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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. 
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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⟩ +



 Chapter 1 

7 
  

|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. 
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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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Chapter 2  
 

Experimental Methods 
 

 

 

Optical spectroscopy – the science of light-matter interactions – is an equally elegant and powerful 
experimental tool to study the photophysical properties of (soft) condensed matter systems. For 
photoactive, multi-chromophoric molecular systems such as self-assembled nanotubes, spectroscopic 
observables can be used as highly sensitive reporters to answer a number of questions: What is the 
underlying molecular structure? How does the system evolve in its excited state following optical 
excitation? How does the system interact with its surrounding and dynamically fluctuating 
environment? And what are the relevant timescales for these phenomena? The full potential of optical 
(time-resolved) spectroscopy can be harnessed by combining it with complementary techniques 
including microscopy (optical and transmission electron microscopy) and microfluidics. The 
following section provides an overview of the experimental methods that are used in this Thesis with 
the focus on the concepts of the respective technique rather than the technical details; the latter are 
provided in the respective chapter. 

 

 

 

 

 

 

Image: Photograph of the 2D spectrometer used in this Thesis. 



Experimental Methods  

24 
  

2.1 Steady-State Spectroscopy 

2.1.1 Absorption and Photoluminescence 

Already simple steady-state linear UV-Vis absorption and photoluminescence (PL) spectroscopy can 
yield a wealth of information on the (optical) properties of a system, where the information is encoded 
in the general shape of the spectra1: occurrence and number of different peaks, peak shifts, (relative) 
peak amplitudes, lineshapes and linewidths, Stokes shift, etc. Typically, an absorption spectrum is 
measured by scanning the wavelength 𝜆 of the illumination source and recording the incident 𝐼 (𝜆) 
and transmitted intensity 𝐼(𝜆) as shown in Figure 2.1a. The optical density (OD) of the sample is then 
computed as the logarithm of the ratio of these two intensities: 

OD(𝜆) = − log
( )

( )
= 𝜖(𝜆)𝑐𝑑.       (2.1) 

Here, 𝜖 is the extinction coefficient of the sample under study (a material property), c the molar 
concentration of the sample and d the thickness of the sample. It immediately follows from Eq. 2.1 
that at high optical densities the intensity of the transmitted light becomes extremely low and, hence, 
difficult to measure. Typically, the upper limit of measurable optical densities of commercial 
absorption spectrometers is on the order of OD ~ 4 corresponding to a sample transmission of 0.01 %. 
In many instances this requires either using a thinner sample/cuvette or diluting of the sample in order 
to obtain sufficiently low peak optical densities. On the other hand, as measurement of the absorption 
spectrum relies on measuring changes of the incident intensity (𝐼 − 𝐼 ) at the background of the 
transmitted intensity (𝐼 ), it a non-background-free technique, which directly imposes limits to its 
sensitivity. As a result, the optical density of the sample cannot be too low either, as otherwise 𝐼 ≈

𝐼 , for which the optical density becomes immeasurably low. 

 

Figure 2.1. (a) Principle of absorption spectroscopy. The absorption spectrum is measured by scanning the excitation 
wavelength (inset). (b) Principle of PL spectroscopy. After photoexcitation (green), the PL signal can be detected isolated 
from the excitation source either by placing the detector in a separate direction (top path) or by adding a spectral filter to 
block the excitation light (bottom path), or both. The PL spectrum (inset) is measured by spectrally dispersing the PL 
signal in a spectrograph prior to detection. (c) Energy diagram illustrating the cycle of absorption (green arrow) reaching 
high-lying states in the first excited state manifold (|𝑒⟩), internal conversion (yellow dashed arrow) to the bottom states 
of |𝑒⟩, followed by relaxation back to the electronic ground state (|𝑔⟩) under emission of a photon, i.e., PL. 
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This limitation does not exist for PL spectroscopy, as it can be measured in a background-free 
geometry (Figure 2.1b), which greatly enhances the sensitivity of this technique. Specifically, an 
excitation beam continuously irradiates the sample thereby exciting a certain fraction of the 
molecules/systems. Subsequently, the system can spontaneously relax back to the electronic ground 
state under emission of a photon (i.e., PL; Figure 2.1c). In an isotropic sample with randomly oriented 
emitters, these photons are also emitted in a random direction and, therefore, can be collected and 
subsequently detected spatially separated from the excitation source (Figure 2.1b, top path). 
Furthermore, PL typically occurs frequency shifted with respect to the absorption spectrum by the 
so-called Stokes shift. Therefore, one can additionally use spectral filters to isolate the signal of 
interest from the excitation source (Figure 2.1b, bottom path). In PL measurements, however, special 
care has to be taken in order to avoid reabsorption of PL, which may alter the shape of the detected 
spectrum. As the PL signal has to pass through (parts of) the same sample prior to detection, photons 
may, thus, be reabsorbed by the sample. This is particularly important for samples with small to 
negligible Stokes shift, i.e., with spectrally overlapping absorption and emission bands. As the 
probability for reabsorption of a photon depends on the optical density of the sample, it is preferable 
to record PL spectra using optically thin samples with a maximum optical density on the order of 
0.1– 0.2. 

A major drawback of steady-state absorption and PL spectroscopy, however, is that they are 
lacking any temporal resolution, because the sample is continuously being illuminated and the signal 
continuously being measured. In other words, a defined time zero at which excited states dynamics 
are initiated is missing, which is why steady-state absorption and PL spectra do not permit to derive 
any dynamical properties directly. For that, one needs to excite the sample with short laser pulse that 
defines time zero at which the dynamical processes in the sample are initiated; this will be introduced 
in Section 2.2. 

2.1.2 Linear Dichroism 

Linear dichroism (LD) can be treated as an extension of linear absorption spectroscopy, which 
resolves the difference of the absorption for excitation light that is linearly polarized either parallel 
(OD||) or perpendicular (OD ) with respect to the orientation axis of an anisotropic sample. Because 

the probability for absorbing a photon depends critically on the alignment of the transition dipole 
moments of the sample relative to the incident electric field, LD spectra (and CD spectra as their 
circularly polarized equivalents) bear valuable information on the geometry of the system as well as 
the underlying molecular structure2–5, which can for example be used for validating theoretical 
models. The reduced linear dichroism (LD ) is computed as the difference of the optical densities for 
parallel and orthogonal polarized light normalized by the isotropic absorption: 

LD =
||  

=
||  

 ||   
        (2.2) 

Compared to the ‘conventional’ linear dichroism (simply defined as the difference OD|| − OD ) 

the reduced quantity LD  offers the advantage that the signal amplitude is insensitive to measurement 
parameters such as the molar concentration or thickness of the cuvette. Hence, it can be interpreted 
as a pure measure of the alignment (or polarization) of the sample. The maximum and minimum 
amplitude of LD  are 3 and −1.5, respectively, where LD = 3 means perfect parallel alignment of 
the transition dipole moments with respect to the light polarization and LD = −1.5 perfect 
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perpendicular alignment. Deviations from these may arise from non-ideal macroscopic alignment of 
the sample or due to partial cancellation of spectroscopically overlapping transitions, i.e., parallel and 
perpendicular components that mutually compensate. The case of LD = 0 is referred to as isotropic 
absorption. 

In an isotropic sample the absorbing dipole moments are by definition randomly oriented and, 
thus, no preferential absorption of any polarization is observed. Therefore, macroscopic alignment of 
the dipole moments has to be established first, before LD spectra can be measured. For molecular 
nanotubes such alignment can be achieved by utilizing their extremely large aspect ratio (i.e., the ratio 
of length versus diameter) for LD measurements, as they tend to align along the flow in a liquid jet6 
or when the sample solution is pumped through a flow-cuvette4; schematically depicted in Figure 2.2. 

 

Figure 2.2. Schematic arrangement for LD measurements on molecular nanotubes for excitation light that is polarized 
(a) parallel and (b) perpendicular to the alignment of the nanotubes in a flow-cuvette. 

Linear dichroism spectra have a direct relevance to ultrafast (time-resolved) experiments as well 
as microscopy experiments, as the excitation (laser) sources are polarized. Hence, any possible 
alignment of the sample has to be taken into account, as it may lead to preferential excitation of 
differently polarized excitonic transitions of the sample, e.g., Davydov split absorption bands in case 
of molecular aggregates (Section 1.2). 

2.2 Time-Resolved Spectroscopy 

Understanding the nature and timescales of the dynamical properties of a system such as the exciton 
transport, spectral diffusion due to (fluctuating) interactions with the surrounding environment or 
energy transfer between different entities in the sample requires adding the temporal dimension. In 
order to achieve that one can use (a train of) short laser pulses that interact with the system at a defined 
point of time marked by the arrival of the laser pulse at the sample and then monitor the response of 
the system. In this section three means of following the excited state dynamics will be introduced: (1) 
detecting the time-resolved PL decay, (2) adding a delayed second pulse probing the for transient 
changes of the sample absorption, and (3) adding a delayed third pulse to realize two-dimensional 
(2D) spectroscopy. 

2.2.1 Time-Resolved Photoluminescence 

In order to follow the PL decay in time, excited state dynamics are initiated by the absorption of a 
high energy photon leading to the photoexcitation of high lying vibrational or excitonic state in the 
first excited state manifold (see Figure 2.1c, Section 2.1.1). This initial, high energy excitation is 
followed by rapid intra-band relaxation to the states located at the bottom of the respective band via 
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internal conversion as dictated by Kasha’s rule7. From there the system can undergo relaxation back 
to the electronic ground state either via a radiative channel under emission of a photon (i.e., PL) or 
via a non-radiative channel, i.e., the excited state energy is released into other, typically vibrational 
degrees of freedom (heat). The key difference compared to measurements conducted in the steady-
state regime is the fact that instead of continuously illuminating the sample, a short laser pulse is used 
for the initial photoexcitation, which allows to monitor the excited state dynamics (and relaxation) 
thereafter. 

For the purpose of measuring the PL decay on ultrafast timescales (i.e., nanoseconds down to 
femtoseconds) different experimental techniques are available: time-correlated single photon 
counting (TCSPC), PL upconversion, and streak cameras; see Ref. 8 for a complete overview. For 
this Thesis, the discussion will focus on streak cameras for which a schematic illustration of the 
experimental apparatus is shown in Figure 2.3a. The temporal resolution that can be achieved with a 
streak camera is typically on the order of ~10 ps, referring here to the width of the so-called 
instrument response function (IRF). Due to the limited response time, processes occurring on sub-
picosecond timescales cannot directly be observed with a streak camera. On the positive side, time-
resolved PL is a background-free measurement technique and thus excels in terms of sensitivity, 
which allows measuring the spectrally resolved PL decay on timescales from few picoseconds up to 
several nanoseconds through orders of magnitude in PL intensity (Figure 2.3b). 

 

Figure 2.3. (a) Schematics of experimental apparatus for time-resolved PL measurements using a streak camera. 
Following excitation by a short laser pulse (green) the decay of the PL signal (magenta) is monitored as a function of time 
and wavelength. A fraction of the laser pulse is picked up by a photodiode and serves as a timing signal. (b) Representative 
PL decay map (main panel) recorded for C8S3 dissolved in methanol following excitation at ~510 nm. The PL signal 
was normalized to the maximum amplitude and is shown on a logarithmic color scale. The white line indicates the mean 
PL wavelength at each time step. The side panels show the spectral (top) and temporal (right) projections of the PL map. 

For illustration, an actual PL decay map is shown in the center panel of Figure 2.3b, where the PL 
signal amplitude (depicted on a color scale) is spectrally and temporally resolved on the horizontal 
and vertical axis, respectively. The projection of the PL signal along the temporal axis yields the 
steady-state PL spectrum as shown in the upper panel, which can be directly compared to results from 
independent measurements (Section 2.1.1). Projection of the PL signal along the wavelength axis 
yields the temporal dependence of the PL signal denoted as PL transient (Figure 2.3b, right panel). 
Here, the PL signal decays exponentially with a single time constant 𝜏 following pulsed laser 
excitation at time-zero. In more general cases, there may be more than one time constant necessary 
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to fully characterize the observed dynamics, as different process in the sample occur with different 
rates (∝ 𝜏 ). In any case, the measured PL decay of the sample is convoluted with the IRF, which is 
evident from the finite rise time of the signal at negative times: 

𝑆 (𝜆, 𝑡) = IRF ⊗ 𝑆 = ∫ IRF(𝑡 − 𝜏)𝑆 (𝜆, 𝑡)𝑑𝜏.      (2.3) 

Here, 𝑆 (𝜆, 𝑡) is the measured PL decay map as a function of wavelength and time, whereas 𝑆 (𝜆, 𝑡) 
is the ‘real’ response of the system. Knowledge of the temporal shape of the IRF, hence, permits 
retrieving the PL lifetime(s) by fitting the measured transients to Eq. 2.3. 

Another useful quantity that can be extracted from a PL decay map is the time-resolved mean 
frequency of the PL spectrum 〈𝜈(𝑡)〉 shown as a white line in Figure 2.3b. This quantity contains 
valuable information on energy transfer dynamics9,10, and exciton thermalization as well as spectral 
diffusion11–13. The mean frequency is computed by cutting a horizontal slice from the PL decay map, 
i.e., the PL spectrum at a specific time after photoexcitation, and determine its 1st moment according 
to: 

〈𝜈(𝑡)〉  =
∫  ( , )

∫ ( , ) )
.         (2.4) 

In the shown case the mean frequency is a constant (a vertical line) indicating a negligible degree of 
spectral diffusion on the timescale of the PL decay. Again, very fast modulations of 〈𝜈(𝑡)〉 cannot be 
resolved due to the limited temporal resolution, which thus calls for experimental techniques with an 
enhanced temporal resolution such as transient absorption and 2D spectroscopy. 

2.2.2 Transient Absorption 

Another well-established technique to track ultrafast processes of a system in its excited state is the 
so-called pump-probe spectroscopy. The expression ‘pump-probe’ refers to the sequence of laser 
pulses, where the first pulse pumps the sample and initiates excited state dynamics, which are then 
probed by a second pulse after a variable delay time 𝑇. Spectrally dispersing the broad-band probe 
pulse after the sample permits measuring the transient changes of the sample absorption in presence 
and absence of the pump pulse, for which the technique is also called transient absorption (TA) 
spectroscopy. Because TA spectroscopy is rather simple to implement experimentally and the data 
analysis is more intuitive than for other types of non-linear spectroscopies (transient grating, photon 
echo, 2D spectroscopy, etc.) it is frequently used to study excited state dynamics in various systems14–

18. The attainable temporal resolution of this technique is on the order of ~100 attoseconds19 up to 
tens of femtoseconds as determined by the durations of the pump and probe pulses. In the framework 
of this Thesis, it is instructive to consider TA spectroscopy as a simplified predecessor for two-
dimensional (2D) spectroscopy, as many of the concepts considered herein will directly translate to 
the next section about 2D spectroscopy. 

A schematic layout for TA spectroscopy is shown in Figure 2.4a. Following the interaction of a 
pump pulse with the sample at 𝑡 = 0, the probe pulse interrogates how the sample has evolved in its 
excited state after a certain delay time 𝑇. In practice, TA spectra are measured by modulating the 
repetition rate of the pump pulses: every other pump pulse is blocked, while the probe is kept at its 
original repetition rate. As a result, probe spectra 𝑆 are recorded alternatingly with either the pump 
beam blocked (𝑆 ) or the pump beam open (𝑆 ). In a typical experiment, this is done repetitively 
for a number of pulses and subsequently averaged for improved signal-to-noise ratio. In analogy to 
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linear absorption spectroscopy, the TA signal is computed as the change of the sample transmission 
(𝛥𝑇) over the total transmission (𝑇) by taking the difference of the probe spectra with the pump on 
versus pump off. The associated change in optical density 𝛥OD can be determined as follows: 

ΔOD = − log + 1 = − log + 1 .      (2.5) 

In literature, there is no consensus about which quantity (ΔOD or ΔT/T) is to be preferred and 
different conventions may apply in different fields; in this Thesis only ΔOD will be used. The main 
difference concerns the mathematical sign of the TA signal, which is flipped upon applying Eq. 2.5. 

 

Figure 2.4. (a) Principle of transient absorption (pump-probe) spectroscopy. The pump and probe beams are spatially 
overlapped in a sample. The probe beam is spectrally dispersed and detected for a given delay time between pump and 
probe pulse. (b) Level diagram for different processes that may occur upon interaction of the time delayed probe pulse 
with the sample following excitation by the pump pulse. The processes of GSB/SE and ESA are shown as blue and red 
arrows, respectively. (c) TA map with the detection frequency on the vertical axis and delay time on the horizontal axis. 
The normalized change of the optical density (ΔOD) of the sample is shown on a color scale between −1 and +1 with 
increments in steps of 0.1. A negative delay time means the probe pulse arrives at the sample before the pump pulse. (d) 
Horizontal and (e) vertical slices of the TA map along the dashed lines (in the same colors) in panel (c) representing the 
TA spectrum and transients at a given delay, respectively. 

In many experiments, the probe pulse is chosen to be spectrally broad (e.g., from a white-light 
continuum source) in order to cover all relevant absorption bands (i.e., optical transitions) of the 
sample under study. In contrast, the pump pulse spectrum can be made spectrally narrow in order to 
exclusively excite a single or a small sub-set of absorption bands of the sample. Such spectral 
selectivity can be advantageous in order to study for example energy transfer between two species (A 
and B) by only optically exciting species A with a narrow-band pump pulse and then monitor the 
response of both species using the broad-band probe pulse. Alternatively, making the pump pulse 
spectrally broad to simultaneously excite multiple absorption bands may allow the observation of 
oscillatory components in the TA signal18,20. 
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In theory, three different types of interaction between the probe pulse and the sample in its excited 
state can be distinguished: ground-state bleach, stimulated emission and excited state absorption 
(Figure 2.4b). Ground-state bleach (GSB) occurs as the probe pulse encounters a decreased fraction 
of molecules/systems in the sample residing in the electronic ground state for which optical excitation 
could have occurred in absence of the pump pulse. As a result, this transition (|𝑔⟩ → |𝑒⟩) is less likely 
to occur after interaction with the pump pulse than without and, thus, appears bleached. Note that in 
the case of multiple absorption bands of the sample, GSB affects all bands that share a common 
electronic ground-state. The second type of TA signal is stimulated emission (SE), where interaction 
with the probe pulse leads to the de-excitation (|𝑒⟩ → |𝑔⟩) of the sample under emission of a photon 
– similar to the working principle of a laser. The third type of TA signal is excited-state absorption 
(ESA), which is a new absorption channel reaching from the first electronic excited state to even 
higher excited states, i.e., |𝑒⟩ → |𝑓⟩. The associated changes in optical density (ΔOD) of the sample 
can either be negative (‘more light is transmitted’) as is the case for GSB and SE or positive (‘less 
light is transmitted’) as is the case for ESA. As an example, an actual TA map recorded for molecular 
nanotubes is shown in Figure 2.4c, where blue (negative) and red (positive) features correspond to 
GSB/SE and ESA signals, respectively. 

From such a TA map the characteristic time constants can be extracted by taking a horizontal slice, 
which yields the temporal dependence (transients) of the chosen GSB/SE or ESA feature (Figure 
2.4d). Meanwhile, a vertical slice yields the TA spectrum at a given delay time (Figure 2.4e) showing 
contributions from both GSB/SE and ESA. Unfortunately, from a single measurement such a slice 
does not permit to extract the dependence of the TA signal on the excitation frequency and, thus, 
deconvolute different GSB/SE and ESA contributions occurring at different excitation frequencies. 
Although this can be accomplished by performing a set of TA measurements at different excitation 
narrow-bandwidth wavelengths, the experimenter will face the so-called time-bandwidth problem: a 
short light pulse requires broad spectral bandwidth and, thus, compromises the spectral selectivity of 
the experiment and vice versa. Two-dimensional (2D) spectroscopy can remedy this limitation. 

2.2.3 Two-Dimensional (2D) Spectroscopy 

Two-dimensional (2D) spectroscopy belongs to the family of non-linear spectroscopies and is the 
successor of photon echo spectroscopy, which has first been demonstrated in 196421. Substantial 
progress in further developing the technique and applying it to molecular systems has been achieved 
during the 1980s by A. M. Weiner and co-workers22 as well as during the 1990s at the University of 
Groningen by D. Wiersma and co-workers23. Photon echo spectroscopy is a powerful technique, 
which utilizes a sequence of ultrashort laser pulses to extract information on the magnitude and 
timescale of solute-solvent interactions in the condensed phase24. 

In principle, 2D spectroscopy contains the same information as photon-echo spectroscopy as it 
measures the third-order polarization induced in a material by the sequential interaction with three 
(or more) laser pulses. The main difference is that instead of excitation and detection time coordinates 
(as in photon echo), the information is spread along the excitation and detection frequency axes onto 
a two-dimensional map, thus, earning it the name 2D spectroscopy. This representation allows to 
directly draw correlations between the two frequencies and grants access to peak shapes and cross 
peaks, which cannot be directly probed using conventional TA spectroscopy. Therefore, 2D 
spectroscopy is best known for its capabilities to discern inhomogeneous from homogenous line 
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broadening25–27, resolve coupling between different electronic transitions as well as energy transfer 
and detect coherences involved therein6,28–30, or to directly probe exciton-exciton interactions31–36. 

Over the past decades, numerous experimental implementations for 2D spectroscopy have been 
devised, which now cover a substantial region of the electromagnetic spectrum ranging from terahertz 
(THz) over infrared (IR) to the NIR/visible and further into the (near)UV; the details can be found in 
numerous reviews37–39. The analysis and interpretation of 2D spectra is most commonly performed 
in the framework of the perturbation theory of the density matrix and non-linear response function 
theory; comprehensive descriptions are offered in literature40–42. The discussion presented in this 
section aims to provide a more general and intuitive picture of 2D spectroscopy and, thus, focusses 
on the essential concepts. More quantitative descriptions will be provided in Chapter 3 and 5. 

For a general understanding of 2D spectroscopy it is instructive to consider it as an extension of 
TA spectroscopy with the salient difference that instead of a single pump pulse, the sample is excited 
by a pair of two collinear pump pulses with an adjustable delay 𝜏 (called coherence time); 
schematically depicted in Figure 2.5a and b. As in TA spectroscopy, the probe pulse is delayed with 
respect to the second pump pulse by the waiting time 𝑇. Note that this particular beam geometry is 
referred to as pump-probe geometry; other beam geometries used for 2D spectroscopy are discussed 
in Ref. 37. 

 

Figure 2.5. (a) Principle of 2D spectroscopy in a pump-probe arrangement: A pump pulse pair with an adjustable time 
delay 𝜏 (i.e., the coherence time) and a probe pulse delayed by the waiting time 𝑇 are spatially overlapped in the sample. 
The third-order signal is emitted in the same phase-matched direction as the probe beam, heterodyned with the probe field 
and spectrally resolved in a spectrograph, which provides the detection frequency axis of the 2D spectra. (b) Pulse 
sequence for 2D spectroscopy. The excitation axis of the 2D spectra is constructed via Fourier transformation with respect 
to the coherence time 𝜏. (c) and (d) Artist impression of 2D spectra measured for waiting times of 𝑇 = 0 and 𝑇 > 0, 
respectively. The spectra comprise two diagonal peaks (orange and blue) at different resonance frequencies as well as the 
corresponding cross peaks (gray) in panel (d). Diagonal lines are drawn for 𝜔 = 𝜔 . In panel (c) the peak 
widths along the diagonal and anti-diagonal lines are denoted as Δ  (inhomogeneous linewidth) and Δ  (homogeneous 
linewidth), respectively. During the waiting time T between panel (c) and panel (d) energy transfer and spectral diffusion 
may occur leading to the shown peak pattern. The side panel shows the projection of the 2D spectrum along the excitation 
axis. (e) Schematic illustration of two oscillators (blue and orange) with resonance frequencies of 𝜔  and 𝜔 , which in 
this picture are determined by the respective spring constant. In 2D spectra of such a system, off-diagonal cross peaks 
would only be observed if the oscillators are coupled via e.g. a third spring (gray); under the assumption of an anharmonic 
potential. 
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In analogy to TA spectroscopy, the detection axis of a 2D spectrum (Figure 2.5c and d) is readily 
obtained by detection of the spectrum of the signal field heterodyned with the probe field. The latter 
is equivalent to a Fourier transformation, as the signal field in the time domain is translated into the 
frequency domain, i.e., the spectrum. The excitation axis can be constructed by controlling the relative 
delay 𝜏 between the two pump pulses. Depending on the pulse separation 𝜏, the pump pulses then 
interfere in the sample thereby creating a fringe pattern of the spectral intensity: 

𝐼 (𝜔) = 2 𝐼 (𝜔) [1 + cos(𝜔𝜏)].       (2.6) 

Here, 𝐼 (𝜔) is the spectral intensity of the pump pulses. By systematically scanning 𝜏, the pump 

spectrum and, thus, also the signal at a given frequency are periodically modulated (due to the cosine 
term in Eq. 2.6). Fourier transformation with respect to 𝜏 then retrieves the excitation axis and relates 
the periodical appearance and disappearance of the signal to the modulation of the pump spectrum at 
a given frequency. From a different perspective, one may therefore think of a 2D spectrum as a 
collection of many TA spectra (or slices) stitched together along the excitation axis. In practice, 
different strategies exist to generate two time delayed pump pulses, e.g., beam-splitters and 
mechanical delay lines43, pairs of birefringent glass wedges44,45, or pulse shapers46,47. 

As the final step, one faces the task to isolate the desired signal from all other unwanted 
contributions. In the beam geometry presented in Figure 2.5a, the spectrometer also detects pump-
probe signals due to the interaction of either of the pump pulses with the sample (as discussed in the 
preceding section) as well as free induction decay due to interaction with any of the (pump or probe) 
pulses. An elegant way to isolate the desired signal relies on so-called phase cycling, where the phase 
difference (Δϕ ) of the two pump pulses is changed between two consecutive laser shots. In fact, 
the third-order signal is sensitive to Δϕ , whereas the unwanted signals are not. By changing (or 
cycling) from Δϕ = 0 to Δϕ = 𝜋 the sign of the third-order signal flips, which means it does not 
cancel by computing the difference of both spectra, i.e., 𝑆 = 𝑆  − 𝑆 . This results in the 

final 2D spectra that are schematically depicted in Figure 2.5c and d for different waiting times, i.e., 
different delays between the pump and probe pulses. 

At zero waiting time (Figure 2.5c) the diagonal peaks in the 2D spectra may appear elongated 
along the diagonal line (at 𝜔 = 𝜔 ), which directly reveals the inhomogeneous (Δ ) and 
homogeneous (Δ ) contributions to the absorption spectrum. This elongation occurs because the 
emitters have virtually no time to interact with the fluctuating environment and, therefore, retain the 
memory of the excitation frequency. As time progresses, i.e., during the waiting time 𝑇, the frequency 
memory is washed out due to spectral diffusion (or dephasing). Specifically, spectral diffusion means 
that the transition frequency of an emitter changes over time due to interactions with the dynamically 
fluctuating environment until it has eventually sampled the entire inhomogeneous width of the 
sample. As a result, the diagonal peaks become increasingly circular (Figure 2.5d). The timescale(s) 
of the fluctuations can readily be accessed by evaluating the peak shape in the 2D spectra at different 
waiting times. A more quantitative description of spectral diffusion will be presented in Chapter 3. 

Meanwhile, coupling between different electronic transitions and energy transfer are evident from 
the formation of the so-called cross peaks, for which the detection frequency is different than the 
excitation frequency, i.e., 𝜔 ≠ 𝜔 . For a conceptual understanding of how electronic 
coupling leads to the formation of cross peaks, one can consider two uncoupled spring oscillators (1 
and 2) with eigenfrequencies 𝜔  and 𝜔  (Figure 2.5e), where 𝜔 ≠ 𝜔  for the sake of argument; see 
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also Ref. 48. Resonant excitation of such an oscillator, e.g., with a light field, induces oscillations at 
the respective eigenfrequency. In absence of any damping, the oscillator continues to oscillate at its 
eigenfrequency, until it is detected after a certain time giving rise to a signal at the same detection 
frequency 𝜔 = 𝜔 , i.e., a diagonal peak (as shown in Figure 2.5c). After coupling 
these two oscillators, e.g., by connecting them with an additional spring, excitation of one the 
oscillators will ultimately cause the other oscillator to start moving as well at its eigenfrequency 
(assuming that the coupling is weak enough to not alter their original eigenfrequencies). In other 
words, energy transfer from oscillator 2 (after excitation at 𝜔 ) to oscillator 1 can be detected at the 
resonance frequency of the latter 𝜔 , which is encoded in the respective cross peak (Figure 2.5d, 
gray). A more detailed account on the formation of cross peaks will be presented in Chapter 5. 

Hitherto, all considerations have been presented under the assumption that during a spectroscopic 
experiment one exciton evolves independently from all other excitons. Strictly speaking, this only 
holds for sufficiently low excitation intensities. Under intense laser radiation, excitons are known to 
mutually interact, for example via exciton-exciton annihilation, as was introduced in Section 1.3.1. 
Formally, exciton-exciton interactions (EEI) can be described by fifth-order non-linear processes, as 
their occurrence requires excitation of (at least) two excitons. Such a fifth-order extension to the 
‘conventional’ third-order 2D spectroscopy was introduced recently31,33,35,49. The EEI signal occurs 
at twice the excitation frequency of a single exciton, i.e., at 2𝜔. In conventional third-order 
spectroscopy the occurrence of EEI is only observed as a perturbation of the one-exciton dynamics. 
In contrast, by using fifth-order 2D spectroscopy it is possible to directly measure the EEI dynamics 
(i.e., spectrally isolated from the one-exciton signal), which bear valuable information on the exciton 
delocalization and exciton diffusion. More details on the experimental implementation and theoretical 
background of EEI2D spectroscopy will be provided in Chapter 5. 

2.3 Microfluidics 

Microfluidics is the field of controlling, manipulating and monitoring streams of fluids or gases in a 
network of channels with sizes on the order of 10s up to 100s of micrometer50. The roots of this field 
range back to 1979, when the first miniaturized microfluidic device for analytical applications was 
demonstrated by Terry et al.51. Such miniaturization allows to combine several stages of the 
aforementioned functionalities in a single ‘device’, which is often condensed in the term ‘lab-on-a-
chip’. In recent years, microfluidics has experienced a surge in interest throughout various disciplines 
owing to its high degree of adaptability, since flowcells can be manufactured relatively inexpensive 
and tailored towards specific applications in e.g. biomedicine and drug discovery52, synthetic 
chemistry52,53, and as analytical tools54.  

In many realizations, microfluidics utilizes the fact that confinement of fluids in microscale 
volumes fundamentally changes their behavior. In fact, in microfluidics the dynamics of fluids are 
generally characterized by low Reynoldsnumbers (Re < 10 ) leading to laminar rather than turbulent 
flows, which occur at large Reynoldsnumbers (Re > 10 )55. Hence, mixing of two reactants occurs 
predominantly via slow diffusion across the interface, which opens unprecedented opportunities for 
synthetic chemistry, as the mixing rates of reactants can be balanced to their reaction rate in real 
time56. In some applications, however, rapid mixing of two reactants is required for which laminar 
flow is a limitation rather than an advantage. This has led to the development of a droplet 
microfluidics57,58 and a range of micromixers that allow efficient mixing of two or more chemicals as 
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fast as several milliseconds. Along the same lines, microfluidics have also increasingly been used as 
a powerful tool to control self-assembly and steer the final species towards otherwise unfavorable 
configurations59–61. 

Interfacing microfluidics with optics62 in general and (time-resolved) optical spectroscopy in 
particular is a powerful combination as it bridges the gap between chemical or structural 
modifications of the sample on microsecond to minutes timescales and femto- to picoseconds excited 
state dynamics accessible with ultrafast spectroscopy. In that context, various modes of detection 
have been explored including FTIR absorption63,64, steady-state65 time-resolved PL66,67, transient 
absorption and 2D spectroscopy34,68 as well as X-ray scattering69 as notable examples. At the same 
time, microfluidics reduces the sample amount that is required for an experiment to a minimum but 
still maintaining the sample refreshment, which is crucial for many biological applications where 
only small sample quantities might be available70,71.  

In Chapter 4 and 5, microfluidics will be used to obtain spectroscopic access to non-equilibrium 
and, thus, short-lived intermediate species of molecular nanotubes. In fact, the supramolecular 
structure of self-assembled molecular aggregates is known to sensitively respond to changes of the 
molar concentration of the aggregating dye molecules, the addition of surfactants72,73, and/or 
composition of the solvent74,75. In principle, any of these effects can be exploited in microfluidics, 
which allows to introduce the mentioned changes in a controlled environment and subsequently 
monitor the response of the system in real time. 

2.4 Single-Aggregate Microscopy 

Since the pioneering work of Antonie van Leeuwenhoek on optical microscopy in the 17th century76, 
which he used to study biological samples and crystals, microscopy has progressively been pushed 
towards imaging extremely faint samples and resolving smaller and smaller structures. Concerning 
the former, breakthrough results were achieved by Frits Zernike who invented the so-called phase-
contrast microscope that could be used for imaging of otherwise completely transparent samples. For 
his achievements Zernike was awarded the Nobel Prize in Physics in 195377. Another notable 
milestone in the field was reached, when Moerner et al.78 and Orrit et al.79 demonstrated that it is 
feasible to perform spectroscopic experiments on a single molecule immobilized on a substrate. The 
striking advantage of single-molecule spectroscopy – or in more general terms single-‘object’ 
spectroscopy – is its capability to overcome ensemble-averaging80. 

In spectroscopy, ensemble averaging means that the properties and dynamics of one single emitter 
are washed out by spectrally overlapping and temporally asynchronous signals from many other 
emitters that are simultaneously detected in a conventional experiment. In other words, experiments 
on bulk samples containing a large number of emitters effectively measure a mean value of a 
spectroscopic observable that is representative of the whole ensemble. For example, in a typical 
transient absorption experiment there are 10  molecules in the focal volume (volume 𝑉~1.6 nL, 
molar concentration 𝑐 = 10  M) all giving rise to slightly different signals, as each individual 
molecule ‘feels’ a slightly different surrounding. These different contributions are averaged upon 
detection, which makes it impossible to decipher spectral diffusion due to the interaction of a single 
emitter with its local, dynamically fluctuating environment or (in the case of structurally more 
complex systems) to discern structural heterogeneity of the sample from inhomogeneity that is 
inherent to one single object (static disorder)81. Yet, such insight is highly desirable to understand the 
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timescale and magnitude of heterogeneities in the energetic landscape that dictate the photophysical 
properties of a system. Single-object microscopy and spectroscopy is able to overcome this limitation 
by measuring one emitter at a time and, thus, construct the distribution of parameters rather than 
measuring its weighted mean value. As a few notable examples, single object microscopy and 
spectroscopy has successfully been applied to extract the static disorder in J-aggregates82,83, measure 
the Stokes shift of a single molecule84, resolve molecular orientations within natural85,86 and artificial 
light harvesting antennae87 via polarization resolved excitation spectroscopy, study quenching states 
in photosynthetic bacteria88 and directly image the transport of excitation energy through 
nanofibres89–92. 

Studying individual objects with characteristic sizes of several nanometers using optical 
microscopy reaches limits of what is physically achievable: the diffraction limit. The latter was 
originally formulated by Ernst Abbe in 1873 and describes the minimum distance Δ𝑟 between two 
point sources of light that can still be distinguished upon imaging93: 

Δ𝑟 ≈ 0.61            (2.7) 

Hence, it is the light wavelength 𝜆 and the numerical aperture (NA = 𝑛 sin(𝜃); 𝑛 refractive index, 𝜃 
collection angle of the PL signal) of the imaging system that determine the resolution limit of the 
microscope94. The reason for this limitation is the fact that each point source is imaged onto its so-
called point spread function (PSF; typically approximated as a Gaussian function), which literally 
describes the spread of a point source in its image. For two individual objects that are sufficiently 
close in the sample plane, their PSFs start to overlap and eventually merge in the image plane, which 
renders them indistinguishable from a single object. The consequence of this resolution limit can 
easily be experimentally visualized by imaging an object that is much smaller than the size of the 
point spread function (e.g., photoluminescent nanobeads; Figure 2.6a), where the imaged PL intensity 
distribution is significantly wider than the object itself (Figure 2.6b). In that regard, molecular 
nanotubes present an interesting case: in one dimension they act as point sources due to their small 
diameter of only ~10 nm, while in the other dimension they are essentially a ‘continuous film’ due 
to their extended length. 

 

Figure 2.6. (a) Schematic representation of a photoluminescent nanobead with a diameter of 20 nm. (b) Experimentally 
obtained microscope image of a photoluminescent nanobead; the actual size of the nanobead is indicated by the red dot. 
The image is broader due to convolution with the imaging PSF. 
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2.5 Cryo-TEM 

Since one half the 1986 Physics Nobel Prize was awarded to Ernst Ruska “for his fundamental work 
in electron optics, and for the design of the first electron microscope”95, transmission electron 
microscopy (TEM) has evolved to the work horse characterization technique in material sciences. 
TEM works as an analogue to conventional light microscopy with the salient difference that it uses 
highly accelerated electrons (with several keV of energy) rather than photons to generate an image96. 
The advantage of using highly accelerated electrons is that the de Broglie wavelength of the electrons 

is on the order of 𝜆 ≈ ℎ 2𝑚 𝑒𝑉 ≈ 2.5 pm assuming an acceleration voltage of 200 kV. The 

theoretical resolution limit of optical microscopy is thereby surpassed by orders of magnitude (see 
Eq. 2.7). In reality, the attainable resolution is lower than 2.5 pm due to other limiting factors such 

as spherical aberrations, but still atomic resolution (~1 Å) is nowadays almost routinely achieved. 

In parallel, cryogenic transmission electron microscopy (cryo-TEM) has increasingly been applied 
to biological and other ‘soft’ systems such as protein complexes97, bacterial light harvesting 
antennae98 or molecular aggregates99,100. By shock-freezing these systems it was possible to study 
them in their native, typically aqueous environment and enabled three-dimensional model 
reconstructions of the underlying structures with atomic resolution101. These developments 
culminated in the 2017 Nobel Prize in Chemistry being jointly awarded to Jacques Dubochet, Joachim 
Frank and Richard Henderson “for developing cryo-electron microscopy for the high-resolution 
structure determination of biomolecules in solution”102. 

One of the major challenges that had to be overcome for high quality cryo-TEM images of organic 
(soft) systems is their susceptibility to photoinduced damage caused by inelastic scattering of highly 
accelerated electrons impinging on the sample103–105. Therefore, it is important to minimize the 
electron radiation dose of the samples. Using a lower dose for imaging, however, also reduces the 
attainable contrast, which is already low for biological samples as they hardly contain any heavy 
elements that would give rise to scattering contrast. Therefore, one has to resort to using so-called 
phase-contrast for imaging, which can be optimized for specific spatial frequencies in the image by 
tuning the contrast transfer function (CTF) via defocusing. Note that phase-contrast in electron 
microscopy works analogously to phase-contrast in optical microscopy, which was discovered by 
Frits Zernike. However, a rigorous and complete account of image formation in transmission electron 
microscopy is beyond the scope this Thesis and can be found in literature96. 

 

Figure 2.7. (a) Representative cryo-TEM micrograph of molecular nanotubes. (b) Enhanced view of the double-walled 
structure of the shown nanotubes. The contours of the inner (red arrows) and outer tube (black arrows) can readily be 
distinguished in the raw image. 
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An example of cryo-TEM imaging is shown in Figure 2.7a for molecular nanotubes based on 
C8S3. The double-walled geometry of these nanotubes can readily be distinguished in the raw image 
and allows extraction of the characteristic sizes such as inner and outer diameter (Figure 2.7b). In this 
Thesis, cryo-TEM will be used for the structural characterization of the molecular nanotubes, which 
is not possible with conventional light microscopy. In fact, cryo-TEM has been proven particularly 
useful working hand in hand with (ultrafast) spectroscopy48,106,107, exciton theory/spectral 
calculations5,106,108,109 and molecular dynamics (MD) simulations110–112 by providing constraints on 
the characteristic sizes and geometry of the studied system. 
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Chapter 3  
 

Excitonic Properties of an Artificial 
Light Harvesting System: Ensemble 

versus Individuals 

 

 

 

Natural light-harvesting antennae employ a dense array of chromophores to optimize the transport of 
excitation energy via formation of delocalized excited states, so-called excitons. These states are 
critically sensitive to structure-energetic variations among different systems and within different 
segments of the same system. Identifying the origin and impact of such variations is highly desirable 
for understanding and predicting excitonic properties, yet hard to achieve in an ensemble due to 
averaging of many overlapping responses from individual systems. Here, we overcome this problem 
by measuring the heterogeneity of synthetic analogues of natural antennae – self-assembled molecular 
nanotubes – by two complementary approaches: photoluminescence micro-spectroscopy at the level 
of individual nanotubes and ensemble-averaged ultrafast 2D correlation spectroscopy. We 
demonstrate a remarkable degree of homogeneity of the ensemble of the nanotubes and reveal that 
spectral broadening is governed by ultrafast modulation of the exciton frequencies on a ~50 fs 
timescale, but not the ensemble heterogeneity. 

 

  

This Chapter is based on the following publication: 
Björn Kriete, Anna S. Bondarenko, Victor V. Krasnikov, Thomas L. C. Jansen, Jasper Knoester, 
and Maxim S. Pshenichnikov, submitted (2020) 
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3.1 Introduction 

Natural photosynthetic complexes employ a network of light-harvesting antennas that allows them to 
efficiently harness sunlight – even in light-depleted environments1,2. To achieve this, antenna 
complexes typically accommodate thousands of individual chromophores that are arranged into 
ordered, well-defined supramolecular structures3. At the core of their functionality are highly 
delocalized excited states (Frenkel excitons) that are collectively shared by many molecules, which 
is only possible due to strong intermolecular couplings. The excitonic properties of such structures, 
hence, depend critically on the packing of the constituting molecules4 and, thus, are dictated by the 
competing interplay between the intermolecular coupling and energetic disorder5–7. The latter arise 
from non-ideal molecular packing as well as (thermal) fluctuations of the immediate environment of 
the system leading to time-dependent fluctuations of the molecular transition energies (energetic 
disorder) as well as the intermolecular couplings (coupling disorder)8. The deviations from the ‘ideal’ 
situation tend to localize the excitonic wavefunction on short segments thereby potentially impeding 
efficient energy transport9,10. Such deviations directly translate into the system’s excitonic (optical) 
properties, which allows spectroscopic observables (e.g., absorption or photoluminescence peak 
positions, line shape and broadening, etc.) to become highly sensitive reporters for the underlying 
dynamics in multi-chromophoric systems11,12. 

Factorizing the origin of the excitonic line shape into homogeneous (i.e., dynamical energetic or 
coupling disorder intrinsic to each system) and heterogeneous (i.e., how individual systems differ in 
composition, size and shape as, e.g. is the case for green sulfur bacteria13–15) contributions is of great 
interest to gain a better understanding of excited state dynamics in such complex systems, yet difficult 
to achieve. One of the main obstacles is ensemble averaging that is inherent to conventional 
spectroscopy, where the information on a single system is masked by the overlapping responses from 
all other, slightly different systems. This limitation can be overcome by employing single-molecule 
(or single-system) spectroscopy16–18. In this case, the distribution of (spectral) parameters is 
constructed by measuring one system at a time, which grants access to information that would 
otherwise be concealed under broad features of the ensemble response. Since the first successful 
demonstration of single-molecule spectroscopy19,20, the technique has been further developed and 
applied to numerous natural photosynthetic complexes21–24, artificial light-harvesting complexes25–27, 
molecular aggregates28–30, and conjugated polymers31–34. Complementary to this approach, ultrafast 
2D correlation spectroscopy has been extensively used to gain access to the magnitudes and 
timescales of the dynamical fluctuations of the exciton frequencies that eventually govern the optical 
spectra35,36. 

To ease the interpretation of the optical spectra, the complexity of natural light-harvesting systems 
can be reduced by using artificial light-harvesting complexes. These synthetic analogues closely 
mimic the supramolecular structure of their natural counterparts, but offer better controllability via 
chemical engineering of individual building blocks paired with a high degree of structural 
homogeneity of the final supramolecular structure37,38. In this regard, considerable interest has been 
recently received by molecular double-walled nanotubes based on amphiphilically functionalized 
cyanine chromophores11,12,39. These nanotubes combine a large spectral red-shift upon self-assembly 
with remarkable narrowing of the spectral lines in both absorption and photoluminescence as 
compared to dissolved monomers, which implies a low degree of energetic and/or coupling disorder. 
Indeed, previous cryogenic transmission electron microscopy (cryo-TEM) studies have revealed a 
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high degree of structural homogeneity along different segments of an individual nanotube as well as 
between different nanotubes12,40. Cryo-TEM, however, is still limited by the fact that possible 
dynamical fluctuations of the structures are frozen that otherwise might have profound impact on the 
optical and functional properties11,12,41. 

In this Chapter, we use photoluminescence micro-spectroscopy and ultrafast 2D correlation 
spectroscopy to probe the heterogeneity of artificial light-harvesting double-walled nanotubes based 
on an amphiphilic cyanine derivative. Measurement of the photoluminescence spectrum from short 
(~480 nm) segments of individual nanotubes at room (295 K) and low (77 K) temperatures allowed 
us to unravel high degree of homogeneity among the nanotubes. We further corroborate this 
conclusion by 2D spectroscopy by retrieving ultrafast (~50 fs) dynamics of the line broadening. 

3.2 Results and Discussion 

The double-walled nanotubes with diameters of ~6 nm (inner tube) and ~13 nm (outer tube) and 
lengths of several µm’s were formed via self-assembly of C8S3 monomers (molecular structure in 
Figure 3.1a) in water11,12,40 (Figure 3.1b, c and d). The self-assembly is accompanied by a strong 
spectral red-shift of ~2400 cm  and simultaneous formation of several narrow absorption peaks 
(Figure 3.1e). These peaks indicate a low degree of inhomogeneous broadening and, thus, a low 
degree of structural and energetic disorder. For the nanotubes, the most prominent peaks at ~590 nm 
(~17000 cm ) and ~600 nm (~16700 cm ) originate from absorption of the excitons located at 
the outer and inner wall of the double-walled assembly41,42. It has been also shown that the absorption 
and photoluminescence (PL) spectra of this system are extremely sensitive to such packing 
parameters as intermolecular distance, molecular orientations, the rolling angle, and the tube 
diameters 11,12,41. This allows us to use the PL spectra of individual segments of the nanotubes as a 
reporter for their structural heterogeneity. 

 

Figure 3.1. Structural and optical properties of the double-walled nanotubes. (a) Chemical structure of the C8S3 molecule. 
(b) Schematic of the double-walled structure of the nanotubes with the inner and outer tube marked in red and gray, 
respectively. (c) Cryo-TEM micrograph of highly homogeneous double-walled nanotubes. (d) A photograph of the 
cuvette containing H2O (bottom phase) and C8S3 dissolved in methanol (top phase). In the intermediate phase, the 
formation of nanotubes due to hydrophobic/hydrophilic interactions is evident from the spectral red-shift. The solution 
colors were contrasted with a white paper at the background. (e) Change of absorption (solid) and PL (dashed) spectra in 
solution upon formation of double-walled nanotubes (spectra in pink) from monomers (spectra in orange). 



Excitonic Properties of an Artificial Light Harvesting System: Ensemble versus Individuals  

46 
  

Optical absorption of the nanotubes at 𝜆 = 561 nm excites higher-lying states in the exciton 
band, which is followed by ultrafast intra-band relaxation on a sub-100 fs timescale to the bottom of 
the exciton bands from where PL occurs43. In the nanotubes’ PL spectrum, the same peaks assignment 
as in the absorption spectrum holds with virtually no Stokes shift between the corresponding peaks, 
but with a reversed peak amplitude ratio. The inner tube PL is significantly brighter than the outer 
tube PL, because the exciton populations of the weakly coupled inner and outer tubes reach thermal 
equilibrium on a ps timescale prior to emission44–47. 

For single-nanotube microscopy and spectroscopy (see the detailed description of the setup in SI, 
Section 3.5.1) we immobilized the nanotubes in a glassy sugar matrix in which the nanotubes are 
suspended, while their tubular structure is preserved, as was demonstrated by Caram et al.48. In order 
to obtain sufficiently thin samples which are suited for single-nanotube microscopic/spectroscopic 
experiments, we modified the original preparation route by dilution of the nanotube sample solution 
prior to deposition and employing a drop-flow technique, similar to Ref. 25 (see Methods). This 
resulted in optically thin (sub-µm thickness) samples in which the nanotubes are spatially well 
separated (Figure 3.2a). The lateral size of the nanotube images (i.e., the PL intensity profile across) 
corresponds to the diffraction-limited point spread function of the microscope (PSF; SI, Section 
3.5.2), while their length typically extends up to several µm’s. Intensity variations of the PL signal 
along a single nanotube are likely caused by the finite thickness of the sugar matrix in which parts of 
the nanotube are out-of-focus and, therefore, appear blurred in the image. 

For spectral acquisition, we first located a nanotube using wide-field excitation and then positioned 
the sample such that the individual nanotube is excited by a (tightly) focused excitation spot with a 
diameter of ~330 nm (at full width half maximum level, SI, Section 3.5.3). Note that spreading of 
the PL profile along the nanotubes’ long axis has previously been used as a direct measurement of 
the exciton diffusion in this49 and other supramolecular systems50,51. Here, we focus our attention on 
the spectral PL signature emergent from short nanotube segments at room (295 K) and liquid nitrogen 
(77 K) temperatures. 

 

Figure 3.2. Micro-spectroscopy of the individual double-walled nanotubes immobilized in a glassy sugar matrix. (a) 
Wide-field PL image recorded at room temperature. The PL intensity was normalized to the maximum amplitude in the 
image and is depicted on a linear color scale between 0 and 1. The green circle (dashed) highlights the wide-field 
illumination area. The position of the focused excitation spot is schematically shown by a white circle. The excitation 
wavelength was 𝜆 = 561 nm. (b) PL spectrum of a single nanotube (left) and the corresponding fit of the data with 
two Lorentzian lineshapes for the inner tube (red) and the outer tube (gray) following focused excitation. For comparison, 
the ensemble spectrum is shown in the background in the left panel (purple shade). 
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An example PL spectrum of an individual nanotube at room temperature following focused 
excitation is shown in Figure 3.2b. Note that under the experimental conditions used in this study we 
observed very minor photobleaching that affects both inner and outer tube to a similar extent (SI, 
Section 3.5.4). This allowed acquisition and subsequent averaging of several spectra over a total time 
of 30 s in order to enhance the signal-to-noise ratio. In total, we recorded PL spectra for 𝑁 =  50 
individual spots, i.e., segments of different nanotubes, at room temperature and 𝑁 = 41 segments at 
low temperature. 

In order to extract the spectral properties of a nanotube segment, we follow Ref. 46 by fitting its 
PL spectrum to a sum of two Lorentzian lineshapes (SI, Section 3.5.5): 

𝑆 (𝜈) =
 

,

+
 

,

,     (3.1) 

representing the spectra of the inner and outer tube with the amplitude 𝐴, the spectral width 𝜎 (the 
half width at half maximum; HWHM), and the spectral position 𝜈  (Figure 3.2b, right panel). Hereby, 
we treat the inner and outer tube as two independent excitonic sub-systems11,12. 

Repeating this procedure on each of the 𝑁 spectra, we obtained statistical distributions of the 
spectral positions 𝜈  (Figure 3.3) and spectral widths 𝜎 (Figure 3.3, insets) of the PL spectra for the 
inner and outer tubes at 295 K (top) and 77 K (bottom). Note that the inherently lower signal 
amplitude of the outer tube as compared that of to the inner tube (as a consequence of weaker PL) 
introduces a larger uncertainty in fitting the outer tube’s spectral contribution. 

 

Figure 3.3. Statistical analysis of the PL spectra of the individual double-walled nanotubes. Histograms for the peak 
position (main panels) and the peak widths (insets) of the PL of the inner tube (red) and outer tube (gray) at (a) room 
temperature (295 K) and (b) low temperature (77 K). The black lines represent the averaged PL spectra from 𝑁 individual 
nanotubes with the error bars indicating the standard error of the mean. For the histograms the binning size was set to 
5 cm  for both spectral position as well as spectral width. The PL spectra of ensembles of nanotubes at the given 
temperatures (purple shade) obtained by averaging the PL spectra collected from 20 different sample areas using wide-
field excitation are shown for comparison. The small but noticeable shoulders at ~605 nm (~16540 cm ) at 𝑇 = 295 K 
and 603 nm (~16630 cm ) at 𝑇 = 77 K originate from nanotube bundles (SI, Section 3.5.6). 

Comparison of the peak position distributions (Figure 3.3, red and gray) to the ensemble PL 
spectrum at room temperature(Figure 3.3, purple) reveals that the spread of the peak positions are 
much narrower relative to the overall width of the respective peaks centered around 16660 ± 1 cm  
and 16967 ± 2 cm  (mean value ± standard error of the mean). The mean peak position of the outer 
tube is in excellent agreement with the peak position in the ensemble spectrum. The slight deviation 
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(by 6 cm ) of the mean peak position of the inner tube from that for the nanotube ensemble is likely 
caused by an additional, spectrally red-shifted peak originating from bundled nanotubes52. Their 
contribution can readily be discriminated in single-nanotube microscopy (SI, Section 3.5.6), but is 
unavoidable in bulk measurements. 

Table 3.1. Summary of the spectral parameters for the inner and outer layer of double-walled C8S3 
nanotubes obtained from single-nanotube spectroscopy in comparison to the ensemble spectrum. 
For quantities retrieved from individual nanotubes the error refers to the standard error the mean. 

  Peak position 𝝂𝟎 Spectral width 𝝈 

𝟕
𝟕

 𝐊
 

Individual 
nanotubes 

〈𝜈 , 〉 = (16750 ± 2) cm  

SD , = 11 cm  

〈𝜎 〉 = (32 ± 1) cm  
SD , = 3 cm  

〈𝜈 , 〉 = (17012 ± 3) cm  

SD , = 16 cm  

〈𝜎 〉 = (69 ± 4) cm  
SD , = 24 cm  

Ensemble 
spectrum 

𝜈 , = 16748 cm  

𝜈 , = 17018 cm  
𝜎 = 36 cm  
𝜎 = 58 cm  

𝟐
𝟗

𝟓
 𝐊

 Individual 
nanotubes 

〈𝜈 , 〉 = (16660 ± 1) cm  

SD , = 9 cm  

〈𝜎 〉 = (46 ± 1) cm  
SD , = 4 cm  

〈𝜈 , 〉 = (16967 ± 2) cm  

SD , = 13 cm  

〈𝜎 〉 = (84 ± 1) cm  
SD , = 8 cm  

Ensemble 
spectrum 

𝜈 , = 16654 cm  

𝜈 , = 16966 cm  
𝜎 = 55 cm  
𝜎 = 93 cm  

The spectral width from short segments already accounts for 80 − 90 % of the spectral width of 
the ensemble spectrum at room temperature: 〈𝜎 〉 = 46 ± 1 cm  versus 𝜎 =  55 cm  
for the inner and 〈𝜎 〉 = 84 ± 1 cm  versus 𝜎 = 93 cm  for the outer tubes (Figure 3.3 
inset and Table 3.1); the spectral widths of the ensemble agree reasonably well with previously 
published values46,48. This implies that the causes of spectral broadening are inherent to segments of 
the nanotubes as short as ~480 nm, while the structural heterogeneity of the nanotube ensemble only 
contributes a minor part to the overall width. 

At both temperatures the distributions of the spectral position as well as the spectral width are 
broader for the outer tube than for the inner tube. The outer tube may be particularly susceptible to 
changes of the immediate environment of the nanotubes, as it is directly exposed to the bulk 
solvent/host matrix thereby acting as protective shell for the inner tube. Such susceptibility was 
reported in previous spectro-chemical studies11,43,53, where the spectral signature of the outer tube 
was completely quenched by selective oxidation with silver particles. Also, PL from the first higher-
lying state in the exciton band of the inner tube (blue-shifted by ~500 cm ) that partially overlaps 
with the outer tube PL might potentially cause the extra broadening. However, at 77 K, where 
thermally activated PL is strongly reduced, the outer tube peak is still broader than the inner tube. We 
also note that the positions of the PL spectral peaks of the inner and outer tubes are weakly anti-
correlated (SI, Section 3.5.7). 

Upon lowering the temperature, the mean spectral widths of the inner and outer tube decrease 
down to 〈𝜎 〉 = 32 ± 1 nm and 〈𝜎 〉 = 69 ± 4 nm, respectively. This can be explained as the 
dynamical interactions with the local environment become weaker at low temperatures leading to a 
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decrease of the spectral broadening due to (dynamical) disorder. The mean spectral width (〈𝜎 〉 =

69 ± 4 nm) of the outer tubes is slightly broader than the width for the ensemble spectrum (𝜎 =

58 cm ), which is likely caused by the decreased signal amplitude of the outer tube at 77 K leading 
to a larger uncertainty in fitting its contribution and the small sample size. Note that no substantial 
additional narrowing is expected upon lowering the temperature down to ~5 K, as it has previously 
been shown for the ensemble PL spectrum45,48. Meanwhile, the distributions of the center positions 
(𝜈 ,  and 𝜈 , ) undergo a blueshift of about ~100 cm , which is consistent with reports on 

bulk samples of nanotubes46,48,54. The standard deviation widths of these distributions, however, 
remain unchanged at both temperatures (295 K versus 77 K), which corroborates our assignment of 
a minor degree of structural heterogeneity of the nanotubes. 

What is the reason that the individual nanotubes resemble the ensemble properties so well? Having 
established that the PL peak positions of individual nanotube spectra cluster together while their 
spectral widths already account for almost the whole width of the bulk spectrum, we can perform 
ensemble-averaged 2D correlation spectroscopy (SI, Section 3.5.8), which is capable of discerning 
dynamics of the spectral broadening6,35,36,55,56. The central quantity here is the so-called frequency-
frequency correlation function 

𝐶(𝑡) =
〈 ( ) ( )〉

〈 ( )〉
,          (3.2) 

which reveals the pace at which the memory of the initial excitation frequency 𝜔(0) is lost in a 
particular time interval 𝑡 (also known as dephasing). The two limiting cases of 𝐶(𝑡) = 1 and 𝐶(𝑡) =

lim
→

[exp(−𝑡/𝜏 )] correspond to inhomogeneous and homogeneous broadening, respectively. 

Figure 3.4a depicts representative 2D spectra recorded at two different waiting times, where the 
low and high frequency pair of peaks correspond to the inner and outer tube, respectively55–58. Each 
tube gives rise to a negative ground-state bleach/stimulated emission (GSB/SE) signal and a positive 
excited state absorption (ESA) signal. For J-aggregates, the latter appears spectrally blue-shifted with 
respect to the GSB/SE signal due to Pauli repulsion between excitons10,59,60. As a metric for the 
memory loss of the initial excitation frequency, we obtained the ellipticity function 𝑀(𝑇) ≅ 𝐶(𝑡)61,62 
for the outer and inner layer of the nanotubes from analysis of the peak shape (SI, Section 3.5.9) of 
the GSB/SE signal in the 2D spectra at different waiting times T (Figure 3.4a). At early times the 
inhomogeneous and homogeneous widths are balanced, which is reflected in the values of the 
ellipticity functions close to ~0.5. Thereafter, both functions decay on a ~50 fs timescale before 
levelling off at ~0.1. 

The experimental values of the ellipticities were modelled in the framework of nonlinear response 
function theory63–65 (SI, Section 3.5.10) with the following exponential correlation function as input 
(Figure 3.4b, inset): 

𝐶(𝑡) =
∆   ∆

∆   ∆
,         (3.3) 

where Δ  and Δ  are the amplitudes of frequency fluctuations of homogeneous and inhomogeneous 
contributions, respectively, and 𝜏  is the correlation time. From these calculations the ellipticity 
function was well reproduced by using correlation times of 45 fs and 40 fs and amplitudes of the 
frequency fluctuations of 75 cm  and 120 cm  for the outer and inner tube, respectively. These 
values are in good agreement with previously published data derived from the lineshape analysis of 
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the absorption spectrum55. The correlation times are also in line with the 100 fs value obtained from 
2D spectroscopy on chlorosomes from green sulfur bacteria36. 

As 𝜏 ≪ ∆ , the fast modulation regime is realized, most probably due to exchange/motional 
narrowing35,66. Interactions of the chromophores and their hydrophilic, ionic side chains (Figure 3.1a) 
with the rapidly fluctuating water environment are expected to contribute to the fast frequency 
fluctuations of the individual chromophores which is projected to the exciton correlation function 
(energetic disorder)67,68. It is this fast modulation regime that is responsible for the Lorentzian 
lineshape of the PL spectrum (SI, Section 3.5.11)69,70. The long tail of the correlation function 
indicates small residual inhomogeneity (~10 %); this value is in line with the spread of central 
frequencies obtained from single-nanotube spectroscopy (Figure 3.3). 

 

Figure 3.4. 2D correlation spectroscopy on double-walled nanotubes. (a) Representative absorptive 2D spectra for waiting 
times of 𝑇 = 0 fs and 𝑇 = 150 fs with the excitation (𝜔 ) and detection (𝜔 ) axis in the horizontal and vertical direction, 
respectively. The signal amplitude is shown as ΔOD in which negative signals arise from ground-state bleach/stimulated 
emission (GSB/SE) and positive signals from excited state absorption (ESA). The spectra were normalized to their 
respective maximum absolute amplitude and are displayed on a color scale between −1 to +1 with color increments in 
steps of 0.1. Diagonal lines (dashed gray) are drawn for 𝜔 = 𝜔 . The contour lines drawn at signal 
increments of 0.1 depict fits of the data using pairs of Gaussian peaks (one for GSB/SE and ESA) for each tube. The 
spectral regions used for fitting are marked dashed red for the inner and dashed black for the outer tube. The arrows in 
the left panel (orange) showcase the ellipticity of the detected outer tube peak with 𝑎 and 𝑏 denoting the widths along the 
long and short axis. (b) Ellipticity function 𝑀(𝑇) for the inner (red dots) and outer (black dots) tube obtained from 
experiment. Solid lines depict the ellipticity functions retrieved from modelled 2D spectra in the framework of the 
Brownian oscillator model. The inset shows the frequency-frequency correlation functions 𝐶(𝑡) which served as input 
for the calculation of the 2D spectra. 

The following picture of the excitonic properties therefore emerges from our experiments: The 
delocalized and/or propagating excitonic wavefunction samples many individual chromophores with 
fluctuating frequencies and coupling disorder. The strong intermolecular coupling of ~3000 cm  
between the chromophores11,12 provides effective averaging over these fluctuations rendering the 
frequency-frequency correlation function nearly Markovian (i.e., almost delta-correlated)63. In the 
long acquisition limit, this leads to identical PL spectra of different segments of nanotubes even 
though the frequencies of and coupling between the individual chromophores are different due to the 
fluctuating environment and (relative) positions of the molecules leading to variations in the 
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intermolecular coupling. At low temperatures, the fluctuations are partially (but not fully) frozen 
leading to a reduction of the excitonic linewidth as compared to room temperature. Since the 
intermolecular coupling outcompetes the magnitude of the fluctuations, the nanotubes’ excitonic 
properties are robust towards dynamical fluctuations – an important premise for efficient exciton 
transport. 

3.3 Conclusions 

By measurement of the PL and 2D correlation spectra of artificial light-harvesting nanotubes we have 
shown that the systematic structure-energetic variations between different nanotubes are almost 
negligible. Meanwhile, most of the spectral width of individual systems originates from fluctuations 
of excitonic frequencies on a ~50 fs timescale caused by nanotubes’ immediate dynamical 
environment and/or exciton movement across different segments of the nanotube.  

The high degree of homogeneity of different nanotubes has profound implications for both 
experimental and theoretical work. By contrast, in systems with a large degree of (e.g., structural) 
heterogeneity, the excitonic properties extracted from ensemble measurements must by definition be 
considered as effective values that average over many contributions from microscopically different 
sub-ensembles; e.g., in bulk solution44,47,55 or immobilized at high concentrations in a film43,48,56,71. 
The remarkable degree of homogeneity demonstrated herein, makes it possible to assign the excitonic 
properties measured on bulk samples to individual systems. On the side of the theory, modelling of 
the molecular structure would benefit from such important input parameters as the magnitudes and 
timescales of the dynamical disorder at the level of individual systems, which will ultimately facilitate 
a better understanding of how delocalized excited states are spatially and temporally constrained by 
static and dynamic disorder. 

Our results pave the road to probing the photophysical properties of individual nanotubes using 
more sophisticated techniques, such as spatially-resolved 2D spectroscopy, especially in its PL-
detection configuration. In recent years the latter has successfully been implemented and 
demonstrated experimentally72–75, and is potentially capable to discern time-dependent spectral 
broadening (or simply homogeneous vs. inhomogeneous in the Bloch model76) at the level of 
individual nanotubes. 

3.4 Methods 

3.4.1 Sample Preparation 

The dye 3,3′-bis(2-sulfopropyl)-5,5′,6,6′-tetrachloro-1,1′-dioctylbenzimidacarbocyanine (C8S3) was 
purchased from FEW Chemicals (Wolfen, Germany) and used as received. Molecular nanotubes were 
prepared via the alcoholic route11,12 and used within 3 days after preparation; in order to obtain 
bundles, the sample solution was stored for ~10 months in the dark. 

Nanotubes and bundles were immobilized in a sugar matrix following Refs. 48,56. To achieve 
optically thin films suited for microscopy, the method was modified and combined with a drop-flow 
technique25,49. First, cover glass slides (22 ×  22 mm ; thickness 170 μm) were cleaned by 
submerging them in a 1: 1: 2 mixture by volume of H2O2:NH4OH:H2O for ~24 hours. Before sample 
deposition the substrates were rinsed with methanol and dried with compressed air. Next, equal 
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volumes of the sample solution (10 × diluted with Milli-Q water) and a saturated sugar solution in 
water (1: 1 mixture of succrose and trehalose by weight) were mixed. Then, 200 μl of the resulting 
solution were homogeneously applied at the top-edge of the cover glass that was inclined by 60° 
degrees relative to the lab bench. The sample solution quickly flowed off leaving a thin (in a sub-μm 
range) film on the cover glass surface, which was left in the dark for ~1 hour for drying. 

3.4.2 Steady-State Absorption and Photoluminescence 

Absorption spectra of the sample solutions (diluted with Milli-Q water by factor ~3.5) were measured 
using a PerkinElmer Lambda 900 UV/VIS/NIR in a 1 mm cuvette. PL spectra were recorded while 
pumping the undiluted sample solution through a 50 μm cuvette that was placed on the same 
microscope as was used for single-nanotube microscopy (vide infra). 

3.4.3 Single-Nanotube Microscopy/Spectroscopy 

Single-nanotube spectroscopy at 295 K and 77 K was carried out on a home-built optical microscopy 
setup constructed around a Carl Zeiss Observer D1 microscope equipped with an oil-immersion 
objective (Carl Zeiss Apochromat; 100 × magnification, NA = 1.4). A CW laser (𝜆 = 561 nm, 
Coherent Sapphire 561-100) served as illumination source. Two beams for wide-field and focused 
excitation were projected by the microscope objective onto the sample mounted on a motorized 
translation stage. For low-temperature measurements, a sample cryostat (Oxford Instruments, 
MicrostatN) and a long working-distance objective (Mitutoyo; 100 × magnification, NA = 0.7) were 
used. The excitation intensities for wide-field and focused excitation for room (low-) temperature 
measurements were set to ~0.1 W cm  (~3.7 W cm ) and ~3.6 W cm  (~260 W cm ) at the 
sample plane, respectively. The PL was directed to a CCD camera (Photometrics Coolsnap HQ2) 
through an image magnifier (1.6 ×) for imaging or coupled into a multi-mode optical fiber connected 
to a spectrometer (~12 cm  spectral resolution) and equipped with an EMCCD camera (PhotonMax 
512, Princeton Instruments). For a single nanotube, 30 sequential PL spectra were recorded with an 
exposure time of 1 s per frame and later averaged. A detailed schematic of the setup and the data 
processing protocol are given in SI, Section 3.5.1. 

3.4.4 2D Correlation Spectroscopy 

2D spectra were collected using a pulse shaper based setup operating at 1 kHz (SI, Section 3.5.8); the 
design is similar to Ref. 77. The output of a non-collinear optical parametric amplifier (NOPA78; 
centered at 16950 cm , pulse duration ~25 fs) was sent to an acousto-optic programmable 
dispersive filter (AOPDF; DAZZLER, fastlite) to generate the excitation pulse pair. The compressed 
output of a second NOPA served as the broad-band probe beam. 

The probe and the pump beam were focused under a small angle (~2°) into a microfluidic flowcell 
(micronit) containing the sample solution (peak optical density of 0.1 − 0.2). The polarizations of 
pump and probe pulses were both set parallel to the flow direction of the sample solution along which 
the nanotubes preferentially align47. This allowed efficient excitation/probing of the pair of strongest 
transitions with their dipole moments directed along the nanotubes42. After the sample, the probe 
pulse was spectrally dispersed in a spectrograph (Jobin Yvon HR320) and detected pulse-by-pulse by 
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a NMOS linear image sensor (Hamamatsu, S3921-128Q), which provided the detection axis of the 
2D spectra with a spectral resolution of 14 cm . 

For collection of 2D spectra, the DAZZLER generated two phase-locked pulse replicas with a 
delay time 𝜏 that was scanned between 0 and 400.4 fs in steps of 0.7 fs. Fourier transformation along 
𝜏 provided the excitation axis of the 2D spectra with a spectral resolution of 42 cm  given the 
scanning range of 𝜏. 2D spectra were acquired using a two-step phase cycling scheme of the pump 
pulses applied by the DAZZLER and averaged for 50 spectra. The probe beam was delayed relative 
to the second pump pulse by waiting time T and split before the sample to provide a reference for 
pulse-to-pulse intensity normalization of the probe spectrum using a second NMOS linear image 
sensor79. The pump and probe pulse energies were set to 100 pJ and 200 pJ, respectively, 
corresponding to ~1 absorbed photon per 1200 monomers47. Measurements were conducted at room 
temperature. 

3.5 Supplementary Information 

3.5.1 Microscope Layout 

In this section we provide an overview of the home-built microscope setup that was used for single-
nanotube microscopy/spectroscopy (Figure 3.5), the data acquisition and processing protocols. A 
green CW laser (𝜆 = 561 nm, model Coherent Sapphire 561-100) served as illumination source. 
After passing through a 𝜆/4 waveplate rendering the polarization of the excitation beam circular, the 
beam was split using a 50: 50 beam splitter: one part was used for wide-field imaging and the other 
part for (tightly) focused excitation. Each arm comprised a telescope arrangement with two lenses to 
expand the beam size and a pinhole to spatially filter the beams’ intensity profile. The focal lengths 
of the used lenses were 𝑓 = 25 mm and 𝑓 = 200 mm for wide-field mode and 𝑓 = 30 mm and 
𝑓 = 150 mm for focused excitation mode. In addition, each arm was equipped with neutral density 
(ND) filters to attenuate the intensity of the excitation light and mechanical shutters (Lambda 10-B, 
Sutter Instrument) to enable fast switching between the two modes. Both beams were coupled 
collinearly into a microscope (Carl Zeiss Observer D1) using a second beamsplitter. The main 
difference between wide-field and focused excitation mode was an additional lens (𝑓 = 500 mm) 
before the second beamsplitter, which focused the excitation light in the back-focal plane of the 
objective. This resulted in a collimated beam of approximately ~40 μm diameter illuminating a large 
fraction of the imaging field of view. 

An oil-immersion objective (Carl Zeiss Apochromat; 100 × magnification, NA =  1.4) and a long 
working distance objective (Mitutoyo Plan Apochromat; 100 × magnification, NA =  0.7) were used 
for room and low temperature measurements, respectively. The long working-distance objective has 
a NA twice smaller than that of the oil immersion objective. In order to compensate for a larger 
excitation spot and lower collection efficiency of the PL, the excitation power was increased from 
~0.1 W cm  to ~3.7 W cm  and from ~3.6 W cm  to ~260 W cm  at the sample position for 
wide-field and focused excitation, respectively. Due to the cryogenic conditions and vacuum inside 
the cryostat, this increase in excitation power did only slightly accelerate photobleaching of the 
sample (SI, Section 3.5.4). For positioning, the latter was either mounted directly on a motorized XY-
translation stage or mounted in a cryostat (Oxford Instruments, MicrostatN) attached to a manual XY-
translation stage. For the cryostat, a copper heat exchanger with a circular aperture in the center was 
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used in order to avoid backscattering of the excitation light. To ensure that the PL signal stems 
exclusively from a single nanotube, only well isolated nanotubes were used for spectral acquisition. 
Otherwise the larger size of the excitation spot led to a prominent background signal due to excitation 
and emission of the surrounding nanotubes. 

 

Figure 3.5. Layout of the microscope. The bottom beam path is for wide-field excitation, whereas the top beam path for 
focused excitation. In both cases a telescope is used to spatially filter the intensity profile of the excitation light and 
expand the beam diameter. The excitation light is focused onto the sample by either an oil-immersion objective (NA =

1.4, ×100 magnification, Carl Zeiss Apochromat) or a long working distance objective (NA = 0.7, ×100 magnification, 
Mitutoyo Plan Apochromat). The microscope filter cube contains a longpass dichroic mirror and a bandpass emission 
filter. Interchangeable mirrors/beamsplitters are used to either (i) direct all light to the spectrometer, (ii) direct all light to 
the imaging camera or (iii) split by 50: 50 for simultaneous acquisition of both image and spectrum. 

The PL emerging from the sample was collected by the same objective and separated from the 
laser excitation using a microscope filter cube. The cube contained a longpass dichroic mirror (DM) 
and a 575 − 640 nm bandpass emission filter (Carl Zeiss, model BP 575-640). Images were acquired 
by a CCD camera (Photometrics Coolsnap HQ2) together with an image magnifier (× 1.6). For 
spectral acquisition, isolated nanotubes were first located via wide-field imaging and then positioned 
to be excited by the tightly focused excitation spot. For spectral acquisition, the PL from either a 
single nanotube upon focused excitation or from many nanotubes upon wide-field excitation was 
coupled into a multi-mode optical fiber connected to a spectrometer equipped with an EMCCD 
camera (PhotonMax 512, Princeton Instruments). The spectrometer was based on a diffraction grating 
with 300 lines mm  providing a spectral range from 572 nm up to 653 nm (~15300 cm  to 
~17500 cm ) on the camera chip with a pixel width of ~0.16 nm pixel  (4.2 cm  pixel ). In 
addition, the CCD chip was vertically binned over 150 pixels into two regions of interest with the 
upper and lower row for simultaneous measurement of the PL and camera background signal, 
respectively. 

The spectrometer used was calibrated using the yellow/orange 577 nm (17331 cm ) and 
579.1 nm (17268 cm ) from a Mercury-Argon lamp (Ocean Optics Inc., Model HG-1) and the 
632.8 nm (15803 cm ) line from a Helium-Neon (HeNe; JDS Uniphase) laser. Figure 3.6 depicts 
these lines superimposed in one spectrum. The spectral resolution of the system was determined by 
measuring the FWHM of the red line from the same HeNe laser, which yielded 0.47 nm (~12 cm ) 
with the input slit of the spectrometer set to 10 μm (Figure 3.6, inset). 
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Figure 3.6. Calibration spectrum by superimposing spectra of the 632.8 nm (15803 cm-1) line from a red Helium-Neon 
laser and the yellow/orange lines from a Mercury-Argon lamp at 577 nm (17331 cm ) and 579.1 nm (17268 cm ). 

In Figure 3.7, an overview of the microscope filter cube transmission spectrum (gray) and the 
spectral observation range (blue) together with the nanotube absorption/PL spectra (black) are given. 
The DM and bandpass emission filter in the microscope filter cube allowed to capture the complete 
nanotube PL spectrum (black) as well as to determine the background noise on the red side of the 
spectrum between 15600 cm  and 15800 cm  (patterned box) at the same time. This background 
noise was subtracted from each spectrum in the sequence of 30 spectra prior to averaging. The final 
(averaged) PL spectrum was corrected for the transmission of the microscope filter cube. 

 

Figure 3.7. Nanotube absorption (black solid) and PL (black dashed) together with the emission transmission of the 
microscope filter cube. Shaded blue: spectral observation range for single nanotube spectroscopy set by the spectrometer 
and camera. The laser excitation line wavelength is shown in green. The spectral interval from which the background 
noise was extracted is shown as a striped box. 
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3.5.2 Point Spread Function 

In this section, we characterize the point spread function (PSF) of the microscope setup equipped with 
an oil-immersion objective (NA = 1.4), i.e., the spread of an image of a point source of light. For this, 
we used a sample with photoluminescent nanobeads (TransFluoSpheres, Thermo Fisher Scientific) 
with a diameter of 40 nm that were immobilized on a cover glass. Due to their small size, the 
nanobeads effectively act as point sources of light and allow to measure the PSF upon wide-field 
excitation. In order to prepare such samples, nanobeads were first dispersed in Milli-Q water via 
sonication for ~1 hour. Next, a droplet of the nanobead dispersion was pipetted onto a 
22 mm ×  22 mm cleaned microscope cover glass (see Methods section in the main text) and 
allowed to dry in vacuum overnight. 

A wide-field PL image of the immobilized nanobeads is shown in Figure 3.8a. To extract the 
microscope point spread function PSF we fit several (𝑁 = 13) images of well isolated, bright 
nanobeads to a two-dimensional (2D) Gaussian function as an approximation of the Airy disc80, i.e., 
the imaged intensity pattern for a point source of light. In our fitting routine the 𝑥- and 𝑦-coordinates 
in the image are transformed to be parallel to the long and short (major and minor) axis of the 2D 
Gaussian function. 

𝐹(𝑥, 𝑦) = 𝐴 exp − −        (3.4) 

Here, 𝐴 is the amplitude of the Gaussian, and 𝜎  and 𝜎  are the (standard deviation) widths 

along the long and short axis of the Gaussian distribution, respectively. Note that the full width at 
half maximum (FWHM) of a Gaussian function is related to its standard deviation width 𝜎 as 
FWHM = 2.35 × 𝜎 . We find almost identical distributions for FWHM  and 
FWHM  (Figure 3.8b) with mean values of 228 ± 4 nm and 245 ± 4 nm, respectively (the error 

margins refer to the standard error of the mean). The combined distribution has a mean value of 
237 ± 3 nm. This is in good agreement with the theoretical limit determined by the wavelength of 
the PL and the numerical aperture of the imaging system80, i.e., ~220 nm. 

 

Figure 3.8. Characterization of the point spread function (PSF) of the home-built microscope. (a) Wide-field image of 
nanobeads immobilized on a glass substrate. The PL intensity in the image was normalized to the peak amplitude and is 
depicted on a linear color scale between 0 and 1. (b) Histograms of the widths (FWHM , red; FWHM , blue) 

obtained from fitting 𝑁 = 13 nanobeads images to a 2D Gaussian function. Inset: Mean values for FWHM , 

FWHM  and the combined distribution. 
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3.5.3 (Tightly) Focused Excitation 

In this section we extract the length of the nanotube segment that is excited in focused excitation 
mode by analyzing its spatial PL profile (PL ). PL  corresponds to the length of the segment from 
which the PL is collected for spectral acquisition, which is mainly determined by the size of the 
excitation laser beam spot and some broadening of the PL profile due to exciton diffusion along the 
nanotubes49–51. Microscope imaging leads to additional broadening of the observed PL profile (PL ) 

due to the convolution with the PSF (Ref. 80), which is why special care has to be taken while 
extracting these lengths: 

PL = PL ⊗ PSF = ∫ PL (𝑥 − 𝑥 ) PSF(𝑥 ) 𝑑𝑥 .    (3.5) 

Assuming that both terms in the convolution (PL  and PSF) can be described by Gaussian 
functions, the result is also a Gaussian. It can then be shown that the FWHM of the convoluted 
Gaussian follows from the FWHM of the inputs as: 

FWHM PL = FWHM (PL ) + FWHM (PSF).     (3.6) 

Eq. 3.6 can be rearranged to calculate the FWHM of PL : 

FWHM(PL ) = FWHM PL − FWHM (PSF).     (3.7) 

Eq. 3.7, thus, allows deriving the length of the excited segment by measurement of the imaged PL 
profile and the microscope point spread function PSF (SI, Section 3.5.2). 

We perform this analysis for the two objectives with different numerical apertures (NA = 1.4 and 
NA = 0.7) that were used for room and low temperature measurements, respectively. In both cases, 
an isolated nanotube was first located in wide-field excitation mode (Figure 3.9a) after which the 
sample was positioned such that the nanotube overlaps spatially with the focused excitation spot 
(Figure 3.9b). Following focused excitation an ellipsoidal PL profile was observed, where the 
elongated axis of the profile aligns with the long axis of the nanotubes (Figure 3.9b and c). To quantify 
this elongation, we fit the spatial PL profile to a 2-dimensional Gaussian (Figure 3.9d) and record the 
widths along and across the nanotube for a number of images; similar to the analysis in the SI, Section 
3.5.2. 

In the case of the high NA objective, the average width of the PL profile of 〈FWHM〉 = 250 ±

3 nm (Figure 3.9e) in the lateral direction (i.e., across the nanotube) matches well with the determined 
PSF (SI, Section 3.5.2). In contrast, the average width of the PL profile along the nanotube is 
〈FWHM〉 = 540 ± 10 nm (Figure 3.9e) and, thus, more than twice broader than the PSF. Part of this 
elongation can be ascribed to back-imaging of the excitation profile imprinted by the diffraction 
limited excitation spot. Under ideal conditions, the latter is about the same size as the PSF as 𝜆 ≈

𝜆 , which would lead to an observed PL profile that is by approximately factor √2 ≈ 1.4 broader 
than the PSF alone and, therefore, should be on the order of ~350 nm. Any excess spreading that 
goes beyond this intrinsic limitation of the image size, could be ascribed to exciton diffusion along 
the nanotubes; similar approaches have previously been used to determine the exciton diffusion 
constant49–51. 
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Figure 3.9. (a) Wide-field PL image of immobilized C8S3 nanotubes at room temperature. (b) Zoom of the region of 
interest marked in panel (a). The position of the focused excitation laser beam is marked by a white circle. (c) Image 
recorded using focused excitation of the nanotube shown in panel (b). (d) Fit of the spatial PL profile in panel c to a 2D 
Gaussian function (as outlined in the SI, Section 3.5.2). In all images, the PL intensity was normalized to 1 and is depicted 
on a linear scale between 0 and 1. (e) Histograms of the FWHM of 𝑁 = 36 PL profiles following focused excitation 
retrieved from 2D Gaussian fits across (green) and along (black) the nanotubes. The width of the bins was set to 20 nm. 
The mean values and standard deviations of both distributions are specified in the inset with the error margins referring 
to the standard error of the mean. 

The excitation intensity distribution 𝐼  of the tightly focused beam was characterized by scanning 

a photoluminescent nanobead (TransFluoSpheres, Thermo Fisher Scientific) immobilized on a glass 
cover through the focal spot using a piezo XY-translation stage (Physik Instrumente) and recording 
a sequence of images (as schematically depicted in Figure 3.10a). Due to the small size of the 
nanobead (20 nm diameter) it acts as a point source and, hence, permits to accurately reconstruct 𝐼  

via scanning its position. Integration of the PL intensity for each image yields a linescan of the focal 
spot size with a FWHM of ~330 ± 6 nm (Figure 3.10b) as obtained by fitting the experimental 
intensity profile to a Gaussian function. Thus, 𝐼  is ~30 % broader than the PSF, which is likely 

caused by a slightly distorted wavefront of the excitation beam at the microscope entrance. 
Measurements on a photoluminescent nanobead embedded into the sugar matrix yielded similar 
results. 

Therefore, the overall resolution of the microscope with focused excitation amounts to 

PSF + 𝐼 ≈ 410 nm, which still allows for the spread of the excitonic wavefunction due to 

exciton diffusion within the exciton lifetime. We note, however, that for nanotubes immobilized in a 
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thin sugar film wave-guiding effects in the surrounding matrix cannot be completely ruled out and 
may lead to additional broadening of the excitation profile. Nonetheless, for our single nanotube 
spectroscopy experiments, we are merely interested in the total spread of the PL profile in order to 
estimate the length of the excited segment using Eq. 3.7 as ~480 nm prior to imaging, i.e., the width 
of the PL profile corrected for PSF related broadening. 

 

Figure 3.10. Characterization of the intensity distribution 𝐼  of the focused excitation beam. (a) Linescan of a 

photoluminescent nanobead (20 nm) through the excitation focal spot using a piezo stage. At each position of the 
nanobead an image is recorded. (b) The FWHM of the integrated PL intensity as a function of the nanobead position 
corresponds to that of 𝐼 . The experimental data (dots) are fitted to a Gaussian function (solid line). 

For the lower NA objective we expectedly found larger widths of the PL profile (Figure 3.11a and 
b). In the lateral direction the width has increased to FWHM = 810 ± 7 nm (Figure 3.11c), which is 
more than twice larger than for the NA = 1.4 objective (〈FWHM〉 = 250 ± 3 nm). Ideally, a 
reduction by factor two in numerical aperture leads to a widening of the PSF also by factor two. Here, 
the deviation is likely caused by additional glass of the cryostat window in the optical path. Along 
the nanotube the width of the imaged PL profile is FWHM ≈ 1.3 μm, which is by approximately by 

factor √2 ≈ 1.4 broader than PSF and, therefore, solely governed by the limitations of imaging. The 
contribution of exciton diffusion cannot be discerned under these conditions. Using Eq. 3.7 we 
estimate the length of the excited segment as ~1 μm for low temperature measurements. 

 

Figure 3.11. Representative microscopy images of a nanotube at 𝑇 = 77 K after (a) wide-field and (b) focused excitation. 
The PL intensity was normalized to the peak amplitude and is depicted on a linear color scale between 0 and 1. (c) 
Histograms of the widths of 𝑁 = 41 PL profiles following focused excitation retrieved from 2D Gaussian fits across 
(green) and along (black) the nanotubes. The width of the bins was set to 40 nm. The mean values and standard deviations 
of both distributions are specified in the inset with the error margins referring to the standard error of the mean. 
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3.5.4 Photobleaching 

In this section we investigate photobleaching of individual nanotubes by examining the evolution of 
the PL spectra during spectral acquisition using focused excitation at room temperature. For each 
nanotube (segment) a sequence of PL spectra was recorded with an exposure of 1 s per frame and 30 
frames in total. From each frame of the sequence, we extract the maximum PL signal amplitudes 
within the spectral regions of interest for the inner tube (16610 − 16710 cm ) and outer tube 
(16900 − 17000 cm ). Figure 3.12a-c shows the traces of the normalized PL signal amplitudes as 
well as the ratio of the maximum PL amplitudes. 

Both the inner and outer tube PL traces show a minor degree of photobleaching by ~10 % (Figure 
3.12a and b). Meanwhile, the signal ratio of the PL originating from the outer and inner tube (Figure 
3.12c) is almost constant indicating that neither of the tubes is preferentially bleached during 
acquisition. 

 

Figure 3.12. Evolution of the PL signal from individual nanotubes (thin gray lines) as well as their average values for (a) 
the inner tube, (b) the outer tube and (c) the ratio of peak amplitude of the outer versus inner tube as a function of 
measurement time. The exposure time for one spectrum was set to 1 s. In (a) and (b), all traces were normalized to the 
PL amplitude of the first frame. In panels (a-c), six individual traces (light gray) are shown for comparison. (d) Signal-
to-noise ratio for the inner (red) and outer (gray) tube for one representative nanotube as a function of the number of 
averaged frames. The RMS noise is shown in green. 

We also computed the root-mean-square noise (RMS) in a spectral interval that is free from any 
PL signal from the nanotubes, i.e., between 15600 cm  and 15800 cm  (Figure 3.7), for different 
accumulated numbers of frames 𝑁 (taken from the sequence of PL spectra) used for averaging: 

RMS = 〈
∑

〉 = 〈(∑ 𝑆 ) 〉.       (3.8) 
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Here, 𝑆  is the 𝑖  spectrum in the sequence, and 〈∙〉 denotes the averaging of the signal in the 
aforementioned spectral interval. Expectedly, the RMS noise decreases towards larger numbers of 
frames used for averaging (Figure 3.12d, green). Next, we determine the signal-to-noise ratio (SNR) 
of the inner and outer tube as the ratio of the maximum PL amplitude of the respective peak 
normalized by the RMS noise (Figure 3.12d, red and gray). The SNR of the outer tube in generally 
lower than for the inner tube due to its lower overall PL, which in turn is linked to the equilibration 
of the exciton populations between the tubes. We observe a continuous increase of the SNR for both 
tubes, which reflects an insignificant degree of photobleaching, as otherwise a gradual decrease of 
the SNR would be expected. 

In order to ensure that none of the spectral parameters (spectral positions and widths of inner and 
outer tube) is affected by light exposure we fit the sequence of PL spectra to a sum of two Lorentzian 
lineshapes (Eq. 3.1 in the main text); the results are shown in Figure 3.13. Therefore, we specifically 
selected the nanotube that has shown fastest PL photobleaching in Figure 3.12a and b. None of these 
spectral parameters shows a distinct trend upon light, which justifies averaging of all spectra in the 
30 s sequence. Note that the large error bar of the spectral width of the outer tube arises from its low 
PL amplitude, which leads to large uncertainties in fitting its spectral contribution. 

 

Figure 3.13. Evolution of spectral fitting parameters (Lorentzian widths 𝜎, left; Lorentzian center positions 𝜈 , right) 
with an exposure time 1 s per frame for the inner (red) and outer tube (gray) for a representative nanotube. Error bars 
refer to the standard deviation of the fit. 

In the case of low temperature measurements, we observed a slight acceleration of photobleaching 
of the nanotubes as compared to that at room temperature. This acceleration was caused by an 
increased excitation intensity that was necessary to compensate the lower PL collection efficiency 
(due to a lower NA objective; see Methods section in the main text). At the same time, photobleaching 
was partially counteracted due to the cryogenic conditions during measurement, which are known to 
slow down photobleaching43,48. 

Photobleaching of the nanotubes under focused excitation is evident from the comparison of wide-
field images captured before and after spectral acquisition (Figure 3.14a-c). Note that the amplitude 
of the PL signal in the sequence of spectra cannot be used to reliably assess the degree of 
photobleaching of the nanotubes due to drifting of the sample position (on the order of 100s of 
nanometers) caused by the cryostat movement during spectral acquisition. As a result, the maximum 
PL amplitude was prone to fluctuations between individual scans, as the nanotube was slightly 
drifting in- and out-of-focus. 
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In order to evaluate the degree of photobleaching we compare the total (integrated) PL in the 
marked region in the wide-field images (Figure 3.14a and c) from which the PL spectra were collected 
and find that the overall signal has diminished by ~25 %. Meanwhile, neither the spectral widths (𝜎; 
Figure 3.14d) nor the center positions (𝜈 ; Figure 3.14e) of the inner and outer tube show any changes 
during the scan. In other words, the PL spectra remain unchanged throughout the entire sequence of 
spectra acquisition, which means that all PL spectra in the sequence can be used for averaging without 
introducing artifacts due to photobleaching. 

 

Figure 3.14. (a-c) Sequence of wide-field and focused excitation microscope images of a nanotube mounted in a cryostat. 
The region of interest determined by the size of the excitation spot is indicated in all images (dashed white ellipse). The 
PL intensity was normalized to the peak amplitude and is depicted on a linear color scale between 0 and 1. (d, e) Spectral 
fitting parameters (Lorentzian widths 𝜎, left panel; Lorentzian center positions 𝜈 , right panel) for each frame (with an 
exposure time 1 s) for the inner (red) and outer tube (gray) for the shown nanotube. Error bars refer to the quality of the 
fit. 
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3.5.5 Fitting of the Nanotube PL Spectrum  

In this section we test the applicability of Gaussian and Lorentzian functions to fit to the experimental 
PL spectra. The high (low) energy peak represents the outer (inner) layer of the double-walled 
nanotubes. 

 

Figure 3.15. Comparison of the fit quality of a representative PL spectrum of a single nanotube (open squares) assuming 
two Lorentzian lineshapes (left) or two Gaussian lineshapes for the inner (red) and outer (gray) tube. The sum of both 
peaks is shown as a solid black line. 

We find that the experimental data is better described by a Lorentzian fit, since a Gaussian fit 
underestimates PL in the broad wings of the spectrum, while overestimating the width of the central 
part of the spectrum (Figure 3.15 and Table 3.2). 

Table 3.2. Comparison of the fitting parameters for Gaussian and Lorentzian fits of a 
single nanotube PL spectrum. 

 Lorentzian lineshape Gaussian lineshape 

Inner tube 
ν = 16657 ± 1 cm  

σ = 43 ± 1 cm  
FWHM = 86 ± 2 cm  

ν = 16657 ± 1 cm  
σ = 46 ± 1 cm  

FWHM = 108 ±  2 cm  

Outer tube 
ν = 16970 ± 2 cm  

σ = 88 ± 3 cm  
FWHM = 176 ± 6 cm  

ν = 16956 ± 3 cm  
σ = 114 ± 3 cm  

FWHM = 268 ±  7 cm  

 

3.5.6 Single Bundle Microscopy/Spectroscopy 

In this section we verify that the microscopy results are recorded for single nanotubes rather than 
bundles of nanotubes52. Therefore, we conducted room temperature microscopy/spectroscopy 
experiments on completely bundled sample solution (after ~10 months of storage from initial 
preparation). In fact, bundles consisting of thicker strands of multiple nanotubes are known to 
spontaneously form over time and eventually become the abundant species after several days up to 
weeks upon storage of a nanotube sample solution. 
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Figure 3.16. Comparison of the absorption spectra of C8S3 nanotubes (black) and bundles (orange) in bulk solution. The 
absorption spectra were normalized to the amplitude of the low energy transition. The inset shows a magnified view of 
the low energy peak around ~600 nm. 

The low energy transition that is associated with the inner tube of the double-walled nanotubes is 
known to be spectrally redshifted by ~100 cm  upon formation of bundles46, while the distinct peak 
from the outer tube around 590 nm (~17000 cm ) disappears as evident from the absorption 
spectrum (Figure 3.16); a similar trend is observed for the PL spectrum (Figure 3.17a). Moreover, the 

PL peak is found to broaden from σ ≈ 55 cm  to σ ≈ 80 cm  as revealed by fitting 
the low energy peak in the bulk PL spectrum to a Lorentzian lineshape. Note that we fit the bundle 
PL spectrum with a single Lorentzian and neglect the long tail towards shorter wavelengths by 
cropping the spectrum at 16700 cm . 

We collect and fit the PL spectra from 𝑁 = 52 individual bundles at room temperature for which 
we record the spectral position (Figure 3.17b) and spectral width (Figure 3.17b, inset). Comparison 
to the ensemble spectrum of nanotubes (Figure 3.17b, purple shade) reveals that distribution of the 
center position (with a mean value of 〈𝜈 , 〉 = (16544 ± 1) cm  and a standard deviation of 

SD = 10 cm ) falls exactly onto the additional peak on the red side of the nanotube spectrum. For 

the distribution of the spectral width we find a mean value of 〈σ 〉 = (80 ± 1) cm  and a 
standard deviation of SD = 5 cm , which is in good agreement with the width obtained from the 
ensemble spectrum. 
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Figure 3.17. (a) Comparison of the ensemble PL spectra of C8S3 nanotubes (black) and bundles (orange). The PL spectra 
were obtained by averaging the spectra from 20 wide-field images/spectra following excitation at 561 nm and were 
normalized to their respective maximum amplitude. (b) Distributions of the center position (𝜈 ) and spectral width (𝜎) in 
the inset for 𝑁 = 52 individual bundles. The distribution of the position is shown in comparison to the ensemble and 
averaged PL spectra of nanotubes as presented in the main text (Figure 3.3). 

The low amplitude of this redshifted peak relative to the spectrum of individual nanotubes is 
indicative of a low concentration of bundles present in the sample. However, a more quantitative 
estimate of the concentration is hindered by several factors: First, even though the bundles are thicker 
than their double-walled counterparts with typical diameters on the order of 20 − 50 nm as known 
from cryo-TEM measurements58, their size still lies well below the imaging resolution of the 
microscope giving rise to the same width of the intensity cross-section as for the nanotubes (Figure 
3.18 and SI, Sections 3.5.2 and 3.5.3). This impedes any direct assignment of whether an object is a 
single nanotube or a bundle based on the cross-sectional width of the PL profile. Secondly, the 
absolute quantum yield of neither the immobilized individual nanotubes nor the bundles in the sugar 
matrix is known so that comparing the relative PL intensities in the ensemble spectrum is not feasible 
either. 

 

Figure 3.18. Representative microscopy images of a bundle after (a) wide-field and (b) focused excitation. The PL 
intensity was normalized to the peak amplitude and is depicted on a linear color scale. (c) Linescans through the focused 
excitation profile along (black) and across (red) the bundles main axis as shown as dashed lines in panel b. Experimental 
data (dots) are shown with the corresponding Gaussian fits (solid lines). The error margins refer to the standard deviation 
of the fit. 
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Bundles were also observed in low temperature measurements as a low energy shoulder around 
~16650 cm  (Figure 3.3 in the main text). Similar to nanotubes, the PL from bundles is known to 
spectrally redshift by ~100 cm  upon cooling46, which is why their contribution still shows up as a 
shoulder and not spectrally isolated from the nanotube spectrum. Furthermore, the shoulder appears 
more pronounced at low temperatures due to spectral narrowing of the inner tube PL peak. 
Nevertheless, the low amplitude of this peak is again indicative of a low concentration of bundles in 
the sample.  

In order to quantify the contribution of bundles at low temperatures, we consider PL spectra that 
were recorded during the same measurement as the nanotubes, but identified as bundles. The latter is 
evident from clustering of data points in the correlation plot of the spectral width versus the spectral 
position of the low energy transition (Figure 3.19a). The observed clustering is indicative of two 
distinct species in the sample, where the spectrally broad, low energy species is attributed to bundles 
(encircled in orange), while the spectrally narrow, high energy species is attributed to nanotubes 
(encircled in blue). 

Comparison of the averaged bundle spectrum (Figure 3.19b, orange) to the averaged nanotube 
spectrum (Figure 3.19b, black) shows that the low energy transition of bundles is indeed located at 
the low energy flank of the latter. However, its spectral position (〈𝜈 , 〉 = 16688 ± 2 cm ) 

appears slightly blueshifted from the position of the shoulder in the ensemble spectrum (Figure 3.19b, 
orange histogram), which may be related to the limited sample size considered here. In addition, the 
high energy transition around ~17000 cm  is more pronounced relative to the inner tube peak at 
low temperatures than at room temperature (Figure 3.19b, orange line), which is the opposite trend 
than what is observed for nanotubes. Moreover, the spectral width appears less sensitive to a decrease 
in temperature than that for nanotubes, as it remains 〈𝜎〉 = 82 ± 2 cm  at 𝑇 = 77 𝐾, very similar to 
what was found at room temperature. 

 

Figure 3.19. (a) Correlation plot of the center position (𝜈 ) and the spectral width (𝜎) of the inner tube retrieved from 
fitting the 𝑁 = 62 PL spectra of individual objects. Clusters are identified to belong to either bundles (circled in orange) 
or nanotubes (circled in blue) with two outliers that cannot be distinctively matched. (b) Distributions of the center 
position and spectral width (inset) of 𝑁 = 16 individual bundles (from the orange circle in panel a). The distribution of 
the position is shown in comparison to the ensemble (purple shade) and averaged PL spectra of nanotubes (black) as 
presented in the main text (Figure 3.3). The averaged bundle spectrum is shown for comparison (orange). The latter was 
scaled to match the amplitude of the shoulder in the ensemble spectrum. Error bars refer to the standard error of the mean. 
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3.5.7 Correlation of the Peak Positions of the Inner and Outer Tube PL Spectra  

In this section we investigate a possible correlation of the peak positions of the inner and outer tube 
spectra. Figure 3.20 depicts pairs of the spectral position peaks of the inner and outer tubes for 
individual nanotubes. The peak positions appear to be weakly Pearson-anticorrelated, although the 
limited sample size does not allow for deriving a stronger conclusion. 

 

Figure 3.20. Correlation plot of the inner and outer tube center position retrieved from fitting the PL spectra of individual 
nanotubes with a Lorentzian lineshape. The distributions were shifted by their respective mean center frequencies 
(〈𝜈 , 〉 and 〈𝜈 , 〉). (Anti-)diagonal lines are drawn through the origin with the slope of (−)1. The number of data 

points is 𝑁 = 41 and 𝑁 = 50 in the left and right panel, respectively. In both cases the Pearson correlation coefficient is 
−0.33. 
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3.5.8 2D Electronic Spectroscopy 

2D spectra were collected using a pulse shaper-based setup as shown in Figure 3.21; the design is 
similar to Ref. 77. 

 

Figure 3.21. Schematic of the experimental apparatus for 2D electronic spectroscopy. The flow direction of the sample 
is indicated by the arrow. The pump and probe pulses are polarized along the flow. The signal and reference beam are 
coupled into the spectrometer with small vertical offset (orthogonal to the figure plane). 𝑇 and 𝜏 refer to the waiting time 
and coherence time, respectively. The used acronyms are: beamsplitter (BS); non-collinear optical parametric amplifier 
(NOPA); waveplate (WP); parabolic mirror (PM); cylindrical lens (CL). 

The output of a regenerative Ti:Sapphire amplifier (Legend Elite Duo, Coherent, repetition rate 
1 kHz) was used to pump two home-built non-collinear optical parametric amplifiers (NOPA78) 
generating the pump and probe beams. The output of one NOPA (centered at ~16950 cm , FWHM 
bandwidth ~1100 cm ) passed through an acousto-optic programmable dispersive filter (AOPDF; 
DAZZLER, fastlite, France) that was used for pulse compression. Second harmonic (SH) 
interferometric autocorrelation in BBO indicated a pulse length of FWHM ≈ 20 fs, which agrees with 
the transform limited pulse duration assuming a Gaussian pulse shape (Figure 3.22). The output of 
the other NOPA served as the broad-band probe beam (centered at ~17240 cm , FWHM bandwidth 
~1400 cm ) and was compressed using a fused silica prism compressor. SH intensity cross 
correlation with the pump pulse indicated a pulse length of ~25 fs (FWHM) for the probe. 
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Figure 3.22. Overview of interferometric autocorrelation measurements of pulse lengths for 2D spectroscopy. (a) 
Schematic representation of the experimental setup for autocorrelation measurements. (b) Representative spectrum of the 
pump beam. The double pulse was generated by the DAZZLER. (c) Time-bandwidth product for a Gaussian pulse shape 
as a function of the pulse bandwidth. (d) Second-harmonic (SH) intensity as a function of pulse delay (blue). The intensity 
autocorrelation (black line) was obtained by applying a low-pass filter to the data. The length of a single pulse Δ𝜏 is by 

factor √2 narrower than the temporal width of the autocorrelation. 

The probe and the pump beam were focused and spatially overlapped under a small angle (~2°) 
in the channel of a microfluidic flowcell (micronit, the Netherlands). As previously described47, neat 
nanotube solution and Milli-Q water are supplied by two syringe pumps (New Era, model NE-300) 
at a flowrate ratio of 1: 1, mixed in a tear-drop micromixer and relayed to the aforementioned flowcell 
with a channel thickness of 50 μm and channel width of 500 μm. Under these conditions the 
maximum optical density of the sample was on the order of 0.1 − 0.2. The polarizations of pump and 
probe pulses were both set parallel to the flow direction of the sample solution. 

For collection of 2D spectra, the DAZZLER was used to generate two phase-locked pulse replica 
with a delay time 𝜏 that was scanned between 0 and 400.4 fs in steps of 0.7 fs. The excitation axis of 
the 2D spectra was constructed via Fourier transform along 𝜏, which resulted in a spectral resolution 
of 42 cm  given the scanning range of 𝜏. The desired 2D signal was heterodyned by the probe pulse, 
spectrally resolved in a spectrograph (Jobin Yvon HR320) and detected pulse-by-pulse by a NMOS 
linear image sensor (Hamamatsu, model S3921-128Q). The latter provided the detection axis of the 
2D spectra with a spectral resolution of 14 cm . 2D spectra were acquired using a two-step phase 
cycling scheme of the pump pulses applied by the DAZZLER and subsequently averaged. The probe 
beam was delayed with respect to the second pump pulse by waiting time T and split before the sample 
with the major portion serving as a reference for pulse-to-pulse intensity normalization of the probe 
spectrum using a second NMOS linear image sensor79. For each waiting time, 100 individual 2D 
spectra were averaged. 

The pulse energy of the pump and the probe beam were set to Δ𝐸 = 100 pJ and Δ𝐸 = 200 pJ, 
respectively, where the former was measured at zero delay between the pump pulses. This 
corresponded to approximately 1 absorbed photon per ~1200 monomers in the focal volume taking 
into account the spatial beam overlap of the pump and probe beam (intensity FWHM ~60 μm) and 
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the spectral overlap of the pump spectrum and the sample absorption, as e.g., done in Refs. 47,81. A 
comparison of the pump and probe spectra and the sample absorption is shown in Figure 3.23. 
Measurements were conducted at room temperature. 

 

Figure 3.23. Comparison of the sample absorption spectrum (black line) to the spectra of the pump (shaded orange) and 
probe beam (gray line) to the sample absorption. 

3.5.9 Ellipticity Analysis of Experimental 2D Spectra 

In this section we extract the ellipticity functions 𝑀(𝑡) of the inner and outer tube by evaluating the 
peak ellipticity at different waiting times as outlined in Ref. 62. Other methods to extract 𝑀(𝑡) include 
the first moment of the (absorptive) 2D spectrum82, the slant of nodal line between negative and 
positive peaks83, the slope of the maximum84,85 and the phase slopes86.  

First, 2D spectra were cropped to the respective region of interest around the inner and outer tube 
diagonal peaks and fitted as a sum of two Gaussian peaks (i.e., one for the GSB/SE signal and one 
for the ESA with opposite sign). Note that the two Gaussians of the different sign partially overlap 
and cancel each other. The coordinate frame was first transformed by rotating it by a fixed angle of 
45°. As a result, the major (long) axis of the Gaussians was always aligned parallel with the diagonal 
line in the 2D spectra. 

𝐹(𝑥, 𝑦) = −𝐴 / exp − − + 𝐴 exp − −  (3.9)  

Here, we only use the standard deviation widths 𝜎  and 𝜎  of the GSB/SE peak to compute 

the ellipticity function: 

𝑀(𝑇) =
  

  
=

  

 
        (3.10) 

The resulted values of 𝑀(𝑡) are presented in Figure 3.4b of the main text. 
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3.5.10 Ellipticity Analysis of Theoretical 2D Spectra 

The ellipticity function has been shown to present a good representation for the system-bath 
frequency-frequency correlation function 𝐶(𝑡)62. However, the original derivation is based on a 
number of assumptions, which are directly violated for short correlation times, when dephasing 
already occurs during the coherence interval. Therefore, we obtained the theoretical ellipticity 
function as derived from the ellipticity analysis by calculating the 2D spectra using the Brownian 
oscillator model63, applying the same procedure as described in the preceding section and comparing 
the results. 

The rephasing 𝑅  and non-rephasing 𝑅  nonlinear response functions for the GSB/SE signal are 
calculated in the approximation of infinitely short pulses as follows: 

𝑅 (𝑡, 𝜏, 𝑇) = exp −𝑔(𝑡) − 𝑔(𝜏) + 𝑔(𝑇) − 𝑔(𝑇 + 𝑡) − 𝑔(𝜏 + 𝑇) + 𝑔(𝑡 + 𝜏 + 𝑇)

× cos 𝜔 (𝑡 − 𝜏)  

            (3.11) 

𝑅 (𝑡, 𝜏, 𝑇) = exp −𝑔(𝑡) − 𝑔(𝜏) + 𝑔(𝑇) − 𝑔(𝑇 + 𝑡) − 𝑔(𝜏 + 𝑇) + 𝑔(𝑡 + 𝜏 + 𝑇)

× cos 𝜔 (𝑡 − 𝜏)  

            (3.12) 

Here, 𝑇 and 𝜏 are the waiting and coherence time, respectively and 𝜔  is the transition frequency. 
The lineshape function 𝑔(𝑡) is readily obtained from the correlation function (Eq. 3.3 in the main 
text) by double integration in time: 

𝑔(𝑡) = ∫ 𝑑𝜏 ∫ 𝑑𝜏 𝐶(𝜏 ) = Δ  𝜏  exp − + − 1 +    (3.13) 

The calculations were carried out for the inner and outer tube separately and population transfer 
from the outer to the inner tube was not considered. As our experiments were conducted in the pump-
probe geometry, where both rephasing (𝑘 = −𝑘 + 𝑘 + 𝑘 ) and non-rephasing (𝑘 =

+𝑘 − 𝑘 + 𝑘 ) signal fields are emitted in the same phase matched direction, i.e., in direction of the 
probe beam 𝑘 , the signal in the time domain is given as the sum of both:  

𝑆(𝑡, 𝜏, 𝑇) = [𝑅 (𝑡, 𝜏, 𝑇) + 𝑅 (𝑡, 𝜏, 𝑇)] × exp −      (3.14) 

Taking the real part of double Fourier-transformation along 𝑡 (for the detection axis 𝜔 ) and 𝜏 (for 
the excitation axis 𝜔 ) yields the absorptive spectrum at a given waiting time 𝑇 (Figure 3.24). 
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Figure 3.24. Modelled (using Eq. 3.14) representative 2D spectra for waiting times of 0 fs and 150 fs. The 2D spectra 
for the inner and outer tube were separately calculated and summed up afterwards. In both cases only the GSB 
contributions were calculated, whereas the ESA contributions were neglected. Diagonal lines (dashed black) are drawn 
at 𝜔 = 𝜔 , i.e., 𝜔 = 𝜔 . The signal amplitude was normalized to the maximum absolute amplitude and 
is depicted on a color scale with increments in steps of 0.1. Fits of the calculated spectra with a 2D Gaussian functions 
are drawn as contour lines (solid black) at 0.1 increments of the signal amplitude. 

As the next step, the calculated 2D spectra were fitted with 2D Gaussians and the ellipticity 
function calculated according to Eq. 3.10 to yield the best match with the experimental values. The 
herewith obtained parameters are listed in Table 3.3. We also note that curiously enough, direct fit of 
the experimental ellipticity data with an exponential function gives the parameters quite similar to 
those based on the Brownian oscillator model – even despite the fact that the assumptions used in 
Ref. 62 are clearly violated. 

Table 3.3. Overview of parameters used for the calculation of 2D spectra. 

 Inner tube Outer tube Source 

Correlation time 
𝜏  (fs) 

45 40 

Experimental 
ellipticity 
function 𝑀(𝑇) 
(SI, Section 3.5.9) 

Homogeneous width 
Δ  (cm ) 

75 120 
Free parameter 

Inhomogeneous 
width Δ  (cm ) 

20 25 
Free parameter 

Central frequency 
𝜔  (cm ) 

16660 16964 
Absorption and 
PL spectra  

Lifetime 𝑇  (ps) 40 40 
PL lifetime 
measurements; 
Ref. 47 
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3.5.11 Theoretical Modelling of the PL Spectrum 

The absorption spectrum can be calculated as the real part of the Fourier transformed linear response 

function 𝑅( )(𝑡)87: 

Abs(𝜔) ∝ Re ∫ 𝑅( )(𝑡) exp(𝑖𝜔𝑡) 𝑑𝑡 .       (3.15) 

The linear response function in turn can be obtained from the lineshape function 𝑔(𝑡) (as given in 
Eq. 3.13) via:  

𝑅( )(𝑡) ∝ exp(−𝑖𝜔 𝑡) exp −𝑔(𝑡) − ,      (3.16) 

where 𝜔  is the transition frequency and 𝑇  is the excited state lifetime. Plugging Eq. 3.16 into Eq. 
3.15 and adding the two contributions for the inner and outer tube then yields: 

Abs(𝜔) ∝ 𝐴  Re exp 𝑖 𝜔 − 𝜔 , 𝑡 × exp −𝑔 (𝑡) −
𝑡

𝑇
𝑑𝑡

+ 𝐴  Re exp 𝑖 𝜔 − 𝜔 , 𝑡 × exp −𝑔 (𝑡) −
𝑡

𝑇
𝑑𝑡 . 

            (3.17) 

Here, 𝐴  and and 𝜔  are the amplitudes and central frequencies of the inner and outer tube peaks, 
respectively. Furthermore, the excited state lifetime 𝑇  is assumed identical for both tubes in 
accordance with PL lifetime measurements at room temperature47.  

As PL spectra show virtually no Stokes shift, the line-shape function 𝑔(𝑡) is a purely real function. 
Moreover, the spectral widths of the inner and outer tube peaks in the PL spectrum (𝜎 = 55 cm  
and 𝜎 = 86 cm ; Table 1 in the main text) closely follow the widths of the corresponding peaks 
in the absorption spectrum: 𝜎 = 60 cm  and 𝜎 = 102 cm . The latter were as obtained 
by fitting the lowest two absorption bands with Lorentzian lineshapes (Figure 3.25a). Therefore, the 
PL spectrum of the nanotubes can be directly derived from the calculated absorption spectrum (Eq. 
3.17) by changing the (relative) amplitudes for each band due to the transfer of excitons from the 
outer to the inner tube until thermal equilibrium exciton populations are established.  

The calculated PL spectrum with the parameters summarized in Table 3.2 is shown in Figure 
3.25b. The pronounced wings in the PL spectrum, which are particularly visible at the low frequency 
side of the spectrum (~605 − 610 nm), are a consequence of the fast modulation limit and exchange 
narrowing leading to Lorentzian lineshapes rather than Gaussian lineshapes in the linear spectra87. 
Motional narrowing occurs as the exciton wavefunction rapidly moves over different segments of the 
nanotubes and, thus, average over the individual inhomogeneous offsets of each chromophore leading 
to narrowing of the spectral lines. Environmental (water) fluctuations might also contribute to fast 
frequency modulation of the chromophores. 
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Figure 3.25. (a) Low frequency absorption peaks of nanotubes (solid black). The peak for the outer and inner tube were 
fitted with a Lorentzian lineshape shown in gray and red, respectively. The sum of the both peaks is shown as a dashed 
line. Higher lying transitions (𝜈 > 17100 cm ) are not considered in the fits. (b) Normalized PL spectrum of nanotubes 
obtained by averaging PL spectra from single nanotube experiments (black dots); see also Figure 3.3 in the main text. 
The error bars refer to the standard error upon averaging. The PL intensity is shown in logarithmic scaling in order to 
render the low amplitude wings visible. For comparison, the calculated PL spectrum using Eq. 3.17 and parameters from 
Table 3.2 is shown in blue. 

The quality of the fit, in particular in the low amplitude wings of the PL spectrum, can be improved 
by treating the correlation times 𝜏  as free fitting parameters. This, in turn, would lead to even shorter 
correlation times than obtained from the experimental ellipticity function (Figure 3.4b in the main 
text). This might well be the case as our analysis does not account for the finite pulse duration in 
experiment. 

3.6 Author Contributions 

B.K. and M.S.P. conceived and executed the project. B.K. prepared the samples, performed all 
experiments and analyzed the experimental data; the analysis was supervised by M.S.P. V.K. helped 
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Chapter 4  
 

Microfluidic Out-of-Equilibrium 
Control of Molecular Nanotubes 

 

 

 

The bottom-up fabrication of functional nanosystems for light-harvesting applications and excitonic 
devices often relies on molecular self-assembly. Gaining access to the intermediate (transient) species 
involved in the self-assembly process would provide valuable insight into their structural and optical 
properties, yet difficult to achieve due to their intrinsically short-lived nature. Here, we employ 
microfluidics as a means to obtain in situ control of the structural complexity of an artificial light-
harvesting complex: molecular double-walled nanotubes. Rapid dissolution of the outer layer of the 
nanotubes rendered the thermodynamically unstable inner tubes accessible to spectroscopy. Using 
time-resolved photoluminescence we show that the optical (excitonic) properties of the inner tubes 
are remarkably robust to such drastic perturbations of the system’s supramolecular structure as 
removal of the outer wall. The developed platform is readily extendable to a broad range of practical 
applications such as e.g. self-assembling systems and molecular photonics devices. 

This Chapter is based on the following publication: 
Björn Kriete, Carolien Feenstra, and Maxim S. Pshenichnikov, under review at Phys. Chem. 
Chem. Phys. (2020) 
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4.1 Introduction 

Molecular self-assembly has become a key player in the fabrication of functional nanomaterials and 
supramolecular structures for efficient transport of excitation energy1–5. In order to understand, utilize 
and ultimately optimize their functional properties for light-harvesting applications, controlled 
modifications of the supramolecular structure are of vital importance. Traditionally, building blocks 
are ‘programmed’ such that they autonomously assemble into the desired structures that are held 
together by non-covalent forces such as van-der-Waals forces, hydrogen and halogen bonding, or π-
stacking6–8. The quest to make controlled changes of the self-assembly process, hence, typically 
targets the structure of individual building blocks in order to engineer the balance of the 
intermolecular interactions and thereby alter the equilibrium state of the final assembly9,10. 

In this context, amphiphilically driven self-assembly is of special interest, as changing the relative 
strength and size of the hydrophobic/hydrophilic moieties allows fine-tuning the final supramolecular 
structure towards micelles, bilayer sheets or nanofibers11–13. A notable example of one of such 
systems is a class of amphiphilic cyanine derivatives that are known to self-assemble in aqueous 
solution into highly homogenous, double-walled nanotubes with outer and inner diameters of ~13 nm 
and ~7 nm, respectively, and lengths on the order of several µm’s9. These systems comprise a large 
number of strongly coupled chromophores leading to the formation of delocalized excited stated 
(Frenkel excitons), which is considered promising for quasi-one-dimensional excitonic wires14–16. 
Another interest in such structures is propelled by their structural resemblance of natural light-
harvesting antenna complexes such as the chlorosomes of green sulfur bacteria17–19. 

While the final, thermodynamically stable outcome of the self-assembly can be modified via 
molecular engineering of the initial building blocks and is readily accessible via a number of 
characterization techniques, the intermediate stages are much harder to target due to their short-lived 
nature as out-of-equilibrium species. Nevertheless, understanding these transient stages of the self-
assembly process would not only provide great insight into how to steer the process into a certain 
(otherwise inaccessible) direction, but also shed light on the functional properties of intermediate 
species as simplified components of the more complex final assembly. One strategy that has 
successfully been used to gain access to out-of-equilibrium species of a self-assembly system relies 
on microfluidics20,21. For instance, it has been used for real time monitoring22–24 and control25,26 of 
chemical reactions, following mixing reactions27,28, steer molecular self-assembly29,30 and study (out-
of-equilibrium) reactions in biological systems31–33. 

In this Chapter, a microfluidic platform is introduced as a means to achieve out-of-equilibrium 
control over the structural complexity of an artificial light-harvesting complex: double-walled 
molecular nanotubes. Structural simplification of such nanotubes has previously been achieved in 
bulk solution by dissolving the outer tube via flash-dilution thereby exposing the bare inner tube for 
linear absorption spectroscopy34,35. However, a rapid partial recovery of the original double-walled 
structure (within ~60 s) followed leaving no time for more advanced and therefore informative 
spectroscopies. Here, we successfully transfer the flash-dilution technique into a microfluidic 
platform to achieve stable and continuous removal of the outer layer of the supramolecular assembly. 
Time-resolved photoluminescence (PL) experiments demonstrated that the inner nanotube retains its 
excitonic functionality despite such drastic modifications of the supramolecular structure. 
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4.2 Results and Discussion 

The formation of double-walled nanotubes from dissolved C8S3 molecules (inset of Figure 4.1) is 
evident from a strong spectral red-shift (~ 75 nm, 2400 cm ) and the evolution of several narrow 
excitonic peaks in the absorption spectrum (Figure 4.1) due to strong intermolecular couplings. Here, 
the most distinct peaks at ~590 nm (16950 cm ) and ~600 nm (16670 cm ) are associated with 
absorption of the outer and inner tube of the double-walled assembly, respectively. The spectral 
separation of these peaks provides a straightforward way of identifying changes to either tube, which 
has been utilized in previous spectro-chemical studies as well as bulk flash-dilution experiments by 
quenching the spectral response from the outer tube34–37. The band of higher-lying transitions between 
~550 nm and ~580 nm has a mixed character with overlapping contributions from both inner and 
outer tube34,36. 

 

Figure 4.1. (a) Change of the absorption spectrum upon formation of double-walled nanotubes (solid) following addition 
of water to methanolic C8S3 stock solution (dashed), i.e., completely dissolved molecules. The two peaks assigned to 
absorption of the outer and inner layer of the nanotube are highlighted in gray and red, respectively; the same peaks are 
found in the PL spectrum (short dashes). The inset shows the chemical structure of the C8S3 molecule. (b) Schematic 
illustration of the formed double-walled nanotubes. 

The same peak assignment also holds for the PL spectrum (Figure 4.1, short-dashed line), where 
the reversed peak ratio (i.e., 𝐼 > 𝐼 ) is a consequence of the equilibration of the exciton 
populations between both tubes on a sub-ps timescale prior to emission38–40. The higher-frequency 
transitions are not observed in PL as they quickly (within ~100 fs) relax to the two lowest-energy 
states. 

Dissolution of the outer tube of double-walled nanotubes is achieved in a tear-drop micromixer 
(Figure 4.2a) via mixing of the two parent reactants, i.e., a mixture of H2O and MeOH (1: 1 by 
volume), and nanotube sample solution. Efficient intermixing of the two reactants in the mixing zone 
of the micromixer is evident from the wide-field excitation PL images superimposed with bright-field 
microscope images of the microfluidic channel, where the laminar flow regime (Figure 4.2b, top) and 
mixed phase (Figure 4.2b, bottom) can clearly be distinguished. This rapid mixing induces flash-
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dilution during which the outer layer from the double walled nanotubes is dissolved from the double-
walled nanotubes34,35. Note that the PL signal after flash-dilution does not contain any contribution 
from dissolved C8S3 monomers, because the excitation wavelength of λ = 561 nm is not in 
resonance with the absorption of the latter; see SI, Section 4.5.1 for results using a different excitation 
wavelength. 

 

Figure 4.2. Overview of the microfluidic setup. (a) Schematic of the micromixer and flowcell used in this study. The 
flow direction of the sample is indicated by the white arrows. (b) Microscope images of two sections of the micromixer 
marked in panel (a). The upper and lower panels show the Y-junction before and the microfluidic channel behind the 
mixing zone, respectively. The bright-field microscope images (in black and white) are superimposed with wide-field 
excitation PL images following excitation at 𝜆  =  561 nm. The wide-field excitation area is indicated by green circles 
in both panels. The bottom panel corresponds to a mixing time of ~12 s. (c, d, e) Steady-state PL spectra (black dots) of 
double-walled nanotubes (top) and isolated inner tubes (center and bottom) following tightly focused excitation at 𝜆 =

561 nm at the spots indicated in panel (b). The PL spectrum in panel (e) was obtained from streak camera measurements 
(spectral resolution 85 cm ). The shaded peaks (red: inner tube; gray: outer tube) are obtained by fitting the PL spectra 
to a sum of two (black line) and a single Lorentzian lineshape(s) in the case of double-walled nanotubes and isolated inner 
tubes, respectively. Insets: Schematics of double and single-walled nanotubes, which illustrate the origin of the observed 
peaks in the PL spectra. 

After flash-dilution, the isolated inner tubes are in a thermodynamically unfavourable 
configuration, since the hydrophobic side-group are now directly exposed to the aqueous 
environment. This out-of-equilibrium configuration leads to a quick partial recovery of the outer tube 
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on a timescale of tens of seconds via re-attachment of the dissolved monomers to the exterior of the 
isolated inner tubes. This process continues until a new equilibrium between monomers and 
nanotubes is established that is dictated by the solvent composition after flash-dilution (SI, Section 
4.5.2). The longer-time (tens of minutes later) consequences of this process can be monitored using 
absorption spectroscopy (SI, Section 4.5.2) or cryo-TEM imaging (SI, Section 4.5.3). To the best of 
our knowledge, this re-assembly of the outer layer can neither be restricted nor halted. However, by 
using the microfluidics platform, it is possible to spatially separate the regions where the isolated 
inner tubes are continuously being produced, from the region where the outer layer starts to recover. 
This approach, thus, enables spectroscopy on the ‘clean’ isolated inner tubes for which the attainable 
experimental time (i.e., supply time of isolated inner tubes) is only limited by the amount of sample 
solutions (up to ~30 hours in practice). This way, microfluidic flash-dilution can also be interfaced 
with other, more advanced and often time-consuming types of spectroscopy, e.g., 2D 
spectroscopy28,41. 

In order to verify the successful dissolution of the outer tube upon microfluidic flash-dilution we 
used the spectral band assignment in the steady-state nanotube PL spectra (Figure 4.2c, d and e). 
These PL spectra prove that the high energy band (~590 nm, 16950 cm ) corresponding to the 
outer tube is almost completely eliminated after microfluidic mixing, while the spectral signature of 
the inner tubes (~600 nm, 16670 cm ) is preserved. The similarity of the PL spectra at the exit of 
the micromixer and in the thin-bottom flowcell (given lower spectral resolution in the latter case) 
proves negligible recovery of the outer layer in the relaying tubing. The weak shoulder on the blue 
flank (around ~590 nm) of the inner tube PL spectrum (Figure 4.2d and e) is likely due to a small 
number of residual undissolved parts of the outer nanotube layer. 

Upon flash-dilution the PL peak of isolated inner tubes undergoes a small spectral blue-shift of 
about 50 cm  relative to the case of complete nanotubes. Such behaviour has also previously been 
reported for conventional ‘bulk’ flash-dilution experiments34,35,41. We hypothesize that the sudden 
dissolution of the outer tube may lead to slight decrease of the inner tube radius and, consequently 
shift its absorption/PL spectrum. Substantial shortening (below 100 nm, where excitons are thought 
to become confined42) of the nanotubes is unlikely the reason for this blue-shift, as no short fragments 
are found in PL microscopy images recorded directly after flash-dilution (SI, Section 4.5.4). 

Next, we study the exciton dynamics of double-walled nanotubes and isolated inner tubes. Hereby, 
we utilize the fact that under intense laser excitation excitons start to mutually interact leading to 
exciton-exciton annihilation (EEA)43,44. The probability that two excitons are able to meet and 
consequently annihilate depends on the exciton density (i.e., the number of excitons per number of 
molecules; SI, Section 4.5.5) as well as the excitonic properties of the system, such as exciton 
delocalization and exciton diffusion. EEA then opens a new out-of-radiative (and intensity dependent) 
decay channel for excitons45–47, which leads to acceleration of the observed PL dynamics. In multi-
chromophoric systems excitons are collectively shared by many molecules so it can be experimentally 
challenging to reach sufficiently low exciton densities to isolate the true response of single excitons, 
while avoiding EEA. In this regard, time-resolved PL offers high sensitivity down to extremely low 
exciton densities; a schematic of the experimental setup is shown in the SI, Section 4.5.6. A few 
representative PL decay maps following excitation at 𝜆 = 550 nm at different exciton densities 
are shown in Figure 4.3. 
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Figure 4.3. Representative PL decay maps for (a) complete nanotubes (shaded in gray) and (b) isolated inner tubes 
(shaded in red) at different exciton densities (increasing from left to right). The PL amplitudes were normalized to the 
respective maximum value and are depicted on a logarithmic color scale between 0.01 and 1. The mean frequency (or 
first moment) of the PL spectra 〈𝜈(𝑡)〉 as a function of time is shown as a white line superimposed with the PL decay 
maps. The formula for the calculation of 〈𝜈(𝑡)〉 with 𝜈 = 𝜆  is given in the inset. 

We obtain the PL transients by spectrally integrating the PL decay maps between 588 − 603 nm 
for complete nanotubes (Figure 4.4a, dots) and 596 − 601 nm for isolated inner tubes (Figure 4.4b, 
dots). In the case of complete nanotubes, only one set of PL transients is shown, since the PL 
transients of the inner and outer layer of the complete system are identical (except for their different 
amplitudes). This observation is further corroborated by the fact that no spectral relaxation of the 
mean frequency is observed (Figure 4.3, white lines) at any excitation intensity; more details 
regarding the PL mean frequency can be found in Refs. 48–50. In the case of spectral relaxation on the 
timescale of PL (due to e.g. ‘slow’ exciton transfer between the walls) the mean frequency would 
dynamically shift. For the nanotubes under study, equilibration of the exciton populations between 
the inner and outer tube takes place within ~1 ps39, which is well below the temporal resolution of 
the streak camera setup (~7 ps). 

At low exciton densities the PL of complete nanotubes (Figure 4.4a) and isolated inner tubes 
(Figure 4.4b) decays mono-exponentially with time constants of 43 ± 1 ps and 58 ± 1 ps, 
respectively. These lifetimes are independent of the excitation intensity, because the large average 
distance between the excitons – 1 exciton per ~10  molecules, which is equivalent to ~1 μm of 
nanotube length – prevents EEA. The observed increase of the lifetime of isolated inner tubes agrees 
well with previous spectro-chemical studies on nanotubes embedded in a sugar matrix37, where the 
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spectral response of the outer layer was quenched via oxidation with silver nitrate. We hypothesize 
that the presence of the outer layer may open an additional out-of-radiative decay channel for excitons 
and, thus, lead to a reduced PL lifetime in the case of complete nanotubes. 

 

Figure 4.4. Logarithmic plots of the experimental PL transients (dots) for (a) complete nanotubes and (b) isolated inner 
tubes after microfluidic flash-dilution recorded at different exciton densities (increasing from top to bottom). Each PL 
transient was normalized and then scaled to have an offset at the logarithmic scale. Identical colors for complete nanotubes 
and isolated inner tubes are pairwise corresponding to similar exciton densities (shown at the right as the number of 
molecules per exciton). The instrument response function (IRF, dotted gray line) was determined via the temporal profile 
of excitation laser pulses that leaked into the streak camera. Results from Monte-Carlo simulations (including EEA and 
nonradiative trap states) of the exciton dynamics are shown as solid lines in the respective color. 

At high exciton densities, the PL transients of complete nanotubes and isolated inner tubes become 
increasingly multi-exponential, which is a typical fingerprint of EEA43,47. After a rapid initial decay 
of the PL signal due to prominent EEA, the dynamics slow down as the surviving excitons become 
more sparse and hence less likely to meet and annihilate. We will use these two regimes to quantify 
the PL dynamics separately. In the first regime (up to 30 ps), we extract the PL lifetimes of complete 
nanotubes as well as isolated inner tubes by fitting the transients to a convolution of an exponential 
decay and a Gaussian apparatus function (as an approximation of the IRF; Figure 4.4). In the second 
regime (30 − 150 ps), the tail of the PL transient is fitted to an exponential decay 𝐹(𝑡) =

𝐴 exp (−𝑡/𝜏). In both cases, the PL decay rate is determined as the inverse lifetime 𝜏 , normalized 
to the intrinsic (non-)radiative decay rate and plotted as a function of exciton density (Figure 4.5a and 
b). In addition, Figure 4.5c depicts the maximum PL amplitude extracted from the experimental PL 
transients as a function of exciton density. 

In the first regime, complete nanotubes as well as isolated inner tubes feature a steep increase of 
the normalized PL decay rate for exciton densities exceeding 1 exciton per ~10  molecules (Figure 
4.5a). This value marks the onset of EEA, which refers to the critical exciton density at which excitons 
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are able to undergo diffusion-assisted EEA. Below that threshold excitons are spaced too far apart so 
that they hardly meet via diffusion during their lifetime. A similar behaviour is observed in the second 
regime, but with a shallower acceleration of the PL dynamics (Figure 4.5b). Conceptually, this agrees 
with the previous assignment that the initial regime is dominated by EEA, while the second regime 
is less affected due to an already depleted exciton population. 

 

Figure 4.5. (a) and (b) experimental PL decay rates of complete nanotubes (black dots), isolated inner tube (red dots) and 
dissolved monomers (gray dots; SI, Section 4.5.7) as a function of exciton density in the first regime (−30 → 30 ps) and 
in the second regime (30 → 150 ps), respectively. The decay rates were normalized to the intrinsic (non-)radiative decay 
rate. The vertical error bars refer to the standard deviation of the respective fit. (c) Log-log plot of the maximum PL 
amplitude of complete nanotubes (black dots) and isolated inner tube (red dots) as a function of exciton density. Reference 
lines (gray dotted) are drawn for a linear dependence of the PL amplitude versus exciton density, i.e., with a slope of 1 in 
the log-log plot. The horizontal error bars (for the exciton density) are obtained from propagation of uncertainty of all 
input parameters (SI, Section 4.5.5). Solid and dashed lines in panels (a) to (c) are derived from Monte-Carlo simulations. 
The solid black and red lines originate from the simulated PL transients shown in Figure 4.4. In panel (a) and (b) the 
dashed gray lines refer to the lower and upper bound of the acceleration of the PL decay obtained from MC simulations. 
The former is obtained in absence of light-induced non-radiative traps (i.e., only EEA), whereas the latter does include 
light-induced traps, but neglects the saturation trap density (SI, Section 4.5.8). (d) Schematic representation of diffusion-
assisted EEA on complete nanotubes (top) and isolated inner tubes (bottom). Excitons are depicted as orange/yellow 
ellipses. Exciton diffusion (dotted paths) allows excitons to meet and annihilate (white symbols) or encounter a non-
radiative trap state (blue symbols), which immediately quenches the exciton. 

Occurrence of EEA faster than the temporal resolution of the streak camera, is manifested in a 
sub-linear scaling behaviour of the initial PL amplitude (Figure 4.5c). In absence of EEA, the PL 
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amplitudes are proportional to the exciton density and, thus, scale linearly as a function of the latter. 
Deviations from this behaviour, therefore, indicate non-radiative loss of excitons due to EEA. The 
temporal resolution in these streak-camera based experiments does not suffice to capture the initial 
dynamics and, hence, does not allow to assign the excitonic properties such as the exciton diffusion 
constant. We will resolve this issue in Chapter 5 by using exciton-exciton interaction 2D (EEI2D) 
spectroscopy providing femtosecond resolution and an unobscured view on the exciton-exciton 
interactions. 

Comparison of the intensity-dependent acceleration of PL of complete nanotubes and isolated 
inner tubes reveals that independently of the chosen spectroscopic observable (PL decay rate and 
amplitude) the response of both systems is virtually identical at all exciton densities. This implies that 
the excitonic properties of the inner tube are robust towards stripping the outer layer and efficient 
(long-range) exciton transport as a crucial factor for the occurrence of EEA is not compromised as 
schematically depicted in Figure 4.5d. 

To model the observed PL dynamics, we use Monte-Carlo (MC) simulations of the exciton 
populations. A more elaborate description including a complete overview of the model and 
parameters will be provided in Chapter 5. In essence, at time zero (marked by the arrival of the laser 
pulse at the sample) excitons are planted on a molecular grid representing the inner and (in the case 
of complete nanotubes) outer tube. The number of planted excitons is set in accordance with the 
experimentally determined exciton density. Thereafter, excitons perform a random walk on the 
molecular grid during which they can decay (non-)radiatively according to their lifetime or undergo 
EEA once two excitons approach closer than a critical distance (the annihilation radius). The PL 
intensity at a given time in the simulation is evaluated as the number of remaining excitons. For 
comparison with experiment the PL transients are convoluted with a Gaussian apparatus function 
(FWHM ≈ 7 ps). The PL decay rates are obtained by applying the same fitting protocol as for the 
experimental data to the thus obtained transients. 

Under these settings, MC simulations satisfactorily reproduce the initial (fast) PL dynamics 
(Figure 4.5a, lower dashed line), but totally fail to capture the PL tails (Figure 4.5b, lower dashed 
line; and SI, Section 4.5.8). The reason for this is that towards the end of the first regime (i.e., around 
~30 ps) the exciton density is already too depleted for further EEA, as most of the excitons have 
either decayed naturally or annihilated. Therefore, we are forced to conclude that the acceleration of 
the PL tail is unlikely caused by EEA. We also eliminated experimentally two other foreseeable 
reasons of acceleration: accumulated photo-bleaching (SI, Section 4.5.9) and temperature dependence 
of the non-radiative decay (SI, Section 4.5.10). 

As a possible scenario to explain the intensity dependent acceleration of the PL tails, we explore 
the formation of light-induced non-radiative trap states (or simply traps). Traps such as chemical 
impurities or morphological dislocations act as quenching sites for excitons (as schematically 
depicted in Figure 4.5d) and, thus, have profound impact on the exciton lifetime51–55. For instance, in 
a recent study it has been shown that light exposure of the complete nanotubes embedded in a sugar 
matrix leads to reversible changes of their optical properties56. Here, we include such possibility by 
allowing molecular grid sites to be converted into traps with probability 𝑃 upon the decay (either 
naturally or due to EEA) of an exciton on that site. Diffusion of another exciton onto a trap then 
causes the immediate death of that exciton. In the MC simulations, the probability 𝑃 evolves 
according to: 
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𝑃(𝑡) = ( )          (4.1) 

Here, 𝑛  is the trap density (i.e., number of traps per number of molecular grid sites) at time 𝑡 and 

𝑛  the saturation trap density. At each time step in the simulation the trap density is evaluated by 
counting all grid sites that are labelled as traps. 

At low trap density, 𝑛 (𝑡) ≪ 𝑛  so that the probability to convert the site to the trap is unity, 

𝑃(𝑡) = 1. At high trap density (𝑛 (𝑡) ≫ 𝑛 ) the probability reduces to naught. Therefore, the 

saturation trap density implies a finite number of the molecular sites which can be converted into 
traps (‘weak links’). The trap formation is reversible in the sense that they fully recover before arrival 
of the next excitation laser pulse (i.e., after ~12 ns), otherwise accumulation effects would have been 
observed, which was not the case (SI, Section 4.5.9 and 4.5.10). The photochemical mechanism 
behind the light-induced trap formation might be, for instance, photo-isomerization of the 
chromophore via a conical intersection57–59. 

In our simulations 𝑛  was the only fitting parameter; all other parameters were fixed according 
to Chapter 5. The resulting transients from MC simulations are shown in Figure 4.4a and b 
superimposed with the experimental data. Setting 𝑛 = 10  yielded the most satisfactory global 
fit of all PL transients (Figure 4.4) and PL decay rates (Figure 4.5a and b) of both isolated inner tubes 
and complete nanotubes despite the simplicity of the model. This value of 𝑛  implies that conversion 
of only one C8S3 molecule out of 10000 into a trap leads to substantial PL quenching, which is 
consistent with high exciton mobilities (Refs. 14,15 and Chapter 5). Note that neglecting the saturation 
of the trap density does not lead to a satisfactory description of the experimental data (upper dashed 
lines in Figure 4.5a and b, and SI, Section 4.5.8). Nevertheless, the origin of the saturation behaviour 
of the number of available light-induced induced traps still remains debatable. 

4.3 Conclusions 

In conclusion, we have successfully transferred flash-dilution technique into a microfluidic setting to 
achieve real-time control over the supramolecular complexity of double-walled molecular nanotubes. 
By combining this approach with measurement of the time-resolved PL of complete nanotubes and 
isolated inner tubes we have shown that the latter retains its optical (excitonic) properties upon flash-
dilution. In other words, the isolated inner tubes feature excitonic properties that are remarkably 
robust against perturbations of the supramolecular structure such as removal of the adjacent nanotube 
layer and exposure of the inner layer to the surrounding. Such excitonic robustness has previously 
been reported upon bundling of several nanotubes into complex superstructures (the so-called 
bundles)35. Here, we have demonstrated similar excitonic robustness for the opposite direction: 
single-walled nanotubes as a simplified component of the more complex double-walled nanotubes. 

Our findings underpin the versatility of the microfluidic approach to manipulate a nanoscale 
system via controlled reduction of its complexity. Working in tandem with ultrafast spectroscopy this 
approach opens up unprecedented opportunities to study exciton dynamics in otherwise overly-
complex self-assembly systems. In Chapter 5, we will follow up on this by interfacing microfluidic 
flash-dilution with exciton-exciton interaction 2D spectroscopy, which will allow us to 
unambiguously assign the excitonic properties of the system and explore its built-in functionalities 
offered by the double-walled structure. 
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4.4 Methods 

4.4.1 Materials and Sample Preparation 

The dye 3,3’-bis(2-sulfopropyl)-5,5’,6,6-tetrachloro-1,1’-dioctylbenzimidacarbocyanine (C8S3, 
M =  903 g mol ) was purchased from FEW Chemicals GmbH (Wolfen, Germany) and used as 
received. C8S3 nanotubes were prepared via the alcoholic route9. The molecules were first dissolved 
in pure methanol (MeOH, Biosolve) to form 2.32 mM stock solutions. Addition of Milli-Q water to 
the methanolic stock solution (1 ml ∶ 0.26 ml) induced aggregation of molecules into double-walled 
nanotubes, which was evident from an immediate color change from orange to pink due to 
hydrophobic solvent interactions. The resulting solution was gently shaken and stored in the dark at 
room temperature. After a variable timespan between 12 and 24 hours the nanotube solution was 
further diluted by addition of 1 ml of Milli-Q water rendering a final dye concentration in the 
nanotube solution of 0.267 mM and MeOH content of 9 wt% (11 vol%). Sample solutions were used 
within three days for experiments to minimize the thermodynamically induced formation of thicker 
bundles; see Chapter 3 and Ref. 35 for more details. 

4.4.2 Steady-State Absorption and Photoluminescence 

Steady-state UV-Vis absorption and PL spectra were measured in 1 mm and 10 mm quartz cuvettes 
(Starna GmbH, Germany) using a PerkinElmer Lambda 900 UV/VIS/NIR spectrometer and a 
PerkinElmer LS50B Luminescence spectrometer (spectral resolution ~85 cm ), respectively. For 
recording the PL spectra, the sample was excited at 𝜆 = 561 nm. Prior to absorption (PL) 
measurements, sample solutions were diluted with Milli-Q water by factor ~3.5 (~400). The latter 
rendered a maximum optical density of the sample of 0.1 − 0.2. 

4.4.3 Microfluidic Flash-Dilution 

Microfluidic flash-dilution was realized by mixing neat nanotube sample solution with a mixture of 
H2O and methanol (1: 1 by volume) in a commercially available tear-drop micromixer (micronit, the 
Netherlands; manufactured from borosilicate glass) at a flowrate ratio of 5: 7. This micromixer is 
specifically designed for efficient mixing of two reagents at low Reynoldsnumbers (Re ≈ 1) by folding 
the flow upon itself multiple times. The parent reagents were supplied by two syringe pumps (New 
Era, model NE-300), which continuously pumped the solutions through the microfluidic channel 
(thickness 150 µm, width 200 µm). In a typical experiment with a total flowrate of 600 µl h  the 
mixing time was estimated as ~12 s assuming a uniform flow-speed profile across the entire cross-
section of the microfluidic channel. 

For time-resolved PL measurements the (flash-diluted) sample solution was relayed to a second, 
thin-bottom flowcell (micronit, the Netherlands; borosilicate glass) with a channel thickness of 50 μm 
and a channel width of 500 μm connected by ~10 cm of tubing (teflon, channel diameter 250 μm). 
This flowcell would also allow conducting spectroscopic experiments in transmission (e.g. 2D 
spectroscopy), which would not possible in the micromixer because of the curved channel profile. 
Both the micromixer and the flowcell were used as received from the manufacturer without any 
additional surface treatment. Blockage of the channel or surface sticking of the sample were not 
observed, as these would have been reflected by a gradual change of the optical density of the sample. 
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For measurements on the complete nanotubes, the diluting agent was replaced by Milli-Q water, 
but operated at the same flow rate as in flash-dilution experiments. Under these conditions the 
maximum optical density of the sample solution was between 0.1 and 0.2 in order to avoid PL 
reabsorption. 

4.4.4 PL Microscopy/Spectroscopy 

For wide-field and focused excitation PL microscopy and spectroscopy the same experimental setup 
as described in Chapter 3 was used except for the objective (NA = 0.26, magnification 10 ×, Melles 
Griot). 

4.4.5 Time-Resolved Photoluminescence 

The exciton-exciton annihilation (EEA) dynamics of complete and inner nanotubes were measured 
by probing the excitation intensity dependence of the spectrally resolved photoluminescence (PL) 
decay. Therefore, a streak camera setup with synchro scan unit (Hamamatsu, model C5680) equipped 
with a spectrograph (spectral resolution ~85 cm ) coupled to an inverted microscope was used; a 
schematic of the setup is shown in the SI, Section 4.5.6. Excitation pulses of the desired wavelength 
were obtained by focusing the output of a Ti:Sapphire oscillator (Coherent Mira, repetition rate 
80 MHz, 150 fs) into a hollow fiber (Newport SCG-800) and subsequently selecting a narrow spectral 
portion of the generated white light with a 550 ± 5 nm bandpass filter. A combination of an 
achromatic 𝜆/2-waveplate (Thorlabs), a polarizer and neutral density filters was used to adjust the 
average power of the excitation light at the sample plane. A longpass dichroic mirror (DM, 
transmission edge at 567 nm) directed the excitation beam towards the microfluidic flow-cell, where 
an objective (Melles Griot, 10 × magnification, NA =  0.26) focused the excitation beam into the 
microfluidic channel. The spatial size of the intensity profile excitation spot amounts to FWHM ≈

3.2 μm; SI, Section 4.5.11. The same objective was used to collect and collimate the PL signal emitted 
by the sample, which then was transmitted by the DM to the backport of the microscope. Residual 
excitation light that leaked through the DM was blocked by a bandpass filter (605 ± 90 nm) and a 
570 nm longpass filter. The PL signal was later corrected for the transmission characteristics of this 
filter arrangement. All experiments were carried out at room temperature unless stated differently. 

4.5 Supplementary Information 

4.5.1 PL Measurements with 530 nm Excitation 

In order to prove that C8S3 monomers do not contribute to the signal measured in PL EEA 
experiments, we shifted the excitation wavelength to 530 nm, where C8S3 nanotubes and monomers 
have an isosbestic point (SI, Section 4.5.2 and Ref. 60). As a result, both species are excited equally 
by the excitation laser. However, due to the experimental arrangement, including dichroic mirrors 
and spectral filters, only the tail of the monomer PL spectrum can be glimpsed at, while the main 
peak around ~540 nm is truncated. Figure 4.6a depicts the PL spectrum of complete C8S3 nanotubes 
with the two peaks for inner (~599 nm, 16690 cm ) and outer tube (~589 nm, 16980 cm ) 
clearly resolved. After flash-dilution, the outer peak feature vanishes and is replaced by a plateau on 
the blue side of the inner tube peak (Figure 4.6b), which can be ascribed to the emission from 
dissolved monomers. 
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Figure 4.6. PL spectra of C8S3 nanotubes (a) before and (b) after microfluidic flash-dilution following excitation at 
530 nm. In panel (a) the peaks belonging to the inner (at ~600 nm) and outer tube (at ~590 nm) can clearly be 
distinguished. In panel (b) the experimental PL spectrum (solid black line) is fitted to the sum of a Lorentzian and a 
Gaussian representing the contributions of isolated inner tubes (shaded red) and monomers (shaded green), respectively. 

If this assignment holds, the PL transients of the isolated inner tubes should accelerate due to EEA, 
whereas the monomer PL transients should remain unaffected. In order to obtain the PL transients, 
the PL decay maps are spectrally integrated across the plateau, i.e., between 560 − 589 nm for 
monomers (Figure 4.7a) and between 595 − 601 nm for isolated inner tubes (Figure 4.7b) for three 
different excitation intensities. The monomer PL transient obtained in a separate experiment is shown 
in comparison (black). 

 

Figure 4.7. Spectrally integrated PL transients for monomers in the plateau region (560 − 580 nm) and for isolated inner 
tubes (595 − 601 nm) at different excitation intensities (blue, red and green). The monomer PL transient from separate 
measurements is shown in both panels for comparison (black). 

The PL transients belonging to the isolated inner tubes clearly accelerate due to EEA. The low 
excitation transient (green) overlaps with the monomer transient (black), because integration of the 
PL signal does not separate the individual contributions from monomers and inner tubes emitting at 
the same wavelength. For the PL transients taken from the plateau, no indications of EEA can be 
found. The slight acceleration at early times is likely again due to spectral overlap of monomer and 
inner tube emission. However, as the PL originating from the isolated inner tubes decays faster than 
from the monomers, the tail (> 250 ps) of the PL transient matches the monomer decay regardless 
of excitation densities, which is in line with EEA measurement on diluted C8S3 monomers (SI, 
Section 4.5.7). 
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4.5.2 Absorption Spectra during Nanotube Recovery 

In this section, we monitor the evolution of the absorption spectra and, thus, recovery of the outer 
tube after flash-dilution. The conditions under which flash-dilution occurs in a microfluidic cuvette 
(in terms of solvent composition, molar concentration, etc.) were replicated in a standard 1 mm quartz 
cuvette (Starna GmbH, Germany). Specifically, 150 µl of neat nanotube solution (prepared as 
described in the main text) were added to 210 µl of diluting agent (1: 1 mixture of MeOH and H2O 
by volume) and vigorously shaken for a few seconds to induce flash-dilution. This resulted in a molar 
concentration of 𝑐 = 1.11 × 10  M of the sample solution. The cuvette was then immediately 
transferred to the absorption spectrometer (PerkinElmer Lambda 900 UV/VIS/NIR) and a sequence 
of absorption spectra was recorded over a total duration of 10 minutes. Thereafter, the cuvette was 
stored for ~20 hours in the dark before another absorption spectrum was recorded. 

 

Figure 4.8. Evolution of the absorption spectra and recovery of the outer tube following flash-dilution (red) in a standard 
cuvette within the first ~9 minutes (gray) and after ~20 hours (blue). The absorption spectra of completely dissolved C8S3 
monomers (dashed black) as well as neat double-walled nanotubes (solid black) are shown for comparison. The molar 
concentration of the sample is 𝑐 = 1.11 × 10  M for all spectra, the thickness of the cuvