to be non-toxic at
probe concentrations up to the highest test concentration (100 µM) after two hours
incubation (Figure 5.9A). Based on these findings a 5 µM concentration was chosen for all
cellular incubation studies to ensure good fluorescence signal while minimizing toxicity.
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Figure 5.9 | Incorporation of PDI 6 into HeLa cells and their influence on cell viability. A) Cell viability via
the MTT assay of Hela cells after two hours incubation with varying concentrations of PDI 6. B) CLSM
images of Hela cells without (top) and with (bottom) two hours incubation of a 5 × 10–6 M solution of PDI
6 (nuclei are stained with Hoechst, scale bar: 50 µm).

Hela cells were incubated with PDI 6 for two hours and analyzed by CLSM after washing.
Cellular uptake of this cationic probe was clearly observed under the aforementioned
conditions compared to the negative control where no probe was administered (Figure 5.9B).
Subsequently, the cellular uptake process was monitored by incubating Hela cells with the
probe under the same conditions, followed by time-course analysis by CLSM (Figure 5.10).
Interestingly, immediately upon administration the probe was observed to accumulate at the
plasma membrane, which reached saturation within 5 minutes incubation time. The first signs
of cellular uptake were then seen after 15 minutes incubation in the form of small vesicular
structures at the inside of the plasma membrane. These small vesicular structures then
appeared to translocate further into the cell, apparently towards the Golgi apparatus as they
eventually surround the nucleus after about 30 minutes post-administration. This distribution
pattern indicates cellular uptake of the probe via an endocytic pathway. Important to note
here is that the cells are not washed prior to imaging and that the PDI nanostructures are not
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visible in the surrounding media, thus only become highly fluorescent upon interaction with
the cellular membrane.
1 min.

5 min.

10 min.

15 min.

20 min.

30 min.

Figure 5.10 | Time-course analysis of the cellular uptake process of PDI 6. CLSM images of Hela cells in
the first 30 minutes after administration of a 5 × 10–6 M solution of PDI 6 (scale bar: 50 µm).

Colocalization studies on perylene probe PDI 6 - two staining compartments involved in
endocytic routes and the third stains parts of the cytoskeleton (Figure 5.11) - revealed that
the perylene probe did not interact with actin in the cytoskeleton nor localize in
endoplasmatic reticulum (ER). The lysosomal tracker shows a high correlation and, thus, the
nature of the observed vesicular structures can be assigned as lysosomes. The lack of strong
colocalization with the ER as well as high lysosomal colocalization are not uncommon for
endocytic pathways. Nanostructures which are endocytically internalized are commonly
transported to lysosomes.[73] However, while nano-sized architectures usually are
internalized as a whole inside the lysosome where the digestive processes occur, it is
hypothesized that PDI 6 stains hydrophobic compartments by merging with the membrane.
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Figure 5.11 | A co-localization study of cellular compartments and PDI 6. CLSM images of Hela cells after
two hours incubation with a 5 × 10–6 M solution of PDI 6 co-stained with different organelle markers,
showing the lack of co-localization with actin and ER markers while strong co-localization with a
lysosomal marker was shown (nuclei are stained with DAPI in fixed cells and with Hoechst in live cells,
scale bar: 50 µm).

Indications for the insertion of probe into the fluid lipid membrane were found by
performing full wavelength fluorescence measurements on the cells. Figure 5.12 shows the
emission spectrum of cells incubated with 5 µM of PDI 6 for two hours as well as the spectra
of the probe in DMSO and water at similar concentrations as measured by CLSM. It can be
clearly seen that the cells show an emission spectra that more closely resembles the emission
spectra of the probe in DMSO and in the GUVs, as similar maximum emission wavelengths
and vibronic fine structure can be observed, and clearly deviates from the emission spectrum
recorded in water. Therefore, we envision a cellular uptake process through merging of the
nanostructure with the fluid lipid membrane through which the monomers are incorporated
into the lipophilic environment. The monomerization of the probe in the hydrophobic
membrane matrix concomitantly leads to activation of fluorescence of the perylene ring
system and clear visualization of cellular membranes.
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Figure 5.12 | Monomerization of PDI 6 upon membrane incorporation. Normalized fluorescence spectra
of 5 × 10–6 M solution of PDI 6 in DMSO and water and Hela cells incubated with 5 × 10–6 M solution of PDI
6 as measured by CLSM, respectively.

Conclusion
In summary, we have shown an efficient and facile synthetic entry into exclusively 1,12bay-substituted perylene diimides (PDIs) via a direct hydroxylation reaction. Accordingly, this
substitution pattern is accessed without the need for sequential halogenation and
dehalogenation reactions. Further derivatization of the two hydroxyl groups allows to
potentially introducing a wide range of substituents through straightforward O-alkylation and
leads to PDIs that display an increased solubility in organic solvents. The 1,12-substitution of
the PDIs results in a bathochromic shift of the compounds’ optical properties, favorable for
imaging applications. Upon introducing hydrophilic groups the PDIs can be regarded as a new
class of gemini surfactants having unprecedented optical and self-assembly properties. For
example, GUVs could be subjected to non-fluorescence aggregates of a cationic PDI
derivative bearing two quaternary ammonium moieties and the lipophilic bilayer of the GUVs
turned highly fluorescent immediately after administration. Fluorescence measurements
showed the incorporation of the PDI derivatives in the lipophilic bilayer. Subsequent cellular
studies showed similar results, as PDI fluorescence was strongly observed in cellular
membranes and cellular uptake was observed only 15 minutes after administration. Colocalization studies and full wavelength cell fluorescence measurements revealed that the
quenched aggregates merge with cellular membranes. Due to concomitant monomerization
and, hence, fluorescence recovery of the perylene ring system, this synthetically easily
accessible PDI amphiphile is functioning as an off-on fluorescent probe for imaging lipid
bilayers. Moreover, this probe can also be envisioned as a potential trackable platform to
anchor bio-active compounds into membrane-containing cellular compartments.
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Experimental section
General remarks
All solvents employed were obtained from Biosolve BV and used without purification unless stated
otherwise. The reagents were obtained from Sigma-Aldrich and used without purification. Starting
materials PDI 1[61,60] and PDI 8[74] were prepared according to literature procedures. Activated
manganese(IV) oxide (technical, activated, >=90%) from Fluka™ was used for the preparation of PDI 2.
The alkoxylation procedure used to prepare PDI 9 is similar to that reported by Lu et al.,[75] albeit that
they glycoxylated a 1,12-dichloro-perylene diimide. Analytical thin layer chromatography (TLC) was
carried out using Merck pre-coated silica gel using ultraviolet light irradiation at 254 and 365 nm. Manual
column chromatography was performed using Merck 60 Å pore size silica gel (particle size: 63 – 200
μm). All the NMR data were recorded on a Bruker Advance-III 400 MHz equipped with a BBFO probe
from Bruker (400 MHz for 1H-NMR and 100 MHz for 13C-NMR). Chemical shifts are reported in parts per
million (ppm) referenced to an internal standard of residual chloroform-d (7.26 ppm for 1H-NMR and 77
ppm for 13C-NMR, relative to tetramethylsilane (TMS) as internal standard). 1H-NMR and 13C-NMR signals
were assigned with the aid of two-dimensional 1H, 13C -HSQC and 1H, 13C -HMBC spectra. Infrared
spectroscopy was measured using a PerkinElmer FT-IR Spectrum Two equipped with a Perkin-Elmer
UATR Two. Matrix assisted laser desorption/ionization time-of-flight mass spectra (MALDI-TOF-MS)
were measured on a PerSeptive Biosystems Voyager-DE Pro spectrometer with a Biospectrometry
workstation using 2-[(2E)-3-(4-t-butylphenyl)-2-methylprop-2-enylidene]malononitrile (DCTB) and αcyano-4-hydroxycinnamic acid (CHCA) as matrix material and methylene chloride as solvent. For the LCMS a C18, Jupiter SuC4300A, 150 x 2.00 mm column using H2O with 0.1 % F.A. and acetonitrile with 0.1%
F.A. with a gradient of 5% to 100% acetonitrile in 10 min, with a flow rate of 0.2 mL/min. The exact mass
of the compounds were determined using a High Resolution LC-MS system consisting of a Waters
ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time of Flight (Q-tof). The system was
comprised of a Binary Solvent Manager and a Sample Manager with Fixed-Loop (SM-FL). Dynamic light
scattering experiments (DLS) were performed on a Malvern Instruments Limited Zetasizer μV (model:
ZMV2000). The incident beam was produced by a HeNe laser operating at 632 nm. Visualization by TEM
was performed by a Technai G2 Sphera by FEI operating at an acceleration voltage of 80 kV. Samples
were prepared by drop-casting a 1.5 × 10–5 M aqueous PDI solution on a carbon film on a 400 square mesh
copper grid and dried for 1 minute.

