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Chapter 1  
 

General Introduction 
 

 

 

Bottom-up molecular self-assembly is one of the prevailing strategies for the fabrication of functional 
materials on the nanoscale. Photosynthetic complexes found in plants and bacteria are examples of 
all-surrounding, self-assembled systems. In billions of years of evolution, nature has engineered these 
systems to perform efficient light-harvesting and photosynthesis under physiological conditions that 
would be considered adverse to most lab-based applications. Inspired by the success of these 
photosynthetic complexes, molecular aggregates have experienced great attention in general, and in 
particular their nanotubular representatives that closely resemble the structure of specific natural 
counterparts. These synthetic analogues feature a low degree of internal heterogeneity, while also 
being easier to control than the natural systems. This renders them promising model systems to study 
how such aggregates react to photoexcitation, how the deposited energy is transported, and how the 
energy transport is affected by the morphology of the system. This Chapter presents a general 
overview of the (optical) properties of self-assembled molecular aggregates. 

 

  

Image: TEM micrograph of ’fresh’ molecular nanotubes showcasing several stages of the self-
assembly process. 



General Introduction  

2 
  

1.1 Motivation 

Nanotechnology is at the frontier for the development of new functional materials for (opto)electronic 
applications and sustainable energy concepts1,2. In order to harness its full potential, one has to not 
only be able to build structures by manipulating and controlling atoms and molecules as the 
fundamental building units, but also gain an in-depth understanding of how these structures respond 
to absorption of (solar) photons or, in more general terms, how matter interacts with light. Light-
matter interactions are an all-surrounding phenomenon with countless examples ranging from the 
mechanisms of (human) vision3, photosynthetic reactions in plants4, the working principles of 
(organic) photovoltaics5 to the generation of solar fuels6. In many of these examples, efficient 
harvesting of photons and subsequent directional, long-range and preferably lossless transport of 
excitation energy play an important role. Generally, the fate of an absorbed photon is determined by 
the properties of a material. Whether or not the energy from a captured (solar) photon can be 
transported ‘far enough’ and finally utilized depends on the composition, structure and morphology 
of a material, which in turn determine its optical properties. From that perspective, combinations of 
different materials are even more interesting, because the collective interplay of several components 
can provide functionalities that go beyond the individual parts. Nanotechnology can take advantage 
of this intimate structure-properties relationship by reversing the paradigm7: carefully tuning the 
composition and structure of nanomaterials allows to optimize their properties for specific 
applications, for which organic molecules as the basic building units offer nearly unlimited 
opportunities. 

The prime example for such optimization can be found in nature8: During billions of years of 
evolution plants have mastered energy transport under physiological conditions9,10 – a humid, ‘hot’ 
and by definition disordered environment – which is in stark contrast to typical laboratory conditions 
that are widely considered a prerequisite for efficient excitation transport. Despite these seemingly 
unfavorable conditions, photosynthesis is and has been Earth’s powerhouse by generating an 
estimated ~100 terawatts in chemical energy by absorbing and utilizing earth’s most abundant energy 
source: sunlight11. In fact, research on photosynthesis has a long-standing history dating back as far 
as the 17th century, when Jan Baptist van Helmond tried to determine how plants gain mass12. Making 
a leap forward to the 2000s, the spotlight was once again put on photosynthetic systems, when Engel 
et al. proposed that energy transfer in photosynthetic complexes may be optimized via quantum 
coherent effects13; other studies on quantum effects in biology quickly followed14–17. Although the 
actual importance of quantum versus classical effects in photosynthesis is still under ongoing debate, 
these findings have sparked a wide-spread interest in disjoining their excitation transport properties 
into the constituting processes. Nevertheless, the driving force for this research is not purely 
fundamental, but has direct relevance to technological advances as well18. In that sense one may ask: 
What can nanotechnology learn from nature?, and as a next step How can nanotechnology potentially 
improve on nature’s design principles? 

It is well known that in order to perform photosynthesis, nature relies on a complex machinery – 
the photosynthetic apparatus – consisting of several self-assembled, hierarchically arranged units4,19. 
Each individual level in this complex hierarchy serves a particular purpose, but only the collective 
action of all individual parts of the complete system achieves the desired functionality. A dense 
network of many light-harvesting antennae complexes (also called pigments) maximizes light 
absorption. Upon absorption of a solar photon the excitation energy is efficiently transported through 
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the network of pigments and finally funneled into the reaction center, where it drives the 
photosynthetic reaction (Figure 1.1a). The success of such organisms stands out as they are able to 
perform photosynthesis in light-depleted environments owing to their efficient light-harvesting 
capabilities, but also under changing illumination conditions by getting rid of excess energy if needed. 
As a result, a large body of research has been devoted to understanding the working principles of the 
photosynthetic apparatus with special focus on the primary processes, i.e., the initial steps of 
absorption of an incident photon, the formation of the excited state as well as the subsequent energy 
transport20,21. Some prominent examples of intensively studied systems include green sulfur 
bacteria21–25 (Figure 1.1b) and the light-harvesting complex 2 (LH2; Figure 1.1c) of purple bacteria26–

28. 

 

Figure 1.1. (a) Schematic of a light-harvesting antenna complex. Solar photons (red and blue) are absorbed and 
subsequently transferred (dotted arrows) to the reaction center via transport over several antenna pigments (green). (b) 
Cryo-TEM micrograph of chlorosomes of green sulfur bacteria; reproduced from Ref. 25 with permission. (c) Atomic 
force microscopy (AFM) image of LH2; reproduced from Ref. 29 with permission. 

What these light-harvesting systems have in common is that they comprise a large number of 
molecules packed into an ordered array. Several of these arrays are then combined into an overarching 
supramolecular structure, e.g., concentrically arranged layers as in the case for chlorosomes of green 
sulfur bacteria (Figure 1.1b). The tight packing of molecules within these structures is essential, as it 
allows individual molecules in the assembly to be coupled, which facilitates the formation of 
delocalized excited states that are collectively shared by many molecules, so-called excitons. Such 
delocalized excitons are considered to be key ingredients for long-range transport of energy and, thus, 
highly interesting for potential applications. However, the intermolecular coupling competes with the 
energetic disorder in these systems, which for example originates from imperfections of the molecular 
packing. Energetic disorder acts as a local disruption of the otherwise homogenous energetic 
landscape and, hence, impedes efficient energy transport via delocalized excitons. This immediately 
raises the question about nature’s design principles that allow for robustness of the excited states 
towards the humid and warm environment these systems thrive in. 

In order to better understand, replicate and in the future optimize light-harvesting processes and 
photosynthesis under lab-based conditions scientists have turned their attention to synthetic or 
artificial analogues30. The ultimate goal of this approach is to combine the best from both worlds: to 
mimic the functionality of the natural systems by capturing their essential, functional elements 
without suffering from the drawbacks of natural systems. In fact, the latter have an inherently 
heterogeneous structure, i.e., different systems may differ in size, composition and/or structure, which 
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makes them notoriously difficult to study, let alone to integrate into devices31,32. In contrast, artificial 
systems offer higher degree of controllability of their structure paired with lower degree of 
heterogeneity of the final structure, which is achieved by programming molecules to self-assemble 
into the desired structure without any human intervention needed33. These structures (i.e., molecular 
aggregates in this context) are typically not held together by covalent bonds, but rely on other 
intermolecular forces, such as van der Waals forces, π-stacking, halogen- and hydrogen bonding, etc. 
Hence, fine tuning of the structure and dimensionality of the final supramolecular motif is possible 
via molecular engineering – or re-programming – of the individual building units. To date, a vast 
number of different supramolecular geometries have been realized: micelles34, vesicles35, bilayer 
sheets36, nanofibers37and nanotubes38. In this regard, molecular aggregates featuring tubular geometry 
have attracted considerable interest, as they are structurally reminiscent of chlorosomes of green 
sulfur bacteria (vide supra), and potential candidates for quasi-one-dimensional excitation energy 
transport wires37,39,40. 

Obtaining a complete and comprehensive picture of how a supramolecular structure or more 
specifically a molecular aggregate responds to absorption of a photon is a task far from trivial, as it 
aims to study ultrafast processes on a timescale of femtoseconds (~10  s) occurring over length 
scales of several nanometer (~10  m). One of the most powerful experimental techniques to tackle 
these questions relies on ultrafast time-resolved spectroscopy, which unfolds its full potential when 
working hand in hand with complementary approaches such as optical and electron microscopy. Since 
the advent of laser spectroscopy, femtosecond laser sources have become readily available in many 
research laboratories, which allow to study energy transport and transfer dynamics in unprecedented 
detail. In this kind of spectroscopies, a short laser pulse excites a non-equilibrium state of the sample, 
which is then interrogated after a certain time interval thereby providing a ‘snapshot’ of the current 
state of the sample. All these snapshots made at different delays are then combined in a “movie” 
showing the evolution of the excitation. One of the pioneers in this field was Ahmed H. Zewail, who 
was awarded the 1999 Nobel Prize in Chemistry for his contributions to the development of so-called 
femtochemistry41. In this Thesis, ultrafast spectroscopy will be used in combination with other 
experimental techniques as well as theoretical modelling to obtain a detailed picture of how excitons 
move through molecular aggregates, namely self-assembled nanotubes. 

1.2 Molecular Aggregates 

The first discovery of molecular aggregates dates back almost 100 years, i.e., to the mid 1930s, when 
Jelley and Scheibe independently discovered the unique optical properties of pseudoisocyanine 
chloride (PIC) upon addition of water to an ethanol/PIC solution42,43. PIC shows a pronounced, 
narrow and spectrally red-shifted absorption band compared to dissolved PIC in ethanol, which Jelley 
and Scheibe assigned to a reversible polymerization (or aggregation) of dye molecules. Nowadays 
such phenomena would be referred to as self-assembly: PIC molecules autonomously assemble from 
a dissolved and disordered phase into highly-ordered supramolecular (here fiber-like44) structures. In 
order to commemorate their findings, molecular aggregates with similar behavior are still denoted as 
J- or less frequently as Scheibe aggregates. On the contrary, the name H-aggregate is derived from 
the word hypsochromic (ancient Greek: upsos "height"; and chroma "color"), which refers to a 
spectral blue-shift, as characteristic for many H-aggregates. These observations raise two questions: 
(i) What is the reason for the pronounced response of these systems to light? and (ii) What causes the 
characteristic spectral changes of this response? 
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The strong response to light originates from the fact that organic dyes such as PIC comprise an 
extended 𝜋-electron system that spreads across the chromophore backbone. From a classical 
viewpoint, these electron clouds are highly polarizable, which means that electrons can ‘freely’ be 
moved along the backbone upon interaction with a resonant light field. This displacement of charges 
is in turn directly linked to a strong transition dipole moment. For that reason, in many molecular 
models that aim to explain the optical properties of molecular aggregates it is sufficient to represent 
the constituting dye molecules simply as their transition dipole moments. With the origin of the strong 
optical response established one can now turn one’s attention to the spectral red- and blue-shift upon 
aggregation. These arise as a consequence of the collective interplay of many tightly packed and, 
thus, energetically coupled chromophores, as is typically the case for molecular aggregates. In the 
following section, it will be shown that the geometry in which the individual molecules are stacked 
inside the aggregate with respect to each other determines the properties of the excited state. In fact, 
it is this intimate relationship between microscopic structure and optical properties, which allows to 
backtrack the molecular structure of such assemblies from spectroscopic observables extracted from 
absorption and photoluminescence (PL) spectra acquired in the steady-state as well as time-resolved 
regime. 

Ever since the initial discovery of J-aggregation, explaining the peculiar optical properties of these 
systems and relating them to the underlying molecular structure has been subject to numerous 
studies45–47. For gaining a fundamental understanding of the optical properties of molecular 
aggregates it is sufficient and instructive to consider a simple linear chain of coupled molecules as an 
idealized model system (Figure 1.2a), which will ultimately lead to the general distinction between 
J- and H-aggregates. 

 

Figure 1.2. (a) Idealized linear chain consisting of 𝑁 equally spaced molecules (monomers) separated by a distance 𝑟  
(see inset). Molecules are represented as their transition dipole moments (|𝝁| = 𝜇) depicted as double-sided arrows. The 
coupling between molecules 𝑛 and 𝑚 is denoted as 𝑉 . (b) Level diagram of 𝑁 isolated monomers modelled as two-
level systems (with an electronic ground |𝑔⟩ and first excited state |𝑒⟩). Intermolecular coupling leads to mixing of the 
excited states upon which a band of excitonic eigenstates forms, as it is shown for ideal J-aggregates (red) and ideal H-
aggregates (blue). The insets depict the arrangement of the transition dipole moments for the highest and lowest energy 
states. Optically allowed (forbidden) transitions to and from these states are shown as solid (dashed) arrows. The exciton 
band comprises 𝑁 states distributed over a total bandwidth Δ𝐸 = 4𝑉. 
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For this simplified description each molecule is represented as a two-level system with an 
electronic ground state (|𝑔⟩) and a first electronic excited state (|𝑒⟩) as shown in Figure 1.2b. Using 
the molecular basis set |𝑛⟩, the Frenkel Hamiltonian (according to J. Frenkel; Ref. 48) for this system 
can be written as: 

𝐻 = ∑ 𝜖  |𝑛⟩⟨𝑛| + ∑ ∑ 𝑉  
  

|𝑛⟩⟨𝑚|        (1.1) 

Here 𝜖  is the transition energy of molecule 𝑛 and 𝑉  the coupling between the 𝑛  and 𝑚  
molecule. The above equation describes the general case, in which the transition energies of 
individual molecules in the aggregate can be different due to solvent shifts induced by the host 
medium. In the simplest case, i.e., neglecting any solvent shifts and energetic disorder, the transition 
energy is identical for all (identical) molecules: 𝜖 = 𝐸  (Figure 1.2b). Invoking periodic boundary 
conditions, the exciton eigenstates in this case are Bloch states49 (henceforth denoted as excitonic 
wavefunction): 

|𝑘⟩ =
√

∑ 𝑒 |𝑛⟩,         (1.2) 

with 𝑘 running from 0 to (𝑁 − 1) in integer steps. Hence, the excitonic wavefunction (of a given 
state |𝑘⟩) is a linear superposition of molecular excited states with the respective (phase) coefficients 
given by the exponential function. The probability to find an exciton on monomer 𝑛 is given as 
|⟨𝑛|𝑘⟩| = 𝑁 . In other words, for an ideal aggregate the excitonic wavefunction (Eq. 1.2) is 
delocalized over the entire aggregate and can be found on any of the molecular sites 𝑛 with equal 
probability 𝑁 . The energy eigenvalues for these states can be found by computing 

𝐸 = ⟨𝑘|𝐻|𝑘⟩ = 𝐸 + ∑ ∑ 𝑉  
  

  𝑒 ( ).     (1.3) 

In order to simplify Eq. 1.3, one can assume that only the nearest neighbor interactions are relevant, 
i.e., molecule 𝑛 only interacts with molecules (𝑛 − 1) and (𝑛 + 1) for which the interaction energies 
are identical due to symmetry. In that case one obtains: 

𝐸 = ⟨𝑘|𝐻|𝑘⟩ = 𝐸 + 2𝑉 cos .       (1.4) 

Eq. 1.4 describes a band of 𝑁 exciton eigenstates distributed over a total width of Δ𝐸 = 4𝑉 (Figure 
1.2b): for 𝑘 = 0 the energy eigenvalue of the associated state is 𝐸 = 𝐸 + 2𝑉, whereas for 𝑘 =

𝑁/2 one finds 𝐸 / = 𝐸 − 2𝑉. 

Interaction of the aggregate with a light field (i.e., absorption of a photon) is characterized by the 
transition dipole moment between the (electronic) ground state |𝑔⟩ and the exciton state |𝑘⟩. Under 
the assumption that the light wavelength is much larger than the size of the aggregate the transition 
dipole moment 𝝁  associated with exciton state |𝑘⟩ can be computed as the vector sum of the 
molecular transition dipole moments 𝝁  weighted by the respective phase coefficient50: 

𝝁 = ∑ 𝑒 𝝁 .         (1.5) 

Eq. 1.5 shows that for 𝑘 = 0 (corresponding to the symmetric eigenstate |𝑘 = 0⟩ ∝ |1⟩ + |2⟩ + |3⟩ +

⋯; Eq. 1.2) the transition dipole moments are maximally in-phase and, hence, add up to one giant 
transition dipole moment. Therefore, in literature 𝑘 = 0 is also referred to as the superradiant state51. 
Conversely, for 𝑘 = 𝑁/2 (corresponding to the anti-symmetric eigenstate |𝑘 = 𝑁/2⟩ ∝ |1⟩ − |2⟩ +
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|3⟩ − ⋯; Eq. 1.2) the transition dipole moment is null, as the transition dipole moments are 
alternatingly out-of-phase and, thus, destructively interfere. To further evaluate which of these 
exciton states interact strongest with light and, hence, contribute most to the spectral properties of the 
aggregate one also has to take into account the oscillator strength of the respective transition. The 
oscillator strength is a metric for the probability of an optical transition and is proportional to the 
square of the transition dipole moment associated with that transition (∝ |𝝁| = 𝜇 ). According to 
Fermi’s Golden Rule46, an optical transition only occurs under the condition that the associated 
transition dipole moment is non-zero, otherwise a transition is ‘dipole-forbidden’. It can therefore be 
shown that the transition to the 𝑘 = 0 state is optically dominant as it collects most of the oscillator 
strength (i.e., 𝑁𝜇 ≫ 0), whereas for 𝑘 = 𝑁/2 the transition is dipole-forbidden since 𝜇 = 0. 

One is now left with the task to relate the optically dominant exciton state(s) to their energy shift 
with respect to the monomer transition energy 𝐸 , which ultimately determines the optical spectrum 
of the aggregate. From Eq 1.4 it becomes clear that the shift of the respective excitonic eigenstate 
depends on the sign of the interaction term 𝑉. Assuming that the intermolecular interactions are 
governed by (transition) dipole-dipole coupling, the interaction energy between the dipoles 𝝁  and 
𝝁  depends on their separation 𝒓  one finds: 

𝑉 =
(𝝁 ∙𝝁 )|𝒓 | (𝝁 ∙ )(𝝁 ∙𝒓 )

|𝒓 |
,       (1.6) 

where symbols in bold denote vectors. Because the molecular aggregates considered here consist of 
equally spaced, identical molecules, their relative distances are constant (|𝒓 | = 𝑟; only nearest 
neighbor interactions are taken into account) and the absolute value of their transition dipole moments 
can be set identical, i.e., |𝝁 | = |𝝁 | = 𝜇. The interaction energy, thus, depends on the orientation 
of the transition dipole moments with respect to each other, which in this simple model is defined by 
the angle 𝜃 (Figure 1.2a). The limiting cases are an in-line arrangement (also called head-to-tail 
arrangement; corresponding to 𝜃 = 0°) and a co-facial arrangement (corresponding to 𝜃 = 90°) of 
all molecules. These configurations are schematically depicted in the insets of the J- and H-aggregate 
bands in Figure 1.2b. 

For the in-line arrangement, the interaction of two neighboring in-phase dipole moments yields 
𝑉 = −2𝜇 𝑟 , which means that the superradiant 𝑘 = 0 state lies below 𝐸  (according to Eq. 1.4). 
Likewise, the (dipole-forbidden) 𝑘 = 𝑁/2 state lies above 𝐸 , because 𝑉 = +2𝜇 𝑟 . The 
opposite holds for the co-facial arrangement, where the dipole allowed (forbidden) state is situated at 
the top (bottom) edge of the exciton band. These shifts of the optically dominant states with respect 
to the monomer transition energy are (historically) considered the defining features J-aggregates and 
H-aggregates. Note that for a relative angle of 𝜃 = 54.8° between the transition dipole moments the 
coupling term 𝑉 is zero for which J-type coupling transitions into H-type coupling. Here, only the 
extreme cases are considered. 

In order to fully understand the polarization properties of the absorption, the orientation of the 
transition dipole moments with respect to the geometry (or symmetry) of the supramolecular structure 
should be considered. Davydov has shown that for a molecular crystal that contains two or more 
molecules per unit cell, its absorption band splits into two separate bands each of which is polarized 
along a specific crystallographic axis52. In other words, the absorption of the molecular crystal shows 
strong linear dichroism, where the absorptivity depends on the orientation of the crystal with respect 
to the incident light polarization. The same principle applies to molecular aggregates, which also have 
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been shown to exhibit pronounced linear dichroism53–55. This can be directly related to the orientation 
of the transition dipole moments within the aggregate, as the probability for absorbing a photon 
depends on the alignment of the transition dipole moments relative to the light polarization.  

In the case of H-aggregates, absorption of a photon via the optically dominant states at the high 
energy edge of the exciton band is followed by ultrafast intraband relaxation to the bottom states (due 
to Kasha’s rule), which are optically inactive. As the probability of spontaneous emission of a photon 
(i.e., PL) upon relaxation to the electronic ground-state is proportional to the oscillator strength, PL 
is largely quenched in case of H-aggregates. On the contrary, for J-aggregates the oscillator strength 
is concentrated around the bottom states of the exciton band, which also leads to an enhancement of 
the emission rate, also denoted as superradiance51. In addition to that, absorption and PL occurs 
to/from the same states, which implies that J-aggregates generally exhibit a small to negligible Stokes 
shift, i.e., the absorption and PL peaks are spectrally overlapping. 

To end this section, the limitations of the above considerations will be discussed. First, it is worth 
noting that a spectral red- or blue-shift is not an unambiguous criterion to assign whether or not a 
molecular aggregate is J- or H-type, which can be determined by assessing the intermolecular 
interactions (vide supra). For the sake of simplicity, in the above discussion an additional spectral 
shift of the monomer transition frequency that arises from changes of the immediate (dielectric) 
environment of a chromophore is neglected. In other words, an individual chromophore ‘feels’ a 
different environment once it is embedded in an aggregate, which leads to a dispersive shift of its 
transition frequency. In some systems, the magnitude of this dispersive shift may outcompete the 
magnitude of the coupling induced shift, which leads to a net red-shifted spectrum, although the 
transition dipole moments are stacked in an H-type fashion56. Apart from that, the individual 
molecules may be arranged in a more complicated fashion as for example in tubular aggregates57. In 
such cases, the geometry and dimensionality of the structure play a major role, as they lead to different 
molecular dipole orientations and, thus, different couplings in different directions. A similar 
limitation concerns the fact that the above considerations were made for a ‘perfect’ aggregate in which 
all transition dipole moments, relative distances and transition energies were identical. In reality, the 
molecular structure of an aggregate deviates from this perfect situation, while the environment the 
aggregate resides in is also dynamically fluctuating and interacting with the system. Both of these 
factors cause deviations from the ideal structure, whose implications on the spectral properties will 
be addressed in greater detail in the next section. 

1.3 Molecular Excitons 

Understanding the photophysical properties of (soft) condensed matter systems requires an accurate 
description of their excited states for which excitons are a central concept. This concept allows to 
treat collective excited states involving several atoms or molecules as quasi-particles, which may 
propagate through a material and also mutually interact. However, it is important to realize that the 
term ‘exciton’ may have fundamentally different interpretations in different scientific communities46. 
For example, in inorganic semiconductors (with silicon being the most prominent representative) one 
often considers Wannier-Mott excitons as a weakly bound electron-hole pair interacting via largely 
screened Coulomb forces due to the high dielectric constant of these materials. In contrast, for organic 
semiconducting materials one typically considers so-called Frenkel excitons as originally described 
in 1931 by J. Frenkel48. In the organic semiconductor community, a Frenkel exciton typically refers 
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to a bound electron-hole pair with the electron and hole located in the LUMO (lowest unoccupied 
molecular orbital) and HOMO (highest occupied molecular orbital), respectively. The binding energy 
of the exciton is higher than for inorganic materials due a lower dielectric constant of organic 
compounds and, thus, weaker screening of the Coulomb interactions. In this Thesis and generally in 
the case of molecular aggregates, the description of excitons closely follows the original formulation 
by J. Frenkel in Ref. 48: “The electronic excitation … is not confined to a particular atom, but is 
diluted between all of them in the form of excitation waves.” The degree of ‘dilution’ directly refers 
to the delocalization of the excitonic wavefunction over several molecules, as is schematically 
depicted in Figure 1.3. 

 

Figure 1.3. Schematic representation of excitonic wavefunctions (or excitons) delocalized over a certain number of 
molecules (circles) at a low (left), medium (center) and high (right) degree of energetic disorder 𝜎 relative to the 
intermolecular coupling 𝑉. A higher degree of disorder tends to localize the exciton on a smaller number of molecules. 

A Frenkel exciton is a collective excited state that is shared many molecules via a superposition 
of the molecular excited states. For an idealized aggregate the expression for this superposition has 
already been given in Eq. 1.2 in the preceding section as the solution for the exciton eigenstates of 
the Frenkel Hamiltonian. In that case, the exciton was delocalized over the entire aggregate due to 
the absence of energetic disorder and could be found on any of the molecular sites with equal 
probability. In real systems, however, this is never realized due to variations of the molecular 
transition frequency caused by interactions with the dynamically fluctuating environment and 
variations in the interchromophore distances and/or relative orientations leading to diagonal and off-
diagonal disorder (referring to the affected elements in the Frenkel Hamiltonian; Eq. 1.1), 
respectively. Since the energy disorder (𝜎) competes with the intermolecular coupling (𝑉) by causing 
disruptions of the otherwise homogeneous energy landscape it leads to localization of the exciton 
wavefunction on shorter segments of the aggregate58. The degree of localization depends on the 
balance between molecular coupling versus energetic disorder (Figure 1.3). In the limit of large 
disorder, i.e., 𝜎 ≫ 𝑉, the exciton wavefunction will be localized on a single molecule, whereas in the 
case of low disorder (𝜎 ≪ 𝑉), the exciton will be delocalized over a substantial part of the aggregates. 
The degree of delocalization (often referred to as ‘coherent domains’) is system dependent and can 
range from a few up to several hundreds of molecules. It is interesting to note that excitons on tubular 
aggregates are considered more robust against energetic disorder as compared to the case of their 
truly one-dimensional counterparts59. This robustness originates from the fact that molecules have 
more neighboring molecules they can be coupled with and, thus, the delocalization extends in 
different spatial directions. 
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It is highly desirable to understand how the properties of a material (morphology, composition, 
energetic disorder, etc.) relate to its excitonic properties. Only after such knowledge has been 
acquired, one can make rational design choices to tweak and optimize the excitonic properties for 
specific applications. The key quantities of interest concern the ‘shape’ of an exciton, i.e., how and 
over how many chromophores the exciton is delocalized, as well as the dynamics and mechanisms of 
exciton transport. Regarding the latter, there are typically two limiting regimes of exciton transport 
considered59,60: (i) fully ballistic (or sometimes coherent) propagation of the wavepacket or (ii) purely 
diffusive (random) hopping between different sites or segments. Many systems are estimated to fall 
between these two categories: after an initial ballistic expansion of the excitonic wavefunction, the 
subsequent transport occurs predominantly via random hopping of the wavepacket between different 
domains. It is important to note that in this Thesis only singlet excitons are considered, while triplet 
excitons are left out of the scope. 

Over the years, a large number of experimental techniques to study the exciton transport have been 
devised. The main obstacle originates from the fact that exciton migration through an isotropic and 
homogenous medium does not leave any spectroscopic signatures, which would allow retrieving 
information on the exciton trajectories. For some systems, exciton transport can directly be visualized 
by either spatially and temporally resolving it using transient absorption micrscopy61–63, or by 
spatially resolving the spread of emission profile following tightly focused point excitation37,64,65. 
These types of direct imaging of exciton transport, however, are reserved for systems that exhibit 
exceptionally long exciton transport on the order of 𝜆/2 ~ 250 nm. In fact, the diffraction limit 
imposes a lower boundary on the smallest spot size that light can be focused into and, thus, about 
how defined the initial (‘time-zero’) excitation conditions can be. For that reason, exciton transport 
needs to occur over long distances in order to have an appreciable spread of the initial conditions that 
can be ascribed to exciton transport. 

Alternative techniques rely on quenching of excitons at an interface66–68 or due to volume 
quenching via an isotropic distribution of trap sites69,70. Quenching here refers to a non-radiative loss 
channel for excitons once they reach the interface or encounter a trap site. If the distance to the 
interface or the average distance between the trap sites (∝ trap density) are known, one can retrieve 
the exciton diffusion length and constant from these measurements. Interestingly, a similar approach 
has recently been applied to quasi-1-dimensional conjugated polymer nanofibers that were 
structurally modified by introducing molecular entities that alter or quench the exciton after it has 
propagated over a certain distance71. Such kind of modifications of the chemical structure, 
supramolecular structure and/or deposition in a tightly packed film are, however, not always feasible 
without compromising the integrity of the original structure. In this case one can exploit the effect of 
so-called exciton-exciton annihilation, which in spectroscopy can be utilized as an analytical tool to 
study exciton dynamics in condensed media70. The underlying principles of EEA will be introduced 
in the next section. 
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1.3.1 Exciton-Exciton Annihilation 

The mechanism that two excitons may interact leading to a net loss of one of the excitons via the so-
called exciton-exciton annihilation (EEA) has been experimentally known for more than 60 years. It 
was first observed by Northrop and Simpson72, and later in 1970 quantitatively explained for the first 
time by Suna73. EEA is known to occur in molecular systems including molecular crystals74, carbon 
nanotubes75, natural photosynthetic complexes76–79, and molecular aggregates80–83 under intense laser 
excitation. The latter is crucial as the occurrence of EEA depends on the exciton density (∝ 𝑛(𝑡) ), 
where 𝑛(𝑡) denotes the number of excitons per number of molecules as a function of time. A higher 
exciton density implies a shorter average distance between individual excitons, which are therefore 
more likely to meet and annihilate. In addition to that, excitonic properties such as the type and speed 
of exciton transport (ballistic versus diffusional) as well as the exciton delocalization are both 
important for EEA84,85, as they determine the probability of two excitons meeting and ultimately 
interacting. For example, in a sample of dilute, isolated molecules any photoexcitation will stay 
‘localized’ on that very molecule, which prevents the occurrence of EEA. (Here we do not consider 
a trivial case of re-excitation of the already excited molecule to a higher state.) 

Starting from initial photoexcitation and formation of two excitons the process of EEA can be 
represented as four separate steps, as schematically shown in Figure 1.4; more rigorous descriptions 
can be found elsewhere86,87. Here, molecules (as constituting units of a molecular aggregate) are 
assumed as three-level system with a ground state (|𝑔⟩), a first excited state (|𝑒⟩) and a second excited 
state (|𝑓⟩). As two excitons approach closer than a critical distance, i.e., the distance at which the 
interaction between the two excitons outcompetes any other process, one of the excitons is promoted 
to the second excited state on expense of the other exciton going back to the ground state due to 
conservation of energy. The exciton residing in the second excited state |𝑓⟩ then rapidly relaxes back 
to the first excited state |𝑒⟩ via fast internal conversion on a typical timescale of sub-100 fs. Thereby, 
the energy of one exciton is released into other degrees of freedom of the system such as vibrational 
energy or heat. The overall process, thus, corresponds to the loss of one exciton due to annihilation. 

 

Figure 1.4. Individual steps involved in EEA. The ground, first excited and second excited states are denoted as |𝑔⟩, |𝑒⟩ 
and, |𝑓⟩, respectively. Horizontal lines represent different segments of a molecular aggregate over which an exciton (red) 
may be delocalized. Transitions are shown as the solid arrows, internal conversion as a wiggly arrow, and exciton 
diffusion/transport as a dotted arrow. 

As the next step, one has to relate the observed EEA dynamics to the excitonic properties of the 
system for which depending on the complexity of the system a number of different strategies can be 
chosen from. For small systems, such as a dimer this problem can be solved analytically88. In other 
cases, solving the rate equation for bi-molecular EEA may allow to retrieve the excitonic properties 
of a system such as the exciton diffusion constant73,75,76,81,89. Therein, the annihilation rate (i.e., the 
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number of annihilation events in a given time interval) is a central quantity, which depends on the 
excitonic properties as well as the dimensionality of the system under study. In a gedanken 
experiment, it is easy to visualize that exciton transport on a 1-dimensional chain is very different 
from exciton transport in a two-dimensional monolayer sheet or in a three-dimensional cube due to 
spatial constraints of the exciton movement. In many systems, however, such analysis is prevented 
by the fact that the system under study does not fall in any distinct class of dimensionality. A few 
examples are molecular crystals with different electronic couplings along different spatial 
coordinates, structurally disordered natural light-harvesting complexes or the molecular nanotubes 
considered herein. The latter show characteristics of both: extended strands of molecules (1D) 
projected onto the surface of a tube (2D), which could require exciton diffusion in fractal dimensions 
(as for example done in Ref. 90). 

As an alternative, one can construct a microscopic model of the system and treat all excitonic states 
explicitly in numerical simulations. Such calculations have been demonstrated for relatively small 
systems like one-dimensional aggregates (under the assumption of low temperatures)91 or squaraine 
copolymers92. However, for large and complex multi-chromophoric systems comprising several 
thousands of molecules a quantitative description of EEA becomes increasingly difficult. The main 
obstacle here is the fact that molecular aggregates consisting of 𝑁 individual chromophores have 𝑁 
states in the first excited state manifold, but already ~𝑁  states in the second excited state manifold. 
In principle, all these states and couplings between them need to be accounted for, which makes the 
calculations of the EEA dynamics computationally extremely expensive if possible at all. In those 
cases, one can still numerically calculate the exciton trajectories using Monte-Carlo simulations under 
certain assumptions about how excitons migrate and interact, e.g., via (generalized) Förster 
coupling93. Due to the sheer size and structural complexity of the molecular nanotubes considered 
herein, this approach is chosen to explain EEA dynamics obtained from time-resolved PL and higher-
order non-linear spectroscopy. 

In most experimental settings, the presence of EEA is observed merely as a perturbation of the 
one-exciton dynamics as a new additional (time-dependent) loss channel for excitons. This in turn is 
reflected in an acceleration of the transient exciton dynamics, e.g., encoded in a faster PL decay, or 
seen as a reduced overall quantum yield. Under these conditions, an unambiguous assignment of the 
EEA kinetics is hampered by the fact that the one-exciton dynamics and the perturbation due to EEA 
are overlapping. In recent years, a means of directly visualizing EEA relying on higher-order non-
linear spectroscopy has received considerable attention with inputs from both theory88,94,95 and 
experiment84,92,96. This kind of spectroscopy is able to isolate the EEA signal from the perturbed one-
exciton signal and, hence, extract the excitonic properties of the system that govern the observed EEA 
dynamics. 

1.4 Amphiphilic Molecular Aggregates 

The structural and optical properties of molecular aggregates are intertwined, which is why making 
controlled modifications of the former requires gaining control over the self-assembly process and, 
hence, over the final supramolecular structure. Achieving such control is a difficult task in itself and 
often takes many iterations of chemical modifications until the desired structure is obtained. In fact, 
reliable a priori predictions of the final supramolecular structure (based on the chemical 
modifications carried out) are hardly possible due to the number and complexity of all involved 
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intermolecular forces including van der Waals forces, hydrogen- and halogen bonding, 𝜋-stacking, 
etc. In the last decades, a vast range of different self-assembly dyes have been synthesized and their 
self-assembly conditions thoroughly characterized. These systems include merocyanines97,98, 
perylenes99,100, zinc chlorine101,102 and porphyrins103 as a few notable examples. Comprehensive 
overviews of different dye based self-assembly systems can be found elsewhere30,98,104,105.  

Amphiphilic self-assembly systems experienced a renaissance of interest in the 1990s, when 
Daehne and co-workers systematically functionalized the 5,5’,6,6’-tetrachlorobenzimidacarbo- 
cyanine (TBC) chromophore with hydrophilic and hydrophobic side chains106–108. The main objective 
was to obtain better control over the self-assembly process, for which this particular chromophore 
was chosen as the dye derivatives BIC80,109–111 and TDBC112 based on the same chromophore were 
already well-studied systems by that time. The amphiphilic modifications rendered the dyes to be 
moderately soluble in water and furthermore introduced additional degrees of freedom in tuning the 
relative and absolute lengths as well as the composition of the amphiphilic side groups, thereby, 
providing a finer control over of the final self-assembled structure. As a result, functionalization of 
the TBC chromophore has resulted in a large variety of different supramolecular architectures ranging 
from bilayer sheets to single- and multiwall tubes, as summarized in Table 1.1. Note that the 
chromophore is identical for all compounds listed below, while the respective name (acronym) 
encodes the type and length of the hydrophobic and hydrophilic side chains. 

Table 1.1. Overview of different amphiphilic cyanine dye derivatives and their 
corresponding supramolecular motifs formed known from literature113. 

Compound Supramolecular structure References 
C8O3 Nanotubes/bundles 114–117 
C8S3 Nanotubes/bundles 55,64,83,118–124 
C8O4 Bilayer ribbons/tubes 125 
C8S2 Bilayer ribbons 36,126 

From the selection of different dye derivatives presented above, molecular aggregates based on 
C8S3 (C8 → hydrophobic octyl chains, S3 → hydrophilic sulfopropyl chains; chemical structure 
shown in Figure 1.5a) and C8O3 are among the most extensively studied systems. This strong interest 
originates from the fact that both dyes form remarkably uniform double-walled nanotubes in aqueous 
solution with characteristic diameters around 5 − 15 nm and lengths extending up to several µm′s 
(Figure 1.5b). The fascination for these systems is further fueled by the fact that both systems show 
striking structural resemblance to chlorosomes of green sulfur bacteria (Section 1.1), which are able 
to perform photosynthesis and, thus, survive under extreme low light conditions18. With these systems 
at hand, one can not only study exciton transport within each of the individual walls (‘intrawall 
dynamics’), but also investigate how transport is affected by the presence of a second, electronically 
coupled wall in close proximity (‘interwall dynamics’) as schematically depicted in Figure 1.5c. 

Hitherto, the description of molecular aggregates has stayed at a general level by referring to them 
as an overarching class of supramolecular structures that comprises aggregates with various structures 
and shapes. The individual chapters, however, will be focused on one specific representative of this 
class of materials: molecular nanotubes. Therefore, from this point on a different terminology will be 
adopted and the system will be referred to as (molecular) nanotubes instead of molecular aggregates 
in order to highlight their particular supramolecular motif. 
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Figure 1.5. (a) Molecular structure of C8S3 with the different functional moieties highlighted: chromophore (orange), 
hydrophilic side groups (blue) and hydrophobic side groups (gray). (b) Addition of water induces aggregation of C8S3 
monomers into double-walled nanotubes with an inner and outer tube and characteristic sizes as indicated. In this 
arrangement the hydrophobic tails are screened from water, as they are pointing inward, which is schematically depicted 
in panel (c). 

1.5 Goal and Objectives 

The main goal of this Thesis is to obtain a unifying picture of the exciton dynamics in molecular 
nanotubes. As a representative system, double-walled nanotubes were chosen based on the 
amphiphilic cyanine dye derivative C8S3. Achieving this goal requires a combination of several 
experimental approaches due to the sheer complexity of the systems that comprise two adjacent, 
coupled walls each constructed from thousands of tightly packed and, thus, strongly coupled 
molecules. Each chapter will elucidate the exciton dynamics and excitonic properties from a different 
angle for which the objectives are as follows: 

1. Chapter 3: This Chapter aims to overcome ensemble averaging and this way 
elucidate the origin of spectral inhomogeneity at the level of individual 
nanotubes. 

2. Chapter 4: This Chapter aims to simplify the supramolecular structure of the 
double-walled nanotubes and, thereby, render the bare (thermodynamically 
unstable) inner tubes accessible for spectroscopy. Such simplification would 
deconvolute the congested spectroscopic responses and ease their interpretation. 

3. Chapter 5: This Chapter aims to obtain an unobscured view on the exciton 
trajectories across different structural units of the double-walled nanotubes by 
using a special type of non-linear spectroscopy. 

4. Chapter 6: This Chapter aims to study how the optical properties of molecular 
nanotubes are affected by changes of their radial size, while retaining their 
double-walled structure. 

  



 Chapter 1 

15 
  

1.6 Main Findings and Scope of Thesis 

In this Thesis, the photophysical properties of molecular nanotubes based on the amphiphilic cyanine 
dye derivative C8S3 are studied in a multi-disciplinary platform employing steady-state and time-
resolved spectroscopy, optical and transmission electron microscopy, microfluidics, and Monte-Carlo 
simulations, which is complemented by theoretical modelling and synthetic chemistry (performed by 
our colleagues). Using such a combination of different approaches effectively eliminates the 
ambiguity that is inherent to using one particular (experimental) technique alone and, thus, is able to 
provide a conclusive and unambiguous picture of the excitonic properties, when combined.  

The main findings of this Thesis are as follows: 

1. The combination of microfluidics, optical microscopy, time-resolved 
spectroscopy and Monte-Carlo simulations forms a powerful platform to probe 
the excitonic properties of complex, supramolecular structures. 

2. The characteristic sizes and molecular packing motif of individual nanotubes 
drawn from a large ensemble are very similar. Spectral broadening of the 
excitonic transitions is governed by ultrafast modulation (~50 fs timescale) of 
their transition frequencies but not the structural variations between the nanotube 
segments. 

3. Double-walled molecular nanotubes feature excitonic properties that are 
remarkably robust against perturbations of their supramolecular hierarchy: even 
upon physical removal of the adjacent nanotube layer, the excitonic properties 
are retained. 

4. In the double-walled configuration, molecular nanotubes are able to adapt to 
different illumination conditions, where the outer tube changes its functionality 
from an exciton antenna to an exciton annihilator. 

5. Subtle modifications of the chromophore via halogen exchange change the radial 
size of the molecular nanotubes without affecting the molecular packing therein. 

This Thesis comprises a total number of six chapters (including the general introduction). For a 
general overview, the content of each chapter is briefly summarized below: 

In Chapter 2, the backgrounds and concepts of the experimental techniques used in this Thesis are 
introduced. The Chapter starts from steady-state spectroscopy, which already in its simple setting can 
be used to report on the structure and properties of molecular nanotubes via optical observables. 
Detecting dynamical properties of these systems, however, requires adding the temporal dimension 
to the measurements: inducing the dynamics at a defined point of time and monitor the system 
response. In this Chapter, three different means to follow the system’s response in time are 
introduced: time-resolved PL, transient absorption and 2D spectroscopy. The Chapter concludes by 
introducing microfluidics as well as optical and transmission electron microscopy as complementary 
techniques working hand in hand with optical spectroscopy. 
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In Chapter 3, the spectral inhomogeneity is investigated at the level of individual nanotubes by 
combining single-nanotube spectroscopy/microscopy with advanced 2D correlation spectroscopy. 
First, the focus is on the width and position of the PL signature emergent from a short (isolated) 
segment of a nanotube at room as well as to cryogenic temperatures. These measurements reveal that 
the structural variations between different nanotubes have a negligible contribution to the spectral 
width of an ensemble of nanotubes. Instead, it is variations of the microscopic structure within the 
same nanotube that accounts for the majority of the spectroscopic broadening. These findings are then 
confirmed by 2D correlation spectroscopy, which shows that it is indeed dynamical fluctuations with 
a characteristic timescale of ~50 fs that are responsible for the spectral linewidth observed in single 
nanotube spectroscopy. Such high degree of structural homogeneity has profound implications for 
the following chapters, where results obtained from spectroscopic experiments on ensembles of 
nanotubes are equally applicable to individual nanotubes. 

In Chapter 4, a novel spectroscopic lab-on-a-chip approach is introduced that allows in-situ control 
of the hierarchical complexity of the supramolecular nanotubes via so-called microfluidic flash-
dilution. The latter is an elegant means to simplify the double-walled structure of C8S3 nanotubes via 
physical dissolution of the outer layer and, thus, selectively switching off the coupling between the 
inner and outer tube. This Chapter thoroughly characterizes the technique, the fate of the nanotubes 
upon flash-dilution as well as the associated byproducts in order to obtain a full picture of relevant 
timescales and regimes for microfluidic flash-dilution. As a second step, intensity dependent time-
resolved PL measurements will be used to acquire a preliminary picture of the exciton dynamics in 
the double-walled and simplified single-walled nanotubes. In that capacity, this Chapter serves as the 
foundation for Chapter 5, where the microfluidic platform will be combined with more sophisticated 
2D spectroscopy. 

In Chapter 5, microfluidic flash-dilution is interfaced with non-linear exciton-exciton interaction 
2D (EEI2D) spectroscopy in order to obtain an in-depth picture of the exciton dynamics within and 
between the individual layers of double-walled molecular nanotubes on a femtosecond timescale. 
Combining EEI2D spectroscopy with microfluidics and Monte-Carlo simulations allowed for an 
unambiguous assignment of the excitonic properties in terms of an exciton diffusion constant and 
effective interaction distance of two approaching excitons. Moreover, these experiments have shown 
that the outer layer acts as an exciton antenna at low excitation fluxes, but transitions to an exciton 
annihilator under intense illumination. 

In Chapter 6, minimalistic modifications at the level of individual building blocks of self-
assembled, molecular nanotubes are used to steer the supramolecular motif in a controlled way. It is 
shown how replacing only four halogen atoms attached to the chromophore of an amphiphilic cyanine 
derivative allows to inflate the nanotubes radial size by 40 to 110 %, while retaining the desired 
double-walled structure – reminiscent to the structure of natural light-harvesting complexes. 
Furthermore, the delicate molecular packing of the tubes is preserved, which allowed to study purely 
radial growth of the nanotubes. 

Each Chapter of this Thesis is divided into a main part and a supplementary information (SI). The 
main part first introduces the general background and relevance of the respective study, then presents 
and discusses the results and ends with a conclusion. In addition, the main part contains a brief 
overview of all materials and relevant methods used in that Chapter. Thereafter, each Chapter is 
appended with an elaborate SI, which contains extra information as e.g. detailed descriptions of the 
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experimental setups, results from control experiments and/or additional (theoretical) modelling. In 
that sense, the SI only contains (expert) specific information that is certainly important to reproduce 
the results obtained in this Thesis, but not essential to follow and understand the logic of the main 
part. 

1.7 Personal Contribution 

The current Thesis strongly benefited from close collaboration among several groups from different 
institutions. The particular author’s (and others’) contributions are specified at the end of each 
Chapter. In general, the author was directly involved in formulating the tasks, designing the 
experiments, discussing the results, and writing the scientific papers and conference contributions. 
All experiments presented in this Thesis, were performed either by the author himself or with close 
(share > 50 %) involvement of the author. 
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