Synthetic procedure
N,N’-Di-n-pentyl-1,12-dihydroxy-3,4:9,10-perylene tetracarboxydiimide (2) | PDI 1 (30 g, 56.54 mmol, 1
eq.) was dissolved in 95% H2SO4 (450 mL) to which boric acid (15 g, 242.6 mmol, 4.3 eq.) was added as a
solid. Subsequently, water (90 mL) was carefully added which is an exothermic process releasing heat.
The reaction mixture was cooled to 0 °C and activated manganese(IV) oxide (MnO2, 33 g, 380 mmol, 6.7
eq.) was added to the suspension over the course of 30 minutes. The reaction mixture was stirred for
another 16 hours at room temperature, and then water (2.5 L) and Na2SO3 (30 g, 238 mmol) were
carefully added to the reaction mixture. The reaction mixture was heated to reflux for 1 hour (foam
formation) and the precipitate was filtered after cooling to room temperature. The brown/red residue
was washed with water and then dried (vacuum stove) yielding a dark brown/black powder (31.8 g;
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100%). 1H NMR (400 MHz, Acetone-d6) δ 8.13 (d, J = 8.1 Hz, 2H, Hb), 7.99 (d, J = 7.8 Hz, 2H, Ha), 7.86 (s, 2H,
Hd), 4.04 (t, J = 7.7 Hz, 4H, 2N-CH2), 1.70 (quint, J = 7.0 Hz, 4H, 2CH2), 1.46 – 1.37 (m, 8H, 4CH2), 0.95 (t, J =
6.8 Hz, 6H, 2CH3). 13C NMR (100 MHz, Acetone-d6) δ 164.5 (2C, Cf), 164.4 (2C, Ce), 161.5 (2C, O-CAr), 133.8,
130.2 (4C, CAr), 128.4 (2C, Cd), 126.3 (2C, Ca), 123.5 (2C, Cc), 122.4, 122.2, 122.0 (6C, CAr), 121.7 (2C, Cb), 40.7
(2C, N-CH2), 30.1, 28.6, 23.3 (6C, CH2), 14.5 (2C, CH3). MS(ESI): calc. for C34H30N2O6 [M] 562.21; found
[M+H]+ 563.17. IR (cm-1) 3059 (br, OH stretch), 2958 (m, CH stretch), 2930 (m, CH stretch), 1694 (s, C=O
stretch), 1651 (s, C=O stretch), 1594 (s, C=C stretch).
N,N’-Di-n-pentyl-1,12-di(2-ethylhexyloxy)-3,4:9,10-perylene tetracarboxydiimide (3) | PDI 2 (59 g, 105
mmol, 1 eq.), 2-ethylhexylbromide (81 g, 419.5, 4 eq.) and K2CO3 (87 g, 629 mmol, 6 eq.) were dissolved
in dimethylformamide (210 mL), and this reaction mixture was heated to 100 °C for 48 hours. The
resulting purple reaction mixture was poured into 3 L of a 1:1 mixture of EtOH / 3 N HCl. The resulting
precipitate was filtered, and was washed with a 1:1 mixture of EtOH / 3 N HCl and then with a 1:1 mixture
of water / EtOH. The purple solid residue was dried (vacuum stove), dissolved in methylene chloride and
subjected to a short path silica gel column. The filtrate was concentrated in vacuo, and was then purified
by silica gel column chromatography using methylene chloride as eluent. Pooled pure fractions yielded
38.7 g (43%), Rf = 0.87 in methylene chloride, as a purple solid. 1H NMR (400 MHz, Chloroform-d) δ 8.55
(d, J = 7.9 Hz, 2H, Hb), 8.48 (d, J = 8.0 Hz, 2H, Ha), 8.43 (s, 2H, Hd), 4.36 – 4.26 (m, 2H, 2O-CHH), 4.23 (t, J =
7.6 Hz, 4H, 2N-CH2), 4.07 – 3.97 (m, 2H, 2O-CHH), 1.86 – 1.71 (m, 6H, 2CH, 2CH2), 1.47 – 1.12 (m, 24H, 12CH2),
0.94 (t, J = 6.9 Hz, 6H, 2CH3), 0.91 – 0.81 (m, 6H, 2CH3), 0.81 – 0.66 (m, 6H, 2CH3). 13C NMR (100 MHz,
Chloroform-d) δ 163.9 (2C, Cf), 163.8 (2C, Ce), 157.1 (2C, O-CAr), 133.6, 129.0 (4C, CAr), 128.3 (2C, Cb), 123.6
(2C, Cc), 122.9 (2C, CAr), 122.4 (2C, Ca), 122.0, 120.1 (4C, CAr), 118.8 (2C, Cd), 72.8 (2C, O-CH2), 40.6 (2C, N-CH2),
39.6 (2C, CH), 30.5, 30.1, 29.3, 28.8, 27.9, 23.6, 23.1, 22.9, 22.5 (14C, CH2), 14.0, 11.3, 10.6 (6C, CH3). MALDIToF (m/z): calc. for C50H62N2O6 [M] 786.46; found [M]- 786.50. MS(ESI): found [M+H]+ 787.42. HRMS
(m/z): [M+H]+ calc. 787.4686; found 787.4684.
N,N’-Di-n-pentyl-1,12-di(tri-ethylene glycoxy monomethyl ether)-3,4:9,10-perylene tetracarboxydiimide
(4) | PDI 2 (50 mg, 89 μmol, 1 eq.), triethylene glycol p-toluenesulfonate (113 mg, 355 μmol, 4 eq.) and
DIPEA (68.9 mg, 533 μmol, 6 eq.) were dissolved in dimethylformamide (1 mL), and this reaction mixture
was heated to 100 °C for 48 hours. The purple solid residue was dried (vacuum stove) and subjected to
a short path aluminum oxide column (deactivated with 5% (v/m Al2O3) H2O in ethanol) with methylene
chloride as eluent. The residual impurities were removed by size exclusion chromatography (BioBeads
SX-1, methylene chloride). Pooled pure fractions yielded 45.5 mg (60%) as a purple solid. 1H NMR (400
MHz, Chloroform-d) δ 8.46 – 8.22 (m, 6H, Ha+b+d), 4.52 (br, 4H, 2O-CH2), 4.19 (t, J = 7.4 Hz, 4H, 2N-CH2),
3.89 (t, J = 4.5 Hz, 4H, 2O-CH2-PEG), 3.73 – 3.53 (m, 12H, 6O-CH2-PEG), 3.51 – 3.44 (m, 4H, 2O-CH2-PEG), 3.31
(s, 6H, 2O-CH3), 1.75 (p, J = 7.3 Hz, 4H, , 2CH2), 1.50 – 1.34 (m, 8H, 4CH2), 0.93 (t, J = 6.8 Hz, 6H, 2CH3). 13C
NMR (100 MHz, Chloroform-d) δ 163.8 (2C, Cf), 163.7 (2C, Ce), 156.5 (2C, O-CAr), 133.4, 128.9 (4C, CAr), 128.4
(2C, Cb), 123.7 (2C, Cc), 122.9 (2C, CAr), 122.6 (2C, Ca), 121.9, 120.1 (4C, CAr), 118.5 (2C, Cd), 72.0, 71.0, 70.8, 70.7,
70.1 (10C, O-CH2-PEG), 69.1 (2C, O-CH3), 59.1 (2C, O-CH3), 40.7 (2C, N-CH2), 29.4, 28.0, 22.6 (6C, CH2), 14.2
(2C, CH3). MALDI-ToF (m/z) calc. for C48H58N2O12 [M] 854.40; found [M]- 854.43. MS(ESI): found [M+H]+
855.17. HRMS (m/z): [M+H]+ calc. 855.4068; found 855.4042.
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N,N’-Di-n-pentyl-1,12-di(bromohexyloxy)-3,4:9,10-perylene tetracarboxydiimide (5) | PDI 2 (50 mg, 89
μmol, 1 eq.), 1,6-dibromohexane (86.7 mg, 54.7 μL, 355 μmol, 4 eq.) and DIPEA (68.9 mg, 533 μmol, 6
eq.) were dissolved in dimethylformamide (1 mL), and this reaction mixture was heated to 100 °C for 48
hours. The resulting purple reaction mixture was dried in vacuo and subjected to silica gel column
chromatography using methylene chloride as eluent. Pooled pure fractions yielded 34 mg (43%), Rf = 0.81
in methylene chloride, as a purple solid. 1H NMR (400 MHz, Chloroform-d) δ 8.50 – 8.45 (d, J = 7.9 Hz, 2H,
Hb), 8.41 – 8.34 (m, 4H, Ha+d), 4.32 (br, 4H, 2O-CH2), 4.20 (t, J = 7.9 Hz, 4H, 2N-CH2), 3.35 (t, J = 6.7 Hz, 4H,
2Br-CH2), 1.91 – 1.71 (m, 12H, 6CH2), 1.53 – 1.36 (m, 16H, 8CH2), 0.94 (t, J = 7.0 Hz, 6H, 2CH3). 13C NMR (100
MHz, Chloroform-d) δ 163.68 (2C, Cf), 163.67 (2C, Ce), 156.4 (2C, O-CAr), 133.5, 128.9 (4C, CAr), 128.3 (2C, Cb),
123.6 (2C, Cc), 122.9 (2C, CAr), 122.3 (2C, Ca), 122.0, 119.9 (4C, CAr), 118.2 (2C, Cd), 69.4 (2C, O-CH2), 40.6 (2C,
N-CH2), 33.5 (2C, Br-CH2), 32.5, 29.4, 29.2, 27.9, 27.8, 25.1, 22.5 (14C, CH2), 14.0 (2C, CH3). MALDI-ToF (m/z):
[M] calc. for C46H52Br2N2O6, 886.22; found [M]- 886.24. MS(ESI): found [M+H]+ 887.08.
N,N’-Di-n-pentyl-1,12-di(trimethylammoniumhexyloxy)-3,4:9,10-perylene tetracarboxydiimide (6) | PDI
5 (20 mg, 23 μmol, 1 eq.) and trimethylamine (13 mg, 16 μL, 230 μmol, 10 eq.) were dissolved in
tetrahydrofuran (2.0 mL), and this reaction mixture was stirred at room temperature for 24 hours. The
precipitated product was redissolved by addition of water and trimethylamine over a course of 24h. Of
the resulting purple reaction mixture most of the solvent was evaporated in vacuo and subsequently
precipitated in acetone, yielding 19 mg (100%) as a purple solid. 1H NMR (400 MHz, DMSO-d6) δ 8.80 –
8.55 (m, 2H, Hb), 8.47 – 8.26 (m, 4H, Ha+d), 4.61 – 4.30 (m, 4H, 2O-CH2), 4.19 – 3.95 (m, 4H, 2N-CH2), 3.26 –
3.15 (m, 4H, 2N+-CH2), 2.99 (s, 18H, 6N+-CH3), 1.91 – 1.79 (m, 4H, 2CH2), 1.73 – 1.57 (m, 8H, 4CH2), 1.51 – 1.24
(m, 16H, 8CH2), 0.90 (t, 6H, 2CH3). 13C NMR (100 MHz, DMSO-d6) δ 162.6 (2C, Cf), 162.5 (2C, Ce), 155.7 (2C,
O-CAr), 132.0, 127.5 (4C, CAr), 127.1 (2C, Cb), 122.3 (2C, Cc), 122.2 (2C, CAr), 122.0 (2C, Ca), 120.7, 118.5 (4C, CAr),
117.3 (2C, Cd), 68.8 (2C, O-CH2), 65.2 (2C, N+-CH2), 52.2 (6C, N+-CH3), 39.5 (2C, N-CH2), 28.8, 28.7, 27.1, 25.7,
25.0, 22.2, 21.9 (14C, CH2), 13.8 (2C, CH3). MALDI-ToF (m/z): [M] calc. for C52H70N4O62+, 846.53; found [M]846.57, [M-CH3]- 831.52, [M-3CH3]- 804.44, [M-HNC3H9]- 786.44. LC-MS(ESI): Rt = 6.44 min, found [M]2+
423.42. HRMS (m/z): [M]2+ calc. 423.2648; found 423.2631.
N,N’-Di-n-pentyl-1,12-di(n-octyl)-3,4:9,10-perylene tetracarboxydiimide (7) | PDI 2 (200 mg; 0.36 mmol, 1
eq.), n-octylbromide (275 mg; 1.42 mmol, 4 eq.) and K2CO3 (295 mg; 2.13 mmol, 6 eq.) were dissolved in
dimethylformamide (10 mL), and this reaction mixture was heated to 100 °C. After 48h, the reaction
mixture was cooled down and precipitated into an aqueous 3 N HCl-solution. The purple residue was
collected and washed with an aqueous 3 N HCl-solution and then with water. The residue was
redissolved in chloroform, dried over Na2SO4, filtered and concentrated in vacuo. The crude product was
subjected to silica gel column chromatography using a 50:1 mixture of chloroform / EtOH as eluent.
Subsequently, the filtrate was concentrated in vacuo and precipitation in MeOH from chloroform (2x),
yielding 37 mg (13%) as a purple solid. 1H NMR (400 MHz, Chloroform-d) δ 8.36 – 8.30 (m, 4H, Hb+d), 8.19
(d, J = 8.0 Hz, 2H, Ha), 4.29 (br, 4H, 2O-CH2), 4.18 (t, J = 7.6 Hz, 4H, 2N-CH2), 1.83 (p, J = 7.3 Hz, 4H, 2CH2),
1.76 (p, J = 7.6 Hz, 4H, 2CH2), 1.52 – 1.16 (m, 28H, 14CH2), 0.94 (t, J = 7.2 Hz, 6H, 2CH3), 0.86 (t, J = 6.8 Hz,
6H, 2CH3). 13C NMR (100 MHz, Chloroform-d) δ 163.8 (2C, Cf), 163.7 (2C, Ce), 156.6 (2C, O-CAr), 133.4, 128.8
(4C, CAr), 128.1 (2C, Cb), 123.5 (2C, Cc), 122.8 (2C, CAr), 122.2 (2C, Ca), 121.9, 119.8 (4C, CAr), 118.1 (2C, Cd), 69.7
(2C, O-CH2), 40.7 (2C, N-CH2), 31.9, 29.7, 29.5, 29.4, 29.3, 28.0, 26.0, 22.8, 22.6 (18C, CH2), 14.2 (2C, CH3),
14.1 (2C, CH3). MALDI-ToF (m/z): [M] calc. for C50H62N2O6, 786.47, found [M]- 786.46.
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N,N’-Di(2,6-diisopropylphenyl)-1,7-di(n-octyl)-3,4:9,10-perylene tetracarboxydiimide (9) | PDI 8[74] (100
mg; 0.12 mmol, 1 eq.), n-octylbromide (75 mg, 0.58 mmol, 4.8 eq.) and K2CO3 (159 mg; 1.15 mmol, 9.6 eq.)
were dissolved in dimethylformamide (3 mL), and this reaction mixture was heated to 80 °C. After 96h,
the reaction mixture was cooled down and precipitated into an aqueous 3 N HCl-solution. The purple
residue was collected, redissolved in diisopropylether and washed with water. Pooled diisopropyletherlayers were washed with a saturated aqueous KCl-solution. The organic layer was dried over Na2SO4,
filtered and concentrated in vacuo. The crude product was subjected to silica gel column
chromatography using chloroform as eluent, yielding 31 mg (28%) as a purple solid.
1H

NMR (400 MHz, CDCl3) δ = 9.73 (d, J = 8.4 Hz, 2H, Hb), 8.69 (d, J = 8.3 Hz, 2H, Ha), 8.60 (s, 2H, Hd), 7.51

(t, J =7.3 Hz, 2H, HAr), 7.36 (d, J = 7.7 Hz, 4H, HAr), 4.55 (t, 4H, 2O-CH2), 2.86 – 2.71 (m, 4H, 4CH), 2.16 – 2.04
(m, 4H, 2CH2), 1.70 – 1.60 (m, 4H, 2CH2), 1.55 – 1.25 (m, 16H, 8CH2), 1.25 – 1.09 (m, 24H, 8CH3), 0.90 (t, J =
6.8 Hz, 6H, 2CH3). 13C NMR (100 MHz, CDCl3) δ = 163.7, 163.6, 157.0, 145.7, 134.3, 130.7, 129.7, 129.6, 128.8,
124.3, 124.0, 123.4, 122.0, 121.4, 118.2, 75.6, 70.8, 31.7, 29.4, 29.24, 29.19, 29.15, 26.3, 24.01, 23.98, 22.6, 14.1.
MALDI-ToF (m/z): [M] calc. for C64H74N2O6, 966.55, found [M]- 966.55.
1,7-Di(n-octyl)-3,4:9,10-perylene tetracarboxydianhydride (10) | PDI 9 (150 mg; 0.16 mmol, 1 eq.) was
suspended in t-BuOH (15 mL) and heated to reflux. After 30 minutes at reflux, powdered KOH (870 mg,
15.15 mmol, 95 eq.) was added in one portion. After refluxing for another 8 hours, the reaction mixture
was poured in 50 mL of a 1:1 mixture of AcOH / 3 N HCl, and the resulting mixture was refluxed for one
more hour. The mixture was cooled down to room temperature and filtrated. The residue was washed
with an aqueous 3 N HCl-solution, subsequently with water and was then dried (vacuum stove). The
crude product was a mixture of di-anhydride and mono-anhydride / mono-imide. The crude product was
subjected to silica gel column chromatography using a mixture chloroform / AcOH to collect the monoimide, and subsequently with chloroform / TFA to collect 62 mg (62%) of 3 as a purple solid. 1H NMR (400
MHz, CDCl3) δ = 9.84 (d, J = 8.5 Hz, 2H, Hb), 8.73 (d, J = 8.4 Hz, 2H, Ha), 8.62 (s, 2H, Hd), 4.59 (t, J = 6.5 Hz,
4H, 2O-CH2), 2.20 – 2.10 (m, J = 14.4, 6.6 Hz, 4H, 2CH2), 1.71 – 1.61 (m, J = 7.8 Hz, 4H, 2CH2), 1.55 – 1.22 (m,
16H, 8CH2), 0.89 (t, J = 6.8 Hz, 6H, 2CH3). MALDI-ToF (m/z): [M] calc. for C40H40O8, 648.27, found [M]648.28.
N,N’-Di-n-pentyl-1,7-di(n-octyl)-3,4:9,10-perylene tetracarboxydiimide (11) | PDI 10 (25 mg; 38.5 µmol, 1
eq.), n-amylamine (10 mg; 115.6 µmol, 3 eq.), Zn(OAc)2 (7.1mg, 38.5 µmol, 1 eq.) and imidazole (0.5 gram)
were mixed and heated to 130 °C for 16 hours. After 16 hours, the reaction mixture was cooled down to
room temperature and dissolved in chloroform. The organic layer was washed twice with an aqueous 3
N HCl-solution. The organic layer was dried over Na2SO4, filtered and concentrated in vacuo. The crude
product was subjected to silica gel column chromatography using methylene chloride as eluent, yielding
25 mg (83%) as a purple solid. 1H NMR (400 MHz, CDCl3) δ = 9.15 (d, J = 8.4 Hz, 2H, Ha), 8.20 (d, J = 8.4 Hz,
2H, Hb), 7.90 (s, 2H, Hd), 4.22 (t, J = 6.5 Hz, 4H, 2O-CH2), 4.11 (t, J = 7.6 Hz, 4H, 2N-CH2), 2.01 (p, J = 6.6 Hz,
4H, 2CH2), 1.76 (p, J = 7.2 Hz, 4H, 2CH2), 1.62 (p, J = 7.2 Hz, 4H, 2CH2), 1.57 – 1.30 (m, 24H, 12CH2), 1.11 – 0.78
(m, 12H, 4CH3). 13C NMR (100 MHz, CDCl3) δ = 163.3, 163.0, 156.3, 133.24, 128.4, 128.3, 128.1, 122.8, 122.7,
120.9, 120.3, 116.3, 70.5, 40.7, 32.0, 29.8, 29.63, 29.58, 29.5, 27.9, 26.6, 22.9, 22.6, 14.3, 14.2. MALDI-ToF
(m/z): [M] calc. for C50H62N2O6, 786.46, found [M]- 786.47.
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Particle formation
Nano-sized architectures were prepared from unimolecular building blocks by means of reprecipitation.
This includes rapid injection of 15 µL of a 1 × 10–3 M PDI stock solution dissolved in anhydrous
dimethylsulfoxide (≥ 99.9%) into 1 mL filter sterilized demineralized water followed by manual stirring,
yielding a 1.5 × 10–5 M nanoparticle solution.

Optical measurements
UV-Vis spectra were measured on a Jasco V-650 spectrophotometer equipped with a Perkin-Elmer PTP1 Peltier temperature control system. The spectra were measured in quartz cuvettes and extinction
coefficients were calculated from Lambert-Beer’s law. Fluorescence spectra were recorded on a Varian
Cary Eclipse fluorescence spectrophotometer. Fluorescence quantum yields (φ) were calculated from
the integrated intensity under the emission band (I) using equation 1, where OD is the optical density of
the solution at the excitation wavelength and n is the refractive index. N,N’-bis(pentylhexyl)perylene3,4:9,10-tetracarboxylic acid bisimide (φ = 0.99) in methylene chloride was used as a reference.
=

(1)

Liposomes
Dipalmitoylphosphatidylcholine lipids (DPPC, 10 mg) were dissolved in a solution of 5 mL chloroform
containing 5% methanol. The aqueous phase (5 mL of water) was carefully added along the flask walls.
The organic solvent was removed in a rotary evaporator at 40 °C at 40 rpm. After drying, an opalescent
fluid was obtained with a volume of approximately 4.5 mL containing a mixture of heterogeneous DPPC
liposomes. Liposomes were characterized by means of brightfield and fluorescence microscopy on a
Zeiss Axio Observer D1 equipped with an LD Plan-NeoFluar 40x/0.6 Korr Ph 2 lens. A HE DsRed reflector
(Exc: 538-562; Em: 570-640) was used to image PDI 6. CLSM measurements were performed in a similar
fashion as for the cells.

Confocal microscopy
HeLa cells were seeded in eight-well uncoated glass bottom plates (30.000 cells per well) and cultured
for 24 hours at 37 °C / 5 % CO2 in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10 % fetal
bovine serum (FBS) and 1 % penicillin-streptomycin (Pen/Strep). Prior to imaging, the medium was
removed and replaced by a 5 × 10–6 M PDI 6 solution in cell culture medium without phenol red. After two
hours incubation, the solution was removed, the cells were washed with PBS and fresh DMEM was
added. The cells were imaged on a Leica TCS SP5 AOBS equipped with an HCX PL APO CS x63/1.2 NA
water-immersion lens and a temperature-controlled incubation chamber maintained at 37 °C. PDI 6 was
excited with a white-light laser at 530 nm with the pinhole set to one airy unit. The detection range was
set to 550–750 nm. The organelle markers (Alexa Fluor™ 680 Phalloidin, ER-tracker™ Green and
LysoTracker™ Green DND-26) were used according to the manufacturers’ protocol in the colocalization
studies. For the actin costained samples, the cells were fixed with paraformaldehyde in PBS for 10
minutes at room temperature. The microscopy images were analyzed using Leica Application Suite X.
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Probing exchange dynamics of supramolecular
fibers using DNA origami platforms

Abstract
One of the major challenges towards synthetic adaptive supramolecular systems is the
mechanistic understanding of fiber assembly processes and dynamics of both natural and
synthetic systems. While current techniques to study fiber assembly involve bulk
measurements or sequential immobilization, here we propose to use DNA origami platforms
as a study tool for supramolecular exchange dynamics. DNA origami structures were
designed such that supramolecular fibers can be incorporated onto their surface while
retaining their dynamic nature. Initial measurements have shown that supramolecular fibers
have affinity for these platforms in a mobility assay. Moreover, high resolution techniques
have shown potential to visualize both the DNA origami and the supramolecular fiber. We
envision that these hybrid structures may allow for the elucidation of mechanistic detail and
may thus contribute to the unravelling of self-assembly processes.

This work was performed in collaboration with B.J.H.M. Rosier and T.F.A. de Greef.
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Introduction
Supramolecular organization of building blocks is ubiquitously used by nature to create
well-ordered structures. Fundamental biological processes, such as e.g. protein assembly,[1]
compartmentalization[2] and cellular organization,[3] rely on reversible interactions that
control morphological organization and dynamic properties of the concomitant selfassembled structures, and thus their biological function. The adaptability, modularity and a
dissipative nature are key features to sustained supramolecular processes in biological
systems that allow for high spatiotemporal control. Cytoskeletal filaments, such as e.g.
microtubules, are exemplary for well-defined quasi one-dimensional structures that use
dynamics to mediate adaptive cellular behavior. The dissipative nature, or far-fromequilibrium conditions, allow these fibers to grow and collapse rapidly, resulting in complex
behavior, such as e.g. motility and cell division.[4] In contrast, thermodynamically stable
systems are commonly associated with disease profiles.[5] Synthetic supramolecular systems,
which have shown to bear high potential for various fields,[6] are, however, generally
designed to be stable by which reproducibility and predictability can be ensured. The
imminent gap between natural and synthetic, as evident from the elusive knowledge on
thermodynamics of self-assembled systems, thus constrains the ability to produce nature-like
structures with a proper biological function. While dissipative self-assembly has attracted
substantial interest,[7,8] the major challenge towards synthetic adaptive systems is the
mechanistic understanding of fiber assembly and dynamics.
Experimental and theoretical studies were used as an ensemble to observe dynamics of
supramolecular structures.[9–11] While spectroscopic techniques can extract valuable
parameters especially on the timescale of mechanistic processes,[12–14] recently emerged
super-resolution techniques have shown to be powerful tools to reveal the spatial
distribution of building blocks and the structural diversity of assemblies.[15] Stochastic optical
reconstruction microscopy (STORM) has, for example, extensively been used to elucidate
dynamic exchange processes for both natural, such as e.g. membranes[2] and cytoskeletal
filaments,[16] and synthetic systems, such as e.g. benzene-1,3,5-tricarboxamide(BTA)-based
fibers[17] and peptide-based architectures.[18,19] These current quantification techniques of the
exchange dynamics extract, however, parameters either from the complete ensemble of
structures in solution or from individual structures over various time points and thus detailed
elucidation of mechanistic processes like domain formation or dynamics on single-molecule
level remain elusive.
Hybrids between oligonucleotides (ODNs) and supramolecular assemblies have shown to
be a valuable combination for various nanotechnologies, including protein modulation,[20]
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computing[21] and the preparation of programmable structures.[22,23] Higher order DNA
assemblies, better known as DNA origami platforms,[24] enable precise design and production
of scaffold material, which were used to route covalent polymers[25] as well as to nucleate
and organize supramolecular amyloid fibrils.[26] Moreover, DNA origami platforms were
studied extensively on the interface between synthetic nanotechnology and biology.[27]
Therefore, we propose here to use supramolecular fiber accommodating DNA origami
platforms as study tool for a super-resolution time-course analysis of the same individual
supramolecular assembly.
We will employ bipyridine-based (BiPy) C3-symmetrical amphiphilic discotics,[28,29] as
exemplary system to study supramolecular exchange dynamics of synthetic moieties. These
building

blocks

spontaneously

self-assemble

into

one-dimensional

fluorescent

supramolecular fibers in water (Figure 6.1A) and were previously exploited to assemble and
reversibly exchange proteins.[30,31] Hybridization between discotic-ODN conjugates and a twodimensional DNA origami rectangle prepares a scaffold with protruding supramolecular
handles (Figure 6.1B). Incubation of these scaffolds with concomitant supramolecular fibers,
assembled from BiPy-discotic monomers, may allow for immobilization onto the DNA origami
platform while retaining its dynamic nature (Figure 6.1C). Various high-resolution techniques
were used to show the potential for the future steps towards the elucidation of exchange
dynamics on a single supramolecular fiber.
A)

C)
Selfassembly

B)
Single-stranded handles

100 nm
75 nm

Figure 6.1 | DNA nanostructures as study tool to elucidate supramolecular dynamics. A) Supramolecular
assembly of discotic building blocks into fibers in aqueous solution. B) Illustration of the incorporation
of discotics on DNA nanostructures. Two-dimensional 75 × 100 nm2 DNA origami rectangles are designed
to carry single-stranded handles protruding from its surface. Hybridization of these handles to
complementary discotic-ODN conjugates result in the incorporation of discotics at pre-programmed
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positions. C) Incorporation of discotic building blocks from solution leads to the immobilization of a
supramolecular structure onto the DNA origami scaffold while retaining their dynamic properties,
yielding an ideal study tool for supramolecular self-assembly pathways.

Results and Discussion
Supramolecular monomer design
BiPy-discotics are designed as molecular building blocks with the ability to self-assemble
into one-dimensional columnar fibers and consist of three 2,2’-bipyridine-3,3’-diamine blocks,
linked to a central benzene-1,3,5-tricarbonyl unit, which are flanked by polar gallic acid
moieties (discotic 1, Scheme 6.1). The self-assembly characteristics are determined by the
nature of the rigid core through strong intramolecular hydrogen bonding as well as by partial
solubility as induced by the nine peripheral ethylene glycol tails. Amine-functionalization of
one of the tails resulted in the mono-functionalized discotic 2, which is used as starting
material for the synthesis of multiple discotic derivatives that are used in this study.
Subsequently, a small linker was introduced by coupling of dibenzocyclooctyne-Nhydroxysuccinimidyl (DBCO-NHS) ester yielding discotic 3, which allows for strain-promoted
azide alkyne cycloaddition reactions.[32] A short ODN of 20 nucleotides (nt) in length was
designed such that it would be complementary to the single stranded handles that protrude
from the DNA origami surface (Figure 6.1B). The ODN’s 3’-azide functionality allowed for
straightforward conjugation to discotic 3, which was driven to full azide-consumption.
Purification by precipitation with isopropanol to remove residual nonODN-functionalized
discotics resulted in discotic 4 bearing the single stranded anti-handle that can be hybridized
to the DNA origami surface. Dye-functionalized discotics were synthesized to enable
spectroscopy and fluorescence microscopy studies. While cyanine3 (Cy3) and cynanine5 (Cy5)
show suitable photophysical properties that allow for dynamic exchange studies[22] and
STORM imaging,[33] these dyes were chosen to be coupled to discotic 2 via their respective
NHS esters. The sulphonated derivatives were picked to reduce alterations of polarity at the
periphery of the self-assembled fibers and thus increase the solubility of the dyes in aqueous
solution. Size exclusion chromatography resulted in discotic 5 and 6, respectively.
Organometallic discotic 7 was designed to allow for visualization in transmission electron
microscopy (TEM) studies. Like the ODN conjugation, azide-functionalized ferrocene was
coupled to discotic 3 in a straightforward fashion. Due to the small scale of this reaction and
little interference of free ferrocene in solution, the reaction was driven to full discotic
conversion and used without further purification.
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Scheme 6.1 | Molecular structures of the discotic derivatives and their representing cartoons. The singlestranded anti-handle is a 20 nt ODN that is complementary to the single-stranded handles protruding
from the DNA origami surface.

DNA origami platforms
The ‘bottom-up’ fabrication of DNA origami platforms has been extensively used to create
highly consistent nano-sized scaffolds.[34] The key feature of higher order DNA
nanotechnology is the ability to program design with extremely high spatial resolution, which
is unparalleled among self-assembled nanostructures.[35] Moreover, straightforward
integration of various materials, such as e.g. proteins, polymers and nanoparticles, has shown
the strength of hybrid materials.[36] The production of a two-dimensional 75 × 100 nm2 DNA
origami rectangle requires repeated folding of a long single-stranded DNA ‘scaffold’ with
hundreds of single-stranded short ‘staple’ strands.[24] Single-stranded handles can be
programmed to protrude from the DNA origami surface, by elongation of certain staple
strands, which allows for the precise organization of complementary anti-handle hybrids via
straightforward DNA hybridization. At first, we have designed a DNA origami rectangle with
15 protruding handles aligned along the long-axes of the platform with a spatial separation of
~5 nm as a model system to verify the incorporation efficiency of supramolecular building
blocks onto the scaffold (Figure 6.2A). After folding and purification using spin filtration,
discotic 4 was incorporated onto the DNA origami surface by hybridization of the handle with
the anti-handle and the construct was subsequently spin filter purified again to remove
residual discotic 4. The incorporation of the supramolecular building blocks was visualized by
means of atomic force microscopy (AFM). Topographic AFM imaging under liquid conditions
revealed well-folded DNA origami rectangles as well as the presence of additional height in a
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line along the long-axes of the platform on most of the structures, suggesting efficient
incorporation of the discotics as designed (Figure 6.2B). Moreover, another DNA origami
rectangle was designed similarly, however, only presented 8 single-stranded handles that
were ~5 nm spaced covering approximately half of the long-axes of the platform. While the
resolution may be slightly lower due to an increased bluntness of the AFM probe tip, wellfolded structures could be visualized that were consistent with the design. Supramolecular
building blocks can thus be specifically incorporated at programmed locations on the DNA
origami rectangle and the hybrid product readily purified.
A)

B)

7 nm

0 nm

Figure 6.2 | Incorporation of discotic-ODN conjugates onto DNA nanostructures. A) The design of a two
dimensional DNA origami rectangle that carries 15 single-stranded handles protruding from its surface
with ~5 nm spacing. Hybridization of discotic-ODN conjugates results in the incorporation of discotic
handles positioned in a straight line. B) AFM height images of purified DNA nanostructures that carry
either 15 (left) or 8 (right) handles, showing successful incorporation of discotic-ODN conjugates onto
the DNA scaffolds (scale bar: 200 nm). The inset shows the design of DNA nanostructures that carry 8
handles with ~5 nm spacing, which are thus positioned in a straight line covering half of the rectangle.

Hybrid structures
The space in between the 15 protruding discotic handles in this DNA origami design
intuitively leaves vacant sites for discotic monomers that can be recruited from solution and,
therefore, may allow for the accommodation of supramolecular fibers. Due to the modular
nature of all the components, two synthetic routes can be envisioned to prepare hybrid
structures between DNA origami platforms and supramolecular assemblies. Hybridization of
discotic 4 conjugates onto the two dimensional DNA origami rectangle and subsequent
purification prepares the scaffold for incubation with supramolecular assemblies of discotic 1
(Figure 6.3A). This route A is a highly controlled procedure to ensure reproducibility, but is,
however, also the most time-consuming method. While the self-assembly properties of ODNdiscotics

remain

comparable

to

non-functionalized

discotics,[22]

dual-component

architectures were prepared by dynamically mixing discotic 1 and 4. These mixtures were
incubated for at least 2 hours prior to hybridization between the handles of the DNA origami
platform and the supramolecular fiber flanking anti-handles (Figure 6.3B). This route B
accelerates the synthesis procedure by the reduction of one purification step, but its

114

Probing exchange dynamics of supramolecular fibers using DNA origami platforms |
efficiency may depend on the dynamic exchange properties of supramolecular fiber that is
incorporated. While both have shown to be viable routes for the synthesis of hybrid
structures, we envision that the preferred route may depend on the final application. Here,
route A was used for the remainder of this chapter to ensure reproducibility and avert
possible mixing differences, which allows for a proper comparison between different discotic
derivatives. Moreover, note that only 5 protruding handles are drawn in the schematic figures
in the proceeding of this chapter while 15 were de facto incorporated.
A)

B)

Dynamic mixing

Figure 6.3 | Schematic overview of two synthetic routes towards DNA nanostructures that carry
supramolecular fibers. A) Hybridization of discotic-ODN conjugates onto the two dimensional DNA
origami rectangle that carries protruding single-stranded handles and subsequent incubation with
supramolecular discotics or B) mixing of discotic-ODN conjugates and supramolecular discotics prior to
hybridization onto the origami rectangle both yield hybrid DNA nanostructures / supramolecular fibers.

DNA origami scaffolds with 15 hybridized discotics 4, similar to the one discussed before,
were prepared following route A. During the last incubation step, the concentration of
discotic 1 was varied from 0.6 to 10 µM over five different samples. These hybrids, along with
the empty and the discotic handle presenting DNA origami rectangle, were exposed to an
electrophoretic agarose gel mobility shift assay (EMSA) to compare the different stages of
the synthesis process (Figure 6.4A). In the resulting unstained agarose gel the empty DNA
origami rectangle (grey) cannot be observed as this structure is not intrinsically fluorescent
(Figure 6.4B, top). Because the incorporated ODN-discotic conjugates on the hybrid scaffold
(red) are intrinsically fluorescent, a faint band can be observed at the expected gel mobility
shift, which is indicated by the lower dashed line that is parallel to the wells at the top of the
gel. Moreover, a second band can be observed at lower mobility shift. This band consists of
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DNA origami dimers that exert inter-structure interactions as was observed in another
research topic. Upon increasing concentration of incorporated discotic 1 (green), a gradual
decrease in mobility of the DNA origami band can be observed, clearly indicated by
comparison to the dashed line. This gradual upshift as well as a gradual fluorescence intensity
intensification of this band suggest a concentration dependent incorporation of
supramolecular discotics. Supramolecular fibers that are still in solution also, unsurprisingly,
gradually intensify upon increasing concentration as can be observed as the smear at lower
mobility levels. In addition, another sample was prepared following the same synthetic
procedure, but incorporating Cy3-containing discotic 5, instead of discotic 1, at a
concentration of 2.5 µM (Figure 6.4A, yellow). In the agarose gel, this sample is largely
overexposed due to the high excitation coefficient of the Cy3-dye (Figure 6.4B, top).
Reducing the contrast of the image, however, exposes an intense band, as indicated by the
arrow, at a comparable mobility level as the discotic 1 incubated hybrid at the same
concentration (Figure 6.4B, bottom). The intensity of this band, especially as compared to
the discotic 1 hybrids, suggests the presence of discotic 5 at the mobility level of the DNA
origami platform. Moreover, the relative intensity of this band, as compared to the rest of
the lane, indicates that most of the Cy3-functionalized discotics are incorporated onto the
DNA origami platform.
The ensemble of results obtained from this EMSA study strongly indicates the affinity of
the supramolecular fibers, self-assembled from discotic monomers, for the DNA origami
platform with protruding immobilized discotic handles. The discotic concentration
dependent mobility as well as the ability to incorporate different discotic derivatives suggest
that these supramolecular fiber accommodating DNA origami platforms may allow for
dynamic exchange of monomers and thus present to be promising candidates as study tool
for the elucidation of mechanistic processes.
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A)

B)

10

5

2.5 1.3 0.6 2.5 µM

Figure 6.4 | A stepwise validation of the incorporation of supramolecular fibers onto DNA
nanostructures. A) The design of two dimensional DNA origami rectangle at different stages throughout
the synthesis procedure that carry either 15 single-stranded handles (top left), 15 hybridized discoticODN conjugates (top right), a supramolecular fiber self-assembled from inert-discotics (bottom left) or
a supramolecular fiber from Cy3-discotics (bottom right). B) EMSA images of DNA nanostructures at
different stages of the synthesis process (top) as well as the same image at reduced contrast (bottom).
The dashed lines are parallel of which the bottom one represents the mobility shift of the DNA
nanostructure solely carrying the single-stranded handles. The arrow indicates the mobility shift of DNA
nanostructures incubated with Cy3-discotics. The different lanes are color-marked representing the
concomitant stages of the DNA nanostructures and the incubation concentration of discotics in solution
is indicated.

High resolution techniques
The EMSA results present a promising indication for these hybrid systems in bulk,
however, high resolution techniques may allow for visible proof of concept as well as for the
elucidation of mechanistic detail on a single structure level. Therefore, transmission electron
microscopy (TEM) was envisioned to allow for direct visualization of hybrid structures
between the DNA origami platform and the supramolecular fibers. Incorporation of
ferrocene-discotic 7 is foreseen to render these hybrid structures suitable for TEM imaging
(Figure 6.5A). TEM micrographs of the two individual components are visualized in Figure
6.5B. The negative-stained micrograph of the scaffold platform, prior to the incubation with
supramolecular fibers, shows rectangular structures with the expected dimensions of the
two-dimensional DNA origami platform as designed. It is important to note that the discotic
handles that are protruding from its surface are not visible on these micrographs, most likely
due to their small dimensions and weak scattering. On the other hand, the micrograph with
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solely discotic 7, drop-casted from aqueous solution, shows supramolecular fibers of ~100 nm
with high contrast arising from the organometal.
These initial measurements show the potential of visualizing the hybrid structures by
means of TEM, especially due to the matching size range. Moreover, the contrast difference
between the single-layer DNA origami (low) and the supramolecular fiber (high) is anticipated
to be beneficial, as overlapping structures may be readily observed in case of the hybrid
structures.
A)

B)

Figure 6.5 | Incorporation of metal-containing supramolecular fibers onto DNA nanostructures. A) The
design of a two dimensional DNA origami rectangle that carries 15 discotic handles protruding from its
surface. Incorporation of ferrocene-functionalized discotics results in the immobilization of
supramolecular fibers onto the DNA nanostructures. B) TEM micrographs of DNA nanostructures that
carry 15 discotic handles, showing the rectangular nature of the DNA nanostructures and imperceptibility
of the discotic handles (left) and of the supramolecular fibers self-assembled from ferrocenefunctionalized discotics (right, scale bar: 200 nm). The insets show magnified TEM images of the same
samples (scale bar: 100 nm).

Super-resolution microscopy is a technique in which an image is reconstructed from
individually observed single-molecule fluorescent events.[15] Recording of these individual
events allows for highly accurate mathematical localization of dyes, below the diffraction
limit. Stochastic optical reconstruction microscopy (STORM) is such a method in which
fluorescent dyes are switched between the ‘on’- and ‘off’-state by chemical and optical
input.[37–39] Modulation of the illumination intensity determines the conversion rate between
the two states and results in controlled stochastic blinking that can be used to reconstruct an
image with super-resolution. This powerful imaging technique has structurally and
dynamically elucidated several biological[40–42] and synthetic structures[13,17,18] and may
arguably be a key method in unravelling mechanistic details on the molecular scale.
The design of the hybrid structure was slightly altered in order to render them suitable for
super-resolution microscopy. While the handles for hybridization of ODN-discotic conjugates
and the concomitant ability to host supramolecular fibers was kept constant, additional
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single-stranded handles protruding from the DNA origami surface were installed on the other
side of the rectangle (Figure 6.6A). Two groups of four handles, which are non-equivalent to
the discotic handles, are designed such that a total of 8 dyes could be hybridized onto the
surface of the DNA origami. ATTO488-dyes are installed at these positions to allow for the
localization of the DNA origami itself during imaging. Moreover, this type of dye spectrally
allows for triple-color STORM imaging in combination with Cy3- and Cy5-dyes.[33] In addition,
single-stranded biotin-functionalized handles are introduced on the flipside of the DNA
origami platform in order to allow for immobilization of the scaffold onto BSA-biotinneutravidin-coated glass microscope coverslips to minimize sample drift (Figure 6.6B).[43]
In order to validate the design for STORM, we hybridized the 15 handles, complementary
to the anti-handles of discotic 4, to Alexa647-dyes to allow for dual-color STORM
measurements (Figure 6.6B).
A)

B)

15 Alexa647 2x4 ATTO488

90°

5x Biotin

Figure 6.6 | Rendering hybrid DNA nanostructures / discotic supramolecular fibers suitable for superresolution microscopy. A) The design of a two dimensional DNA origami rectangle that carries both 15
discotic handles protruding from its surface which accommodate supramolecular Cy5-functionalized
discotic fibers and 2 × 4 ATTO488-functionalized handles grouped in the corners of the DNA
nanostructure. B) The top and side view of the design of a simplified two dimensional DNA origami
rectangle that carries 15 Alexa647- and 2 × 4 ATTO488-functionalized handles on one side of the DNA
nanostructure and 5 biotin-functionalized handles on the flip side.

In a flow chamber, a glass microscope coverslip was sequentially coated with BSA and
neutravidin to reduce background signal and to allow for selective recruitment of the
biotinylated DNA origami platforms to the coverslip surface via vacant neutravidin binding
sites. The origami design with the two hybridized dyes (Figure 6.6B) was incubated and
imaging buffer, which contains a chemical cocktail necessary for STORM imaging, was flown
in the chamber. Figure 6.7A shows the total internal reflection fluorescence (TIRF)
microscopy images obtained from both channels. These images show the diffraction limit
spots of the two groups of ATTO488-dyes (488 channel) and the line of Alexa647-dyes (647
channel), which can thus be imaged separately in the same sample. Importantly, the merged
image shows a high correlation of the two channels, indicating that both dyes are
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incorporated on the same structures. A time-course analysis of an individual diffraction limit
spot from these images provides a total spot intensity trace (Figure 6.7B). Interestingly,
stepwise bleaching of the individual dyes can be observed in these traces as illustrated by the
arrows, indicating the amount of dyes per diffraction limit spot and thus the verification of
the prosperity of the structures. TIRF images were taken from another location of the same
sample at low illumination intensities to avoid extensive bleaching (Figure 6.7C).
Subsequently, STORM images from both channels were obtained from the same location.
The dual-color ability as well as the enhanced localization of the dyes resulted in a
reconstructed image in which DNA origami platforms could be identified as indicated by the
arrows. The merged image overlays the TIRF image of the 647 channel with the dual-color
storm image, which results in a near-perfect localization of the observed structures. These
results thus validate that STORM allows for high resolution structural analysis of multi-color
DNA origami platforms. Moreover, minor background and drift was observed highlighting the
importance of selective recruitment by the biotin-neutravidin interaction.
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Figure 6.7 | Optical microscopy on DNA nanostructures. A) TIRF images of ATTO488- and Alexa647labbeled DNA nanostructures which were recruited to neutravidin-coated glass coverslip. The separate
images of ATTO488 (excitation at 488 nm) and Alexa647 (excitation at 647 nm) as well as the merged
image is presented (scalebar: 20 µm). B) The time-course analysis of the total spot intensity of a single
spot in the Alexa647 channel in TIRF-mode, showing stepwise bleaching of individual dyes as illustrated
by the arrows. The inset shows a single frame of a typical spot as observed in TIRF-mode. C) TIRF and
STORM images of ATTO488- and Alexa647-labbeled DNA nanostructures (scalebar: 1 µm). The separate
TIRF images of ATTO488 and Alexa647 as well as the dual channel STORM image is presented. The
merged image of the TIRF Alexa647 (white spots) and the dual color STORM image (ATTO488 in green
and Alexa647 in red) shows co-localization of the dyes in both techniques as well as the enhanced
resolution of STORM.
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STORM images of a two-component supramolecular fiber, self-assembled from discotics
monomers, were also obtained. Supramolecular fibers of discotic 1 were mixed with 5% of
discotic 6 and incubated for at least 2 hours to allow for dynamic exchange. The sample was
straightforwardly incubated in a piranha-cleaned flow chamber to allow for physical
adsorption to the piranha cleaned glass microscope coverslips. Subsequent to the addition
of imaging buffer, STORM images were obtained in which fiber-like structures could be
observed after image reconstruction (Figure 6.8A). The distribution of individual dyes within
a single supramolecular fibers could be observed as indicated by the arrows. These results
indicate that these supramolecular fibers are suitable candidates as a proof-of-principle tool
for the elucidation of mechanistic details by dynamic exchange studies.
We envision that by the introduction of the discotic handles on the DNA origami platforms
and subsequent incorporation of a supramolecular fibers a study tool for molecular dynamics
can be obtained. Figure 6.8B shows the proposed concept in which first a single-component
supramolecular fiber, e.g. consisting of discotic 1, is incorporated onto the DNA origami
platform. Then, dye-functionalized discotics, e.g. discotic 6, are mixed into the solution, after
which dynamic exchange will take place. Moreover, dual-color exchange measurements
could be performed via sequential incubation of spectrally distinct monomers, such as e.g.
discotic 5 and 6. In a time-course STORM analysis of a single DNA origami structure, dynamic
parameters can be determined which may lead to a more detailed description of the
mechanistic processes of self-assembly.
A)

B)

100 nm

100 nm

Figure 6.8 | Super-resolution microscopy on dynamic supramolecular systems. A) The design of mixed
two-component supramolecular fibers self-assembled from inert- and 5% Cy5-discotics and Cy5-channel
(excitation at 647 nm) STORM images of two independent supramolecular fibers. Fibers were deposited
directly from solution onto piranha cleaned glass coverslips. The stochastic blinking of individual dyes
can be appreciated in this mixed system as illustrated by the arrows. B) The design of a two dimensional
DNA origami rectangle that carries both 15 discotic handles protruding from its surface which
accommodate supramolecular discotic fibers and 2 × 4 ATTO488-functionalized handles grouped in the
corners of the DNA nanostructure. Dynamic exchange of discotic monomers by Cy5-labelled discotics
can be monitored as illustrated by the arrows.
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Conclusion
Single-structure elucidation of mechanistic pathways of self-assembly is key to
understand natural well-ordered structures and hence for the creation of next generation
sophisticated biomaterials. Here we have shown the first steps towards a novel methodology
for the elucidation of the exchange dynamics of supramolecular assemblies on individual
structures. DNA origami platforms with protruding supramolecular handles have indicated to
allow for the incorporation of supramolecular fibers in initial experiments. Supramolecular
fibers with different molecular designs were shown to have affinity for the platforms in
mobility assays. The individual building blocks of this system were visualized via tomography
electron microscopy. Prospective measurements on the concomitant hybrid structures
would indisputably provide validation of the interplay between the two systems. Both TIRF
and STORM image analysis were demonstrated as a powerful tool to visualize both DNA
origami platforms and supramolecular assemblies that allow for time-course analysis of an
individual structure. Moreover, the distribution and amount of dyes within these structure
could be readily observed.
We envision that the hybrid structures provided by our method will allow for
straightforward extraction of dynamic parameters from individual self-assembled structures.
Therefore, we provide a novel method which may thus allow for the elucidation of complex
mechanistic processes in self-assembly by an ensemble of high resolution techniques that
provide synergistic structural insights.

Experimental section
General remarks
All solvents employed were obtained from Biosolve BV and the reagents were obtained from SigmaAldrich and used without purification unless stated otherwise. Sulfo-Cy3-NHS and Sulfo-Cy5-NHS were
purchased from Lumiprobe. Analytical thin layer chromatography (TLC) was carried out using Merck precoated silica gel using ultraviolet light irradiation at 254 and 365 nm. Manual column chromatography
was performed using Merck 60 Å pore size silica gel (particle size: 63 – 200 μm). Discotic 2[30] and 3[22]
are synthesized according to a literature procedure. Matrix assisted laser desorption/ionization time-offlight mass spectra (MALDI-TOF-MS) were measured on a PerSeptive Biosystems Voyager-DE Pro
spectrometer with a Biospectrometry workstation using 2-[(2E)-3-(4-t-butylphenyl)-2-methylprop-2enylidene]malononitrile (DCTB) and α-cyano-4-hydroxycinnamic acid (CHCA) as matrix material and
methylene chloride as solvent. Reverse-phase liquid chromatography-mass spectrometry (LC-MS)
analysis was performed on an Applied Biosystems Single Quadrupole Electrospray Ionization Mass
Spectrometer API-150EX in positive mode employed with a Jupiter SuC4300A, 150 x 2.00 mm column.
H2O and acetonitrile, both enriched with 0.1% F.A, were used as eluent using a gradient of 5% to 100%
acetonitrile in 10 min and a 0.2 mL min-1 flow rate. Visualization by TEM was performed by a Technai G2
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Sphera by FEI operating at an acceleration voltage of 80 kV. Samples were prepared by drop-casting a 3
× 10–9 M DNA nanostructure solution on a carbon film on a 400 square mesh copper grid and dried for 1
minute. The grids were negatively stained with 1% aqueous uranyl formate for 30 seconds prior to
imaging.

Synthetic procedure
DBCO-discotic (3) | Dibenzocyclooctyne-N-hydroxysuccinimidyl ester (DBCO-NHS, 1.5 mg, 3.8 µmol) was
added to a solution of discotic 2 (5.0 mg, 1.5 µmol) and triethylamine (1.5 µL, 6.0 µmol) dissolved in dry
methylene chloride (0.2 mL) and the resulting reaction mixture was stirred overnight at room
temperature under an inert atmosphere. The crude reaction mixture was purified by size exclusion
column chromatography (BioBeads, methylene chloride). Pure fractions were pulled and dried in vacuo
to yield DBCO-discotic in 89% (4.8 mg, 1.3 µmol). MALDI-ToF (m/z): [M] calc. for C179H256N14O62, 3593.73,
found [M+H]+ 3594.69.
Discotic-ODN (4) | The oligonucleotide (ODN) (50 μL, 100 μM) and an excess of discotic 3 (50 μL, 250
μM) in UltraPureTM DNase/RNase-Free Distilled Water were mixed and shaken at room temperature for
1 h and subsequently put to react overnight at 4 °C. The crude mixture was saturated with 5 μL of
UltraPureTM DNase/RNase-Free NaCl (5 M) solution and 300 μL of ice-cold isopropanol was added. The
samples were incubated at -20 °C overnight. The resulting suspension was centrifuged at 4 °C, 14.000
rpm and the supernatant containing unreacted discotic 3 was discarded, yielding discotic-ODN as a
pellet. MS(ESI): [M] calc. 10031.35, found [M]- 10028.38.
Cy3-discotic (5) | Sulfo-Cyanine3-N-hydroxysuccinimidyl ester (1.0 mg, 1.4 µmol) was added to a solution
of discotic 2 (2.3 mg, 0.7 µmol) and triethylamine (0.7 µL, 2.7 µmol) dissolved in dry methylene chloride
(0.3 mL) and the resulting reaction mixture was stirred overnight at room temperature under an inert
atmosphere. The crude reaction mixture was purified by size exclusion column chromatography
(BioBeads, methylene chloride). Pure fractions were pulled and dried in vacuo to yield Cy3-discotic in
86% (2.3 mg, 0.6 µmol). MALDI-ToF (m/z): [M] calc. for C190H276N15O67S22-, 3903.81, found [M+Na+K]+
3967.49.
Cy5-discotic (6) | Sulfo-Cyanine5-N-hydroxysuccinimidyl ester (1.0 mg, 1.4 µmol) was added to a solution
of discotic 2 (2.3 mg, 0.7 µmol) and triethylamine (0.7 µL, 2.7 µmol) dissolved in dry methylene chloride
(0.3 mL) and the resulting reaction mixture was stirred overnight at room temperature under an inert
atmosphere. The crude reaction mixture was purified by size exclusion column chromatography
(BioBeads, methylene chloride). Pure fractions were pulled and dried in vacuo to yield Cy5-discotic in 78%
(2.1 mg, 0.5 µmol). MALDI-ToF (m/z): [M] calc. for C192H278N15O67S22-, 3929.83, found [M+Na+K]+ 3993.84.
Ferrocene-discotic (7) | Ferrocenoyl azide was dissolved in UltraPureTM DNase/RNase-Free Distilled
Water to reach a final concentration of 2 mM. From this solution, 4 µL was added to 50 µL solution of
discotic 3 (80 µM) in the same solvent. This reaction mixture was shaken for 1 h at room temperature
and put to react further in the fridge at 4 °C overnight. The product was used without further purification.
MS(ESI): [M] calc. for C190H265FeN17O63, 3848.74, found [M+3H]3+ 1284.17.
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Preparation supramolecular fibers
Discotic-solutions were prepared by dissolving discotics in UltraPureTM DNase/RNase-Free distilled
water to a final concentration of 200 μM and diluted down prior to use to the desired concentration
unless stated otherwise. Two-component fibers were prepared by mixing 50 μM aqueous solutions in
the desired ratio and incubated for at least 2 hours at room temperature before they were diluted down
prior to use.

DNA nanostructure design
The DNA origami rectangle used in this study was designed using caDNAno v0.2 based on the tall
rectangle design by Rothemund (Figure S6.1).[24] The M13mp18 scaffold strand folds into a single-layer
structure of 32 helices using 187 staple strands (Table S6.2). For DNA-disc and fluorophore incorporation,
staples were functionalized at the 3’ end with 20-nt handle strands (handle-1 and handle-2, Table S6.1).
To attach the DNA origami structure to a solid support, 5 staple strands were functionalized with biotin
moieties at the 5’ end and positioned to protrude from the other side of the structure (Table S6.2).[44]
To correct for global twist of the DNA origami rectangle 3 base pair deletions per helix were introduced.
To prevent DNA origami aggregation through blunt-end stacking all 32 edge staples were omitted during
folding and not listed here.

Figure S6.1 | Schematic overview of the DNA origami rectangle. The scaffold strand is shown in light
blue and unmodified staple strands in red. Staples that are used for handle-1 extension, such as e.g.
discotic 4 or Alexa647, are shown in dark blue. Staples for handle-2 extension, such as ATTO488, are
shown in black. Biotin-modified staples shown in green and unmodified staples needed for biotin
orientation shown in purple. Base-pair deletions to correct for global twist of the structure are indicated
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by crosses and 3’ ends of DNA strands are indicated by arrows. Numbers on left and right indicate the
reference helix number, while numbers on top and bottom indicate reference nucleotide position.

Folding and purification of DNA nanostructures
Desalted unmodified staple strands and HPLC-purified handle-extended staple strands (Table S6.1) were
obtained from Integrated DNA Technologies and dissolved at a stock concentration of 500 µM in
DNase/RNase-free water (Invitrogen). The 7,249 nt single-stranded scaffold strand was purchased from
Eurofins (M13mp18) and diluted to a stock concentration of 200 nM in 10 mM Tris, 1 mM EDTA, pH 8.0.
Folding reactions were performed at a volume of 50 µL in folding buffer (10 mM Tris, 1 mM EDTA, 10 mM
MgCl2, 50 mM NaCl, pH 8.0), with 25 nM scaffold strand and 250 nM of each staple strand. The reaction
mixture was heated to 90°C for 15 min and then slowly cooled to 20°C at a rate of 1°C min-1. Excess staple
strands were removed using 100 kDa MWCO 0.5 mL Amicon centrifugal filters (Merck Millipore). Briefly,
a filter was pre-wetted with 450 µL reaction buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, 100 mM NaCl,
pH 8.0). The folding mixture was diluted to 450 µL with reaction buffer, added to the filter and
centrifuged at 4°C for 5 min at 5,000 g. This step was repeated for a total of three washing steps. The
concentrate was recovered by inverting the filter and spinning for 2 min at 1,000 g. Samples were stored
in DNA LoBind tubes (Eppendorf) at 4°C for next day use or at -30°C. The DNA origami concentration was
determined by measuring the absorption at 260 nm, assuming an extinction coefficient of 1.24×108 M-1
cm-1.[45,46]
For fluorescence microscopy experiments, fluorophores were incorporated after folding and
purification. In short, fluorophore-labeled anti-handles (Table S6.1) were added to a 10 nM DNA origami
solution using a 10-fold excess per handle. After 1 h incubation at 37°C, functionalized nanostructures
were purified using 100 kDa MWCO Amicon centrifugal filters, as described above.
Agarose gel electrophoresis was used for DNA origami folding analysis. In short, 1.5% agarose gels were
cast in gel buffer (1x TAE, 10 mM MgCl2, pH 8.0) supplemented with SYBR Safe. Gels were run in gel
buffer for 90 min at 65 V in an ice bath. DNA origami samples were diluted just before loading to a final
concentration of 2 – 4 nM and supplemented with Ficoll-400 (Sigma-Aldrich) to a final concentration of
2.5% (w/v). Gels were imaged using an ImageQuant 400 Digital Imager (GE Healthcare) and analyzed with
ImageJ.

Incorporation of supramolecular fibers onto DNA nanostructures
Supramolecular fibers were incorporated onto DNA nanostructures according to synthetic route A
(Figure 6.3). After folding and purification of DNA origami samples, a 50 µL reaction mixture was
prepared in reaction buffer (10 mM Tris, 1 mM EDTA, 10 mM MgCl2, 100 mM NaCl, pH 8.0) containing 10
nM DNA origami and 0.75 µM DNA-disc, corresponding to a 5-fold molar excess per handle. The sample
was incubated for 1 hr at 18°C, and subsequently purified using 100 kDa MWCO Amicon centrifugal filters,
as described above. The concentration of disc-functionalized DNA nanostructures was determined by
measuring the absorption at 260 nm. DNA nanostructures were diluted to 4 nM and other discotic
derivatives were added in various concentrations. After 1 h incubation at 18°C, the samples were
supplemented with 2.5% Ficoll-400 and run on a 1.5% agarose gel, as described above though without
SYBR safe.
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Atomic Force Microscopy
Topographic images were acquired in tapping mode under liquid conditions on a MultiMode 8 atomic
force microscope with a NanoScope IIIa controller (Veeco) using V-shaped Si3N4 cantilevers with
sharpened pyramidal tip and a nominal spring constant of 0.04 N/m (OTR4, Bruker AFM Probes).
Substrates were prepared by attaching laser-cut mica discs (~1 cm2, Ted Pella) to Teflon (VWR) using
epoxy glue. DNA origami solutions were diluted to 2 nM with imaging buffer (10 mM Tris, 1 mM EDTA, 10
mM MgCl2, pH 8.0) and 5 µL was deposited on a freshly-cleaved mica substrate. The sample was
incubated for 30 s and subsequently 50 µL of imaging buffer was added. In various regions on the mica
surface 512 × 512 px images of 1 × 1 µm2 or 1.5 × 1.5 µm2 were acquired, optimizing the scanning and
feedback parameters for each image. All images were analyzed using Gwyddion v2.39 software.

Super Resolution Microscopy
The flow chamber for fluorescence microscopy was prepared similar to previous reports for super
resolution imaging of DNA origami structures.[43,47] In short, a flow chamber was constructed by
adhering a piranha cleaned[17] glass microscope coverslip (Menzel-Gläser, no. 21 × 26 mm) to a glass slide
separated by double-sided tape. Next, 25 μL of 0.5 mg mL−1 BSA-biotin (Thermo Fisher) in reaction buffer
(10 mM Tris, 1 mM EDTA, 10 mM MgCl2, 100 mM NaCl, pH 8.0) was flown in the chamber and incubated
for 5 min. Subsequently, the flow chamber was washed with 100 μL reaction buffer and 25 μL of a 0.5
mg mL−1 neutravidin (Thermo Fisher) in reaction buffer was added and incubated for 5 min. The chamber
was washed again with reaction buffer and 25 μL sample was subsequently flown in the chamber and
incubated for 5 min. DNA origami samples were diluted prior to incubation to 25 pM and discotics to 2.5
nM in reaction buffer. Before TIRF and STORM acquisition, 40 μL of imaging buffer (50 mM Tris−HCl pH
7.0, 10 mM MgCl2, oxygen scavenging system (0.5 mg mL−1 glucose oxidase, 50 μg mL−1 catalase), 10%
(w/vol) glucose and 10 mM 2-aminoethanethiol) was added to the flow chamber. STORM and TIRF
images were acquired with a Nikon N-STORM system. ATTO488 was excited by a 488 nm laser and Alexa
647 and Cy5 were excited by a 647 nm laser. Fluorescence was collected by means of a Nikon x100, 1.4NA
oil immersion objective and passed through a quadband-pass dichroic filter (97335 Nikon). Images were
recorded with an EMCCD camera (ixon3, Andor, pixel size 0.165 μm). The localizations generated by the
Nikon software were subsequently plotting using MATLAB.
Table S6.1: | Handle and anti-handle sequences.
Name

Sequence (5' to 3')[a]

Length (nt)

handle-1

TACTGACTGACTGACTGACTG

21

handle-2

TTCATACGACTCACTCTAGGG

21

anti-handle-1-azide

azide-CAGTCAGTCAGTCAGTCAGT

20

anti-handle-1-A647

Alexa647-TTTCAGTCAGTCAGTCAGTCAGT

23

anti-handle-2-A488

ATTO488-TTTCCCTAGAGTGAGTCGTATGA

23

[a] Underlined thymine nucleotides are added as a spacer.
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Table S6.2 | Sequences of unmodified and biotinylated staple strands
Staple

Location

no.

5' end

1

0[79]

2

0[111]

Color

Staple

Location

code[b]

no.

5' end

ACTGAGTTTCGTCACCAGTACAAATCATAGTT

red

52

8[239]

AGTATGTTGTAAATATTGACGGAACGACTTGA

red

GCAAGCCCAATAGGAACCCATGTACGTCTTTC

red

53

9[64]

ATTGTGAAACATAACGCCAAAAGGTAACCCTC

red
red

Sequence (5’ to 3’)[a]

Sequence (5’ to 3’)[a]

Color
code[b]

3

0[143]

CCTCAGAGCCACCACCCTCATTTTGTATGGGA

red

54

9[96]

TGGCTCATTTTAGGAATACCACATCAAAATAG

4

0[175]

CCCTCAGAACCGCCACCCTCAGAACCGCCAC

red

55

9[128]

AAAAATCTTTATTACAGGTAGAAATTGCCAGA

red

5

0[207]

TATCACCGTACTCAGGAGGTTTAGATTATTCT

red

56

9[160]

TCTTACCGGAAACAATGAAATAGCACTAACG

red

6

0[239]

GGGTTGATATAAGTATAGCCCGGATGAGACTC

red

7

1[64]

AGCGTAACAAAAGGCTCCAAAAGGTTCGAGGT

black

57

9[192]

AGATAGCCAAGAATTGAGTTAAGCGTTTAACG

8

1[96]

58

9[224]

CGAGGAAAATTGAGCGCTAATATCTACAGAGA

red

59

10[79]

ATGCAGATTTACCTTATGCGATTGCTTGCC

red

9

1[128]

TTTTGCTAAATAGAAAGGAACAACGCCCACGC

red

60

10[111]

AGTTGAGATATACCAGTCAGGACGAACGTAAC

red

10

1[160]

TGCCCCCTAACAGTGCCCGTATAATTTCAGC

red

61

10[143]

GAACAACAACGTTAATAAAACGAAATAGCTA

red

11

1[192]

GAAACATGTAATAAGTTTTAACGGAGGTTGAG

dark

62

10[175]

AAGAGCAAAAGCCCTTTTTAAGAAACGCAAAG

red

blue

63

10[207]

TAACCCACGAACAAAGTTACCAGACATACA

red

purple

64

10[239]

AGAGGGTACGCAATAATAACGGAATATTACGC

red

65

11[64]

GTTTACCAACGAGAATGACCATAAAGTCAGAA

red

66

11[96]

CGAGAGGCTCCCCCTCAAATGCTTATTAAGAG

red

12

1[224]

CAGACGTTAATAATTTTTTCACGTCGATAGTTGCG
CCGAC

CTCAAGAGCATGGCTTTTGATGATTATTCACAAA
CAAATA

purple

blue

13

2[79]

CTCCAAAAGATCTAAAGTTTTGTCCGTAAC

14

2[111]

TTGCGAATAGTAAATGAATTTTCTCAGGGATA

red

15

2[143]

GGAGTGAGAACAACTTTCAACAGACAGTTAA

red

67

11[128]

16

2[175]

CCTTGAGTGCCTATTTCGGAACCTTACCGCCA

red

68

11[160]

17

2[207]

TGTACTGGAAAGTATTAAGAGGCATAGGTG

red

18

2[239]

GCGTCATAAAGGATTAGGATTAGCCGTCGAGA

red

69

11[192]

TCAAAAATGTCTTTCCAGAGCCTAAGGCTTAT

19

3[64]

GAATTTCTCAACGGCTACAGAGGCTTCCATTA

black

70

11[224]

GAATAACATTTATCCTGAATCTTAGTTTTAGC

20

3[128]

ATAACCGATAAAGGCCGCTTTTGCAAAAGAAT

red

71

12[79]

TTCAGAAAGACGACGATAAAAACTCAACTA

red

21

3[160]

AGAGCCGCAGAGCCGCCACCAGAAAGGCTTG

red

72

12[111]

TCATTGAATTTTGCAAAAGAAGTTGATTCATC

red

22

3[192]

GCAGGTCATCAGAACCGCCACCCTTTTGCCTT

dark

73

12[143]

AGCGTCCATAGTAAAATGTTTAGTTTATCCC

red

blue

74

12[175]

GTTACAAATAAGAAACGATTTTTTCCAATAAT

red

black

75

12[207]

TAACGAGCGAAAATAGCAGCCTTAGAGAGA

red

green

76

12[239]

GCTACAATTAAAAACAGGGAAGCGACAAAGTC

red

GGGGGTAAATACTGCGGAATCGTCGCGTTTTAAT
TCGAGC
AATCCAAAATAAACAGCCATATTAACTGGAT

purple
red
dark
blue
red

23

4[79]

24

4[95]

77

13[64]

GCAAAGCGTGGCTTAGAGCTTAATTAAATATG

red

25

4[111]

CACCCTCAAATGACAACAACCATCTAAAGGAA

red

78

13[96]

GAAGCCCGGCTCCTTTTGATAAGAGTTTCATT

red

26

4[143]

CAGGGAGTTATATTCGGTCGCTGCCACCACC

red

79

13[160]

AATAGCAAATCGTAGGAATCATTAACCGGAA

27

4[175]

CCACCCTCCGCCAGCATTGACAGGGGTCAGTG

red

28

4[207]

CGCCACCCGACGATTGGCCTTGAACAGGAG

red

80

13[192]

CCGGTATTTCATCGAGAACAAGCAACGCGCCT

29

4[223]

green

81

13[224]

GAACCTCCCCAAGAACGGGTATTATGAACAAG

82

14[79]

TTTGCGGAGATTGCATCAAAAAGTAAACAG

red

83

14[111]

CTTTAATTAAAGACTTCAAATATCATAAATAT

red

30

4[239]

GAGGGTAGTAAACAGCTTGATACTGAAAAT

red

dark

Biotin-TTTTAGACAGCACTACGAAGGCACCAACA
TCATCGCCTGATAAA

Biotin-TTTTCGCCTCCCTCATCGGCATTTTCGGGG
AATTAGAGCCAGCA
GAGCCACCAATCCTCATTAAAGCCTCCAGTAA

red

red
dark
blue
red

31

5[64]

AACGGGTACGACCTGCTCCATGTTATAAGGGA

red

32

5[128]

ACACTAAACAAGCGCGAAACAAAGTAGGCTGG

red

84

14[127]

33

5[160]

GTAATCAGAATGAAACCATCGATACCCCAGC

red

85

14[143]

GCAAACTCTTCAAAGCGAACCAGCCGCGCCC

34

5[192]

TAGCGTCACCATTACCATTAGCAAAGCGCCAA

dark

86

14[175]

TTATTTTCGCAAATCAGATATAGAATTTGCCA

red

blue

87

14[207]

TACCGCACCTAAGAACGCGAGGCCCAACGC

red

35

6[79]

GAAATCCGAAATACGTAATGCCATCGGAAC

black

88

14[239]

TTATCATTCGACTTGCGGGAGGTTTGCACCCA

red

36

6[111]

AGATTTGTCTAAAACGAAAGAGGCGGGATCGT

red

89

15[64]

CAACTAAACTACTAATAGTAGTAGAAAGAATT

red

37

6[143]

GATTATACACACTCATCTTTGACGCAGCACC

red

90

15[96]

CCATATAATGGGGCGCGAGCTGAACAGAGCAT

red

38

6[175]

ACGTCACCTAGCGACAGAATCAAGCAGAGCCA

red

91

15[160]

AACAACATAATTCTGTCCAGACGAGATACAT

red

Biotin-TTTTCAGGATTACTGCGAACGAGTAGATTG
GTCAATAACCTGTT

green
red

39

6[207]

CAGTAGCAGACTGTAGCGCGTTTTCAGAGC

red

40

6[239]

GCCATTTGTCATAGCCCCCTTATTCGGAACCA

red

92

15[192]

GTTTATCAAGAGAATATAAAGTACAAAAGCCT

41

7[64]

ACCGAACTAAACACCAGAACGAGTCTTTAATC

red

93

15[224]

AAAAATAATTTAGGCAGAGGCATTAAATTCTT

42

7[88]

purple

94

16[79]

CATCAATTGTACGGTGTCTGGAAGGTCATT

red

95

16[111]

TTTTCATTCAGTTGATTCCCAATTGAGAGTAC

red

43

7[128]

CTGACCTTATTCATTACCCAAATCTTGGGAAG

44

7[160]

AATAGAAAGAATAAGTTTATTTTGTGACAAG

45
46

7[192]
7[216]

AGGACAGATGAACGGTTCATTCAGTGAATAAGTT
AAGAAC

AGACAAAAGCAACATATAAAAGAAAAGTAAGC
GATTGAGGGAGGGAAGAGCAAACGTAGAAAATA
AGGAAAC

dark
blue
red

red

96

16[143]

TTCGCAAATTAGTTTGACCATTACGACAATA

red

red

97

16[175]

GGTAAAGTGTTCAGCTAATGCAGAAGCCGTTT

red

dark

98

16[207]

CAGTAATAACAATAGATAAGTCCAACCAAG

red

99

16[239]

ACATGTAATATCCCATCCTAATTTGTCTTTCC

red

blue
purple

47

8[79]

CTGACGAGGACCAACTTTGAAAGTTGTGTC

48

8[111]

AAAGCTGCGTACAGACCAGGCGCATACAACGG

red
red

49

8[143]

AACCGGATCATCAAGAGTAATCTTCACAATC

red

50

8[175]

ACACCACGATTCATATGGTTTACCGGCCGGAA

red

51

8[207]

TAAAGGTGGGGCGACATTCAACCAAATCAC

red

100

17[64]

AGCAAAATGTAAAGATTCAAAAGGCAATATGA

red

101

17[96]

AAAGCTAAATTTTAAATGCAATGCATTAATGC

red

102

17[120]

103

17[160]

AACACCGGTAAATAAGGCGTTAAAAAGCCTT

104

17[192]

GTTTAGTAAAATTTAATGGTTTGAGGTCTGAG

ACATTATGACCCTGTACGCAAGGATAAAAATTGA
TCTACA

purple
red
dark
blue
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Staple

Location

no.

5' end

105

17[224]

ACCAGTATATATATTTTAGTTAATTTAGGTTG

red

106

18[79]

ATGTGTAGTAAGCAATAAAGCCTAAGGTGG

red

Sequence (5’ to 3’)[a]

Color

Staple

Location

code[b]

no.

5' end

Sequence (5’ to 3’)[a]
Biotin-TTTTAACAAAGAACTTTACAAACAATTCCC

Color
code[b]

146

24[223]
24[239]

CATTATCAAACAGAAATAAAGAAAATATACAG

red

25[64]

CGCCAGGGCATACGAGCCGGAAGCGAGCTAAC

black
red

CTCAATCAATATCT

green

107

18[111]

CCTCATATATCGGTTGTACCAAAATAGCTATA

red

147

108

18[143]

TATTTCAAATACTTTTGCGGGAGTAAGAATA

red

148

109

18[175]

CCGTGTGAAATCATAATTACTAGACGACAAAA

red

149

25[128]

AGGTCGACTTCGTAATCATGGTCACCAGCTGC

110

18[207]

TCTGACCTTCATATGCGTTATACTTCGAGC

red

150

25[160]

ACTAATAGAAAATATCTTTAGGAGGGTACCG

111

18[239]

TTTTTCAAAAAGCCAACGCTCAACCAACGCCA

red

112

19[64]

TATTCAACTCAGAAAAGCCCCAAATGTAAACG

red

151

25[192]

ATTTGAGGCAACAGTTGAAAGGAAAAAACAGA

113

19[96]

CGGAGAGGGCATGTCAATCATATGTTAAATTT

red

152

26[79]

CCACACAATTTTCCCAGTCACGAGGTGCGG

red

114

19[128]

AAGGCTATAAGAGAATCGATGAACCCAATAGG

red

153

26[111]

TCCTGTGTCCAGTGCCAAGCTTGCTTCAGGCT

red

115

19[160]

AATAGTGATAGATTAAGACGCTGAGAGTCTG

red
dark
blue

red

154

26[143]

AGCTCGAATCTAGAGGATCCCCGCACTAACA

red

dark

155

26[175]

GGTTATCTATTAGAGCCGTCAATATTCCTGAT

red
red

116

19[192]

AGACTACCCCCTTAGAATCCTTGAGATGAAAC

blue

156

26[207]

TGGCAAATATTTAGAAGTATTAGAACCACC

117

19[224]

GGTTATATCTTCTGTAAATCGTCGTTACATTT

red

157

26[239]

ATATCAAAGACAACTCGTATTAAATTGAGTAA

red

118

20[79]

GTTGATAACGTTCTAGCTGATAACTGAGTA

red

158

27[64]

TCACATTACACCGCCTGGCCCTGACCCCAGCA

black

159

27[88]

CTGCCCGCTTTCCAGTCCAGTGAGACGGGCAAGT

119

20[111]

TAAAACTAGTAGCTATTTTTGAGATTTAGAAC

red

120

20[143]

GAGCAAACCAGGTCATTGCCTGAGAAGAGTC

red

121

20[175]

CGATAGCTATTTATCAAAATCATAAATACCGA

red

160

27[128]

ATTAATGACGTATTGGGCGCCAGGAAAGAATA

red

122

20[207]

TTAATTTTTTTTTAACCTCCGGCTTCATCT

red

161

27[160]

CCGAACGACCTAAAACATCGCCATGGGAGAG

red

123

20[239]

TAACCTTGAACTATATGTAAATGCGAGAAAAC

red

124

21[64]

TTAATATTACGGCGGATTGACCGTCATCGTAA

red

162

27[192]

GGTGAGGCGGCTATTAGTCTTTAATCAATCGT

TTGTTAAATAACAACCCGTCGGATGACGACGACA

TCCGAA

CGCCTGCAACAGTGCCAGAATACGTGGCACAGCA

purple

dark
blue

125

21[96]

purple

163

27[216]

126

21[128]

AACGCCATGCCAGCTTTCATCAACACTCCAGC

red

164

28[79]

TTGCCCTTATTGCGTTGCGCTCACACAATT

black

127

21[160]

TCAATTACTCGCGCAGAGGCGAATTCTGGCC

red

165

28[111]

TCTTTTCACGGGAAACCTGTCGTGTAGCTGTT

red

128

21[192]

AAACATCACGCCTGATTGCTTTGAATAATGGA

dark

166

28[143]

GCGGTTTGATCGGCCAACGCGCGTAAAAATA

red

blue

167

28[175]

CTGATAGCACCACCAGCAGAAGATTTGAGGAA

red

129

21[224]

168

28[207]

TTTTGAATGGTCAGTATTAACACGGTCAGT

red

169

28[239]

AAAGCGTAACGCTGAGAGCCAGCAAACCTCAA

red

130

22[79]

GGGAACAATTGTTAAAATTCGCATACCCCG

red

170

29[64]

GGCGAAAAATGGCCCACTACGTGAGGTGCCGT

red

131

22[111]

TGAGCGAGTCAGCTCATTTTTTAAGGTAATCG

red

171

29[96]

ATCGGCAAGTCAAAGGGCGAAAAAAGGGAGCC

red

132

22[143]

TTCCTGTACAAAAATAATTCGCGTATTCATT

red

172

29[128]

GCCCGAGAAGAGTCCACTATTAAAAGCCGGCG

red

133

22[175]

TTACAAAACTGAGCAAAAGAAGATAAACATAG

red

173

29[160]

ATGGAAATGCCATTGCAACAGGAATTCCAGT

red

174

29[192]

CTGAAATGTGCTGGTAATATCCAGGAATCCTG

GTATCG

AACAATTTCCTTTTACATCGGGAGAATTATTTGCA
CGTAA

purple

GATTCA

purple

dark

134

22[207]

AACGGATTAGAAAACAAAATTAACTATTAA

red

135

22[239]

TAACAGTACATTTGAATTACCTTTTGAGTGAA

red

136

23[64]

CCGTGCATGCTATTACGCCAGCTGTTGGGTAA

red

175

29[224]

CCAGTCACGCCTGAGTAGAAGAACGGCCACCG

137

23[128]

CAGCTTTCAAAGCGCCATTCGCCAATGCCTGC

red

176

30[79]

TCAGGGCGTCCTGTTTGATGGTGCAGCTGA

black

138

23[160]

TGATTGTTGATGGCAATTCATCAATGCCGGA

red

177

30[111]

ACTCCAACAATCCCTTATAAATCAGTGGTTTT

red

139

23[192]

AGGGTTAGCGGAATTATCATCATAGATAATAC

dark

178

30[143]

TTGGAACATAGGGTTGAGTGTTGAAACGCTC

red

blue

179

30[175]

TACCGCCAACCTACATTTTGACGCTGCGCGAA

red

140

24[79]

GCCTCTTCCTGCCAGTTTGAGGGTCTCCGT

red

180

30[207]

ATCGGCCTGATTATTTACATTGGACAATAT

red

141

24[95]

181

30[239]

CATCACTTACGACCAGTAATAAAACTGACCTG

red

182

31[64]

AAAGCACTAAATCGGAACCCTAACCGTCTA

red

142

24[111]

GCGCAACTGCCTCAGGAAGATCGCATTAAATG

red

183

31[96]

CCCGATTTAGAGCTTGACGGGGAAGAACGTGG

red

143

24[143]

AACCAGGCCGGCACCGCTTCTGGTATAATCC

red

184

31[128]

AACGTGGCGAGAAAGGAAGGGAATTAAAGGG

red

144

24[175]

TATCAGATTGGATTATACTTCTGAATACCAAG

red

185

31[160]

ATTTTAGACAGGAACGGTACGCCAAACAATAT

red

145

24[207]

AGAAGGAGAACCTACCATATCAAAAACAAT

red

186

31[192]

AGAAGTGTTTTTATAATCAGTGATCAAACT

red

187

31[224]

AGTAAAAGAGTCTGTCCATCACGCAGTAATAA

red

Biotin-TTTTGGGCGATCCGTTGTAAAACGACGGG
AAATTGTTATCCGCT

green

blue
red

[a] Location of the 5’ end is indicated by the reference helix number used in Figure S6.1, with the
reference nucleotide position denoted in brackets. [b] Color code corresponds to the staple
colors used in Figure S6.1.
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Epilogue

Abstract
Proper construction and mimicking of nature-like complex structures remains elusive due
to a paucity of knowledge on the physicochemical and thermodynamic parameters involved.
This work has aimed to design novel supramolecular architectures with improved optical
properties that can interact with biological systems and are envisioned for sensing and
imaging applications. Moreover, it aims to develop a novel methodology to study mechanistic
detail of dynamic exchange in synthetic assemblies. Here, we delineate the significance of the
progress that was achieved as well as the concomitant challenges for the future. Moreover,
prospective concepts and experimental design are drafted in line with the work described in
this thesis to expand the scope thereof for the reader.

| Chapter 7

Introduction
Many cellular processes and architectures employ the interplay between covalent and
noncovalent interactions to allow for complex pathways that exert structure, organization
and function in cells.[1] While supramolecular assembly of disordered monomers allows for
the construction of highly ordered structures, their adaptive nature gives rise to modularity
and responsiveness which are key to life. This complex and dynamic behavior takes place in
the cell over large structural diversity and length scale as the ensemble of macroscopic
structures, such as e.g. membranes and cytoskeleton, and microscopic organization, such as
e.g. protein-assembly, are commonly rendered in a dissipative manner. In contrast,
malfunction of supramolecular reversibility often causes disease profiles, such as e.g.
amyloidal plagues, highlighting the importance of controlled supramolecular assembly.
The ‘bottom-up’ approach of nature to construct highly ordered structures from
monomeric building blocks has been exemplary for the engineering of synthetic
supramolecular architectures to partially resemble or interact with biological systems.[2]
However, current structures are limited in physicochemical properties and spatiotemporal
control on the molecular level due to the lack of deep understanding on molecular design and
self-assembly processes.[3] Research efforts have, therefore, to be focused on the
development of new supramolecular materials with improved physical properties. Moreover,
the mechanistic detail of supramolecular architectures has to be mastered for the
construction of the next generation sophisticated biomaterials. This work thus aims to design
novel supramolecular architectures that can interact with biological systems and to develop
a quantification technique to study mechanistic detail of dynamic processes in synthetic
assemblies. This chapter describes the significance of the progress that was achieved over
the course of this work as well as the concomitant challenges for the future. Moreover, it
provides handles for prospective experimental strategies and the envisioned applications.

Imaging and Sensing
The plethora of biomolecules as well as the dynamic nature of a biological environment
commonly provide key challenges to transfer supramolecular architectures from a test tube
to a biological setting, such as e.g. the spatiotemporal controllability, the introduction of
functionality and the straightforward detectability. Supramolecular probes and platforms are
of high interest to engage in these challenges and have delivered many examples that exert
certain interactions with biological systems as outlined in chapter 1. Recently, the selfassembly of π-conjugated small molecules have gained considerable attention due to their
outstanding optical properties, modularity and synthetic availability. The vast majority of π132
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conjugated fluorescent supramolecular architectures developed for sensing and imaging
applications are constructed from monomeric fluorene- or perylene derivatives as outlined in
chapter 2.[4] These building blocks intrinsically exert distinct photophysical properties and
allow for straightforward synthesis, including the tolerance of functional moieties, which
render both compounds interesting for use in synthetic supramolecular systems towards
biological applications. Chapter 2 presents an elaborate review on the recent advances of
architectures constructed from these two chromophores as well as highlights the importance
of the structure-function relationship of both molecule and supramolecular assembly.
There are many examples of nanostructures that were designed to be exploited as
biosensors, bioimaging probes, or nanopharmaceuticals, however, very few supramolecular
systems de facto made it to the market.[5,6] Moreover, to the best of our knowledge so far no
π-conjugated supramolecular nanoparticles are commercially employed in biological
applications. While there may be multiple reasons,[7] scientifically the physicochemical
characteristics of current structures may genuinely not be sufficiently satisfactory yet. Either
way, the development of novel supramolecular materials for imaging and sensing still
requires optimizing the optical characteristics as well as controlling morphology. Therefore,
multiple novel building blocks were designed in this work to improve photonic properties
with a special focus on the influence of polarity on these properties. The key features of a
fluorescent nanostructure include high photostability, a large Stokes shift and high quantum
yield. Chapter 3 describes the design of novel fluorene co-oligomers that exert interesting
physicochemical properties to be employed in sensing applications. Bathochromically shifted
structures were obtained by inducing planarization of the entire π-conjugated backbone of
the donor-acceptor system. The additional installation of an acceptor with a greater electronaccepting character yielded red-emitting structures in a straightforward manner, showing
that the molecular design of the building blocks is of great importance for the application.
Förster resonance energy transfer (FRET), a mechanism of non-radiative energy transfer
between two chromophores which are in close proximity, is a powerful tool to study
supramolecular kinetics and for the design of sensitive sensors.[8,9] The fluorene co-oligomers
presented here have shown to be valuable FRET-acceptors especially due to the high
quantum yield, which can co-assemble into multi-component nanoparticles together with
fluorene-based FRET-donors. Ligand-induced self-sorting through functionalization of the cooligomers by a recognition motive may result in the development of a biosensor (Figure 7.1).
Hence, the straightforward ligation of different functional moieties should be introduced at
the periphery of the ethylene glycol side-chain to ensure water-exposure. On the contrary,
cleavable linkers could be introduced between the aromatic core and the solubilizing side-
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chains to allow for enzymatic disintegration of the entire nanoparticle. In both cases, the
FRET ratio would be indicative for the presence of the ligand.
FRET

Ligand

Self-sorting

Figure 7.1 | Concept of a dual-color fluorene-based biosensor. In a two-component system, energy
transfer (FRET) between functionalized red-emitting and inert green-emitting fluorene co-oligomers
yields primarily red-emitting nanoparticles upon excitation of the green co-oligomer. Ligand-induced
self-sorting would subsequently lead to separation of the two fluorene co-oligomers accompanied by a
loss of energy transfer, and thus appreciating the ligand.

Substituted perylene-3,4:9,10-tetracarboxylic acid diimides (PDIs) have gained
considerable interest for sensing and imaging applications in aqueous environment due to
their outstanding optical properties. These chromophores are, however, mainly used as
molecular probes by the introduction of bulky solubilizing substituents to suppress
fluorescence quenching, which is induced by strong intermolecular π-π interactions upon
aggregation. Hence, the nature of the side-chains can thus render the physical characteristics
of these PDI derivatives, as was also observed for the fluorene co-oligomers. Therefore,
deeper understanding of the role of side-chains on the physicochemical properties may allow
for the construction of self-assembled fluorescent probes. The role of substituent polarity
became more evidently apparent in chapter 4, in which imide-substituted PDIs were
synthesized in order to obtain insight into the interplay between polarity and selfassembly.[10] While they exert an optically distinct difference between the monomeric and
assembled state, perylenes also employ appealing optical characteristics for sensing and
imaging applications. Perylene-based derivatives commonly show excellent quantum yields
and far red-shifted fluorescence in the molecularly dissolved monomeric state. In contrast,
aggregation induced quenching is imminent once self-assembled as H-type stacking is
generally preferred. The polarity of the side-chains, however, slightly allow for tuning of the
optical properties by altering the solubility. Apolar derivatives become kinetically trapped in
quenched aggregates while the polar analogues may allow for a thermodynamic nature and
is thus slightly more fluorescent in assembled state. Moreover, the polarity of the side-chains
also dictated the size and morphology of the self-assembled structures.
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The deeper understanding of the interplay between molecular design and
physicochemical characteristics of perylene derivatives was applied in chapter 5. A cationic
derivative was prepared in a simple one-step regioselective and high yielding fashion that selfassembled into quenched self-assembled particles.[11] The cationic nature of the side-chains
allowed these particles to merge with artificial and cellular lipid bilayers. The perylene
derivatives concomitantly monomerized upon merging with the hydrophobic environment of
the membrane which induced fluorescence recovery (Figure 7.2A). This system is thus
operating as an off-on responsive probe for lipid bilayers. The chemical space for the
molecular design should, however, be explored in order to develop this probe for extended
use. A small library of perylene derivatives that are structurally resemblant to the derivative
as shown in chapter 5 was designed and prepared in a similar fashion by straightforward Oalkylation of 1,12-dihydroxylated PDI (Figure 7.2B). While linker length is certainly engaged in
the biophysical properties of a material,[12] the impact of the carbon-spacer between the
aromatic perylene ring system and the quaternary ammonium cation is envisioned to be
elucidated by PDI 1 and 2. A different incorporation behavior may be expected as the physical
dimensions of these PDI derivatives as well as the polarity are altered. The latter is also
probed by the installation of a polar spacer, instead of the corresponding apolar carbonspacer, in PDI 3. From previous studies is deduced that polar side-chains substantially alter
the optical properties.[10] The improved solubility could lead to smaller aggregates with an
improved fluorescence output as compared to their apolar derivatives, which then results in
a smaller dynamic range in terms fluorescence recovery upon merging with lipid bilayers and
thus a more challenging detectability. Finally, PDI 4 bears a functional group with an anionic
nature that may lead to incorporation into bilayers with a different composition, such as e.g.
cationic lipid containing bilayers. These PDI derivatives can elucidate the structure-function
relationships for lipid bilayer probes, regarding side-chain length, polarity and electrical
charge. Moreover, formulations of these PDIs may lead to an overall improved uptake or
membrane composition specificity. Furthermore, this probe can also be envisioned as a
potential trackable platform to anchor bio-active compounds into membrane-containing
cellular compartments. The installation of functional side-chains would in this regard be
imminent, which is expected to be rather straightforward given the mild reaction conditions
and excellent solubility.
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Figure 7.2 | Probing the chemical space for PDI-based responsive nanoparticles. A) PDI derivatives that
incorporated into lipid bilayers upon merging of the concomitant nanoparticle. B) Molecular structure
of 1,12-substituted perylene derivatives to probe the chemical space for lipid bilayer probes.

Spatiotemporal control
The field of systems biology has elucidated that the performance and function of natural
supramolecular assemblies at the cellular level is defined by the interplay between the
noncovalent interactions of their components. One of the most striking examples is the
cytoskeleton that dictates intracellular transport and cell motility as a function of the
dynamics between molecular building blocks as is delineated in more detail in chapter 1.[13]
Proper mimicking or reproduction of these type of functional complex systems remain
elusive, especially due to a paucity of knowledge on the thermodynamics of supramolecular
systems. Therefore, the design of current self-assembling systems is yet in its infancy,
whereas absolutely critical for the construction of the next generation sophisticated
biomaterials. While solution- and time point-based systems demonstrated the first steps
towards elucidation of mechanistic pathways,[3,14] we have proposed a method to probe the
single-structure elucidation of the exchange dynamics of supramolecular systems in chapter
6. DNA origami platforms were designed with protruding supramolecular handles onto which
supramolecular fibers can be incorporated. Motility assays have indicated that the hybrid
structures may assemble and the two individual structures were visualized using high
resolution techniques. Prospective high resolution measurements, such as e.g. TEM and
STORM, on the hybrid structures would indisputably validate the viability of this method.
Subsequently, straightforward extraction of mechanistic details is envisioned by mixing
distinct molecular building blocks and time-course analyses of individual structures (Figure
7.3A).

136

Epilogue |
A)

B)

C)

Figure 7.3 | Supramolecular polymerization on DNA origami platform. A) The design of a two
dimensional DNA origami rectangle that carries protruding handles from its surface which accommodate
supramolecular discotic fibers. Dynamic exchange of distinct discotic monomers can be monitored as
illustrated by the arrows. B) Supramolecular block co-polymerization of distinct discotic monomers with
a discrete length and topology induced by pre-programmed DNA origami self-assembly. C) Programmed
re-routing of a supramolecular fiber onto a DNA origami platform.

The ability to control the geometry of materials is one of the key challenges in
nanotechnology. DNA origami technology provides ordered and well-defined structures of
programmed dimensions, which could be used to template other materials with inherent
nanometer precision. Covalent polymerization of the supramolecular building blocks after
assembly onto the DNA origami platform may thus lead to polymers of a discrete length.
Moreover, block co-polymerization of non-interacting building blocks was envisioned by preprogrammed assembly of the DNA origami platforms (Figure 7.3B). The design of for instance
two DNA origami platforms with distinct protruding supramolecular building block
oligonucleotide conjugates would lead to the incorporation of a supramolecular fiber on each
of the platforms. Assembly of these platforms can subsequently be induced by base-pairing
or shape-complementarity,[15] resulting in face-to-face stacking of the supramolecular fibers.
Polymerization on top of the DNA origami platforms,[16] such as e.g. photocrosslinking, and
subsequent enzymatic DNA degradation could lead to covalent block co-polymers with a
discrete length and topology which is highly sought after in many different fields, such as e.g.
lithography.[17]
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The ability to precisely control the orientation of self-assembled structures is, besides size
and topology, an important parameter in the design of new materials. While this method
allows for organization of supramolecular building blocks, we also envision the manipulation
of shape and pattern of the supramolecular fibers as was shown for covalent polymers.[18]
Accordingly, DNA origami platforms have to be designed with three distinct types of singlestranded handles (Figure 7.3C). A mixture of two supramolecular building block anti-handle
conjugates, which are complementary to two types of the protruding handles, would first
hybridize onto the DNA origami platform. These two supramolecular handles represent both
the constant anchor point (grey strands) and the guiding handles (red strands) that allow for
incorporation of a supramolecular fiber. Re-routing of the supramolecular polymer can
subsequently be induced by means of toehold-mediated strand displacement. Hence, singlestranded handles (dark green strands) displace the guiding handles, which removes the
building block-DNA conjugates and thus a part of the supramolecular fiber. At the same time,
the third type of protruding handles can be hybridized to another building block-DNA
conjugate (light green strands) resulting in the display of supramolecular handles with a novel
conformation. The displaced supramolecular fiber can subsequently re-incorporate onto the
DNA origami platform and hence pre-programmed re-routing of the supramolecular fiber is
obtained following well defined patterns. This will provide a proof of concept for
supramolecular nanomechanical switching as well as a detailed understanding of mechanistic
pathways as found in nature.

Conclusion
The ‘bottom-up’ construction of supramolecular architectures from monomeric building
blocks has resulted in many examples for various biomedical applications, including sensing
and imaging. While the field is rapidly growing and concomitantly great advances are made
in terms of physicochemical and thermodynamic properties, proper mimicking and
interacting with natural supramolecular systems remains elusive. Therefore, research has to
focus on the design of supramolecular building blocks that allow for the construction of
multivalent assemblies with tunable time and length scales as well as on the development of
methods that can assess and control complex dynamic behavior.
This thesis aimed to achieve progression of supramolecular architectures in terms of
physicochemical and thermodynamic behavior through the development of new building
blocks and methods en route to biomedical applications. In the first part, we have designed
and synthesized supramolecular building blocks with a distinct molecular structure that exert
excellent physicochemical characteristics for imaging and sensing. In the second part, the
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first steps towards a novel methodology to elucidate exchange dynamics of supramolecular
assemblies through a time-course analysis on individual structures were shown. Finally,
prospective work has been outlined in this chapter, which may result in superior
supramolecular probes and in fundamental insight in dissipative processes of assembled
systems that can thus assist to overcome the current key challenges in the design of
supramolecular materials. We are confident that these efforts will result in the realization of
the next generation sophisticated biomaterials from self-assembled molecular building
blocks and eventually, in the far future, will result in constructing and mimicking of naturelike complex structures.
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Self-Assembly Modulation of
π-Conjugated Architectures in Water
The interplay of noncovalent interactions orchestrates the assembly of highly ordered
structures from molecular units. Striking natural examples, including the cellular membrane
and the cytoskeleton, provide complex and dynamic behavior which render them key to life.
Synthetic efforts on self-assembly of monomeric building blocks have led to the development
of well-defined supramolecular nanostructures probing a variety of applications. In biology,
supramolecular architectures have particularly been explored for targeted imaging and
cellular delivery. The first chapter elucidates the properties of both natural and synthetic selfassembled systems in attempt to illustrate the vast differences between them and to stretch
the importance of control over supramolecular pathways. An imminent gap between these
systems, fueled by a lack of deep understanding of mechanistic detail, currently restrains
synthetic assemblies to reach nature’s complexity. A sophisticated approach of
functionalization as well as full spatiotemporal control over synthetic systems is thus crucial
for the preparation of the next generation biomaterials. This thesis, therefore, aimed to
elucidate molecular design principles of supramolecular architectures with the focus on
bioimaging and to show the first steps towards a novel quantification technique to study the
mechanistic detail of dynamic processes in synthetic supramolecular systems.
Chapter two highlights the importance of supramolecular architectures in biomedical
applications with an overview of the synthetic approaches that have led to various
nanostructures in aqueous solution. Intrinsically fluorescent architectures that are
constructed from π-conjugated small molecules are addressed in particular with the scope
on bioimaging. While various chromophores are explored, the vast majority of these systems
are either based on fluorene or perylene moieties, which have, besides an obvious structural
difference, both very distinct physicochemical characteristics. The recent advances of
supramolecular architectures based on these aromatic moieties are presented in a detailed
review.
Chapter 3 reports on the facile synthesis of fluorene co-oligomers that allow for the
construction of supramolecular architectures. Structural alterations showed to induce
morphological and optical variations in the self-assembled state. Planarization of the πconjugated backbone as well as the introduction of an extended central aromatic core
resulted in a bathochromic shift of the emission maxima and a significantly increased
fluorescence quantum yield as compared to previous reported fluorene co-oligomers.
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Moreover, the side-chain size and polarity showed to influence the optical properties, which
are thus important parameters for the design of these type of building blocks. Co-assemblies
of distinct building blocks allowed for the preparation of dual-color assemblies which exert
efficient intra-nanostructure energy transfer. These co-assemblies are envisioned to be
promising candidates towards FRET-based biosensors.
Chapter 4 describes the transition of perylenediimide (PDI) derivatives from bulk
processing to applicability in aqueous solution. The installation of substituents with altering
polarity on the imide-position clarified the relationship between amphiphilicity and
physicochemical characteristics. Side-chain polarity demonstrated to dictate the selfassembly behavior of these type of building blocks, which in turn render the photophysical
properties of the self-assembled structures. While PDI derivatives are thus highly responsive
to changes in solvent composition, we foresee that these findings are of significant value for
molecular design principles in water-based applications.
In chapter 5, intrinsic aggregation induced fluorescence quenching is harnessed to
construct a highly sensitive labelling marker for artificial and cellular membranes. A one-step
regioselective synthesis of 1,12-dihydroxylated PDIs and subsequent straightforward
alkylation yielded nonplanar PDIs with a large Stokes shift. A cationic PDI gemini-type
surfactant, prepared via this methodology, self-assembled in non-fluorescent nanostructures
in aqueous solution. Incorporation of these building blocks into lipophilic bilayers through
merging of the two supramolecular systems, resulted in highly fluorescent membranes. This
PDI-based system thus presents an appealing strategy for membrane probes with a low
background signal.
Chapter 6 proposes to exploit DNA nanotechnology for the elucidation of mechanistic
detail of supramolecular systems. While current techniques involve bulk measurements of
sequential immobilization, we argue that DNA origami platforms can be designed such that
supramolecular fibers can be incorporated onto their surface while retaining their dynamic
nature. This methodology would allow for single-structure elucidation of the concomitant
exchange dynamics, which is crucial to unravel supramolecular complexity. Initial
measurements showed that the size and shape of non-covalent polymers could be controlled
by DNA origami structures and that supramolecular fibers have affinity for these platforms.
Moreover, several high resolution techniques delineate the potential of this methodology for
a time-course analysis of individual structures. We thus envision that these hybrid structures
may aid in the deep understanding of supramolecular processes.
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In conclusion, this thesis describes the design and synthesis of multiple molecular building
blocks that allow for the construction of self-assembled architectures in order to interact with
biological structures and to elucidate supramolecular processes. Fluorene co-oligomers were
constructed into dual-color nanostructures, while PDI derivatives were developed into highly
sensitive labelling markers. Moreover, hybrid structures between oligonucleotides and
supramolecular fibers paved the way towards a novel methodology to elucidate their
exchange dynamics. The work presented in this thesis thus assists in achieving deep
understanding of supramolecular systems that will result in the realization of the next
generation sophisticated biomaterials and may eventually allow for mimicking nature’s
complexity.
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lunch. De van Hest jongens, Knuffelbeer & Goldilocks, zorgden altijd voor een brede glimlach
met hun slappe geblèr. Pascal & Bastiaan, resp., dank voor jullie frisse blik elke dag opnieuw.
Serge, NMR koning, we hebben wat onder ‘onze’ apparaten gelegen. Je kan wel zeggen dat
we ze hebben vertroeteld alsof het onze eerste kinderen zijn om nog maar over het
opvoeden van de gebruikers te zwijgen. Dank voor alle kennis die je me hebt bijgebracht en
dat je altijd klaar stond als er weer iets speciaals aan de hand was. Van de ongezouten
discussies aan de lunchtafel heb ik tevens altijd genoten. Ghislaine, your amount of energy
and sense of humor are off the charts. I have really enjoyed our lack of organization during
the guided self-studies. Good luck with your Dutch exams, I am sure you will flourish. Amy &
Elisabeth, thank you for allowing me to sometimes be a piece of your furniture. Let’s do one
of those BBQ nights again!
Alle feestzusters en -broeders wil ik graag bedanken voor de ongelofelijke tijd die ik met
jullie heb mogen beleven. Loes, naast de feestjes hebben we ook op een echte vloer een tijdje
de voetjes van de vloer gehad, ik vond dat echt super! Ik wil je graag succes wensen in de UK
en alle goeds samen met Matt. Anniek, ik kan me nog een feestje herinneren…Gelukkig
kunnen we daar nu om lachen. Het was altijd weer een genot om met jou op die beats te
stappen. Het beste voor de toekomst samen met Ronald. Mila, hoe harder hoe beter! Heerlijk
hoe je die organisatorische taken van me hebt overgenomen. Laten we snel weer gaan. Olga,
van even uit de ban springen onder het dak van het Metaforum zijn wij niet vies. Dank voor
alle mooie momenten en het beste samen met Ralph. Goudse boys, wat hebben wij mooie
tijden gehad. Matthijs, Casper, Jasper & Edwin (al ga je altijd veel te vroeg naar huis hè Ed),
dank voor al die mooie feestjes, me hard inmaken tijdens het steffen en me alles bijbrengen
over tennis en BMW’s. Dit blijven we doen!
Broeders, jullie zijn toch wel de allerbelangrijkste factor geweest de afgelopen jaren.
Beter bekend als de Fantastic 4 zijn jullie toch eigenlijk gewoon een stel geweldige malloten
bij elkaar. Ik ben blij dat ik me bij jullie – als eeuwig jonkie – heb kunnen aansluiten tot de
Magnificent 5, een notoire groepje hangjongeren die af te toe ook nog wel wat bleken te
kunnen. Of het nu lunchen bij onze favoriete KvK vrouwen, barhangen in de Calypso of weken
in de Jacuzzi op de weekendjes Ardennen was, het is altijd fantastisch geweest en ik hoop
dat we dat nog lang mogen blijven doen! Sam, bij jou is het eigenlijk allemaal begonnen. Weet
je nog dat we elkaar eigenlijk maar een beetje ontweken tijdens onze Master
werkzaamheden in dezelfde zuurkast!? Wat is dat veranderd sinds jij in het holst van de nacht
met uiterste precisie die emmer tegen een Aussie bewaker aan wist te kegelen. Heb je daarna
overigens nooit meer zo hard zien rennen. Samen hebben we ons door die promotie
geworsteld met tevens mooie samenwerkingen als kers op de taart. Ik wens je veel succes
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tijdens je verdediging over precies één week, maar met bijnamen als Scuba, Boomstam Sam
en vooral Thesis Christ kan dat toch niet meer stuk. Alle goeds voor de toekomst samen met
Eline! Maarten, jouw vermogen tot zelfdestructie zijn ongekend en wat heb ik daar toch vaak
– soms door het bij elkaar rapen van een hoopje ogenschijnlijk levenloos vlees – van mogen
genieten. Jouw recht door zee beleid zonder poespas heeft mij altijd op het rechte pad
gehouden en me laten zien dat je leeft om te genieten, of om te BBQ’en maar dat is ook weer
genieten. Of het nou gymen, gamen of cryptotraden is, alles wat je doet doe je vol overgaven,
iets om inspiratie uit te putten. Mooi detail is dat er achter die laconieke buitenkant een
enorm literair oorlogshistoricus schuil gaat. Bakkie, ik heb genoten van al onze escapades en
topfeestjes met onze dames. Laten we snel weer eens mijn Marvel kennis opkrikken en ja je
mag dan elke 5 minuten pauzeren. Ik wens je het allerbeste samen met Mila & Sol! Sjors, ik
blijf me verbazen over de snelheid waarmee jij dingen snijdt. Geef deze jongen 5 random
producten en hij maakt je een sterrenmaaltijd. Je bent altijd vriendelijk, rustig en doortastend,
eigenschappen die ik altijd in je heb gewaardeerd. Het mooiste blijft toch wanneer jouw
hoofd niet van de baslijn af te krijgen is na een aantal pintenmannen in de Little One. Samen
met B wens ik je het beste voor de toekomst! Wouter, iedereen heeft het altijd maar over dat
werk – iets wat je met ongelofelijke overgave en efficiëntie doet – maar jouw transformatie
op een weekendje zuiderburen is wellicht iets wat nog meer indruk op me heeft gemaakt.
Met een geitenharen trui en flapmuts languit op de bank, wie had dat gedacht van die kerel
met perfect gestylde baard en slangenleren boots. Ik wens je veel succes en München en alle
goeds samen met Nerea! Daarnaast behoren de superhero sidekicks op een prominente
plaats op deze laatste pagina’s. Beaker Gijs & Encyclopedie Peter-Paul, vooral door jullie
wekelijkse aanwezigheid in team Pappalammepimelos – vinden de quizmasters altijd fijn hè
– mochten we ons af en toe op het podium verschaffen. Mijn pen kon vaak de snelheid
waarmee jullie antwoorden op mij afvuurden niet bijhouden. Een genot was het ook om met
jullie, nuchtere Gijs – gemakkelijk te herkennen en altijd op dezelfde plek – en P2 ‘ik maak nog
even een rondje’, naar feestjes te gaan. Gijs, succes met je zoektocht naar de vervolgstap en
blijf niet te lang hangen; P2, het allerbeste samen met Neus! Boys, ik ga onze dagelijkse
interactie missen! Misschien moeten we nu, naast de Ardennen, ook maar een ski-, lente- en
zon-vakantie inplannen!?
Mijn goede vrienden van buiten mogen natuurlijk niet ontbreken. Ruben, our FIFA
tournaments are epic and boy I am ready for no-rules mode. We have studied together for
such a long time and even though you almost live in another country now, I am glad that it is
always like old times when we meet up. I have always greatly valued your honesty and
rational mind. Together with Bea you have a great future ahead of you, let’s stay in touch bro!
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Highschool buddies, Bas, Cees, Willard & Manon, met jullie ben ik het langst bevriend en
ondanks dat we de laatste jaren minder vaak samen zijn, ben ik blij dat we toch steeds weer
proberen af te spreken. Ik moet mijn excuses maken dat jullie daarbij onlangs erg hebben
geleden onder mijn thesisdruk. Het jaarlijkse kerstdiner – soms gehouden in maart – is
desondanks elk jaar weer een groot succes, laten we die traditie erin houden. Gek genoeg
moet ik nu ook opgroeien en een baan gaan zoeken, iets wat jullie al jaren geleden hebben
gedaan. Ik wens jullie allen het beste samen met jullie partners!
Moekes, ik kan me geen betere moeder wensen! Ik ben blij dat je al zoveel jaren het geluk
hebt gevonden samen met Ron; een echte topper, maar had hij nou een snor!? Samen zijn
jullie altijd een enorme steun geweest en hebben jullie me altijd het vertrouwen gegeven om
door te zetten. Het is altijd weer fijn om thuis te komen en ik hoop dat we de familiehumor
nooit verleren. Zussie, wat ben ik ongelofelijk trots op jou! Ik kan nog wel wat leren van hoe
jij je dromen nastreeft en vecht voor je doel. Kijk je wel een beetje uit met boeven vangen!?
Samen met Stefan – nogal zo’n topper – ga je een mooie toekomst tegemoet. Mijn trouwste
fans en ongelofelijke motivatoren, O&O, moet ik al bedanken vanaf dat ik een heel klein
jongetje was. Jullie hebben ongelofelijk veel voor me gedaan en daar ben ik jullie eeuwig
dankbaar voor! Er is veel veranderd in de afgelopen 28 jaar, maar het voelt altijd als thuis
komen in Dordt. Ik hoop dat ik jullie nog een lange tijd bij me mag houden.
Evita, we met for the first time at your interview’s lunch which was orchestrated by Luc.
While we are still puzzled whether that was a deliberate action or pure coincidence, ever since
you have been a great support to me. Thank you for your endless patience, especially during
the last few months in which I must have been terrible to deal with. You are an amazingly
strong and intelligent person and I am confident that you will conquer all the hurdles along
the way. I am proud of how fast you managed to master the Dutch language and how you
deal with your PhD work (on escAvengers). I am looking forward to visit your great parents,
Fernando and Ana, and brother Miguel in Tres Cantos again. Together we can take on the
world. Te quiero bambita!
Het was goud en het ga jullie goed!
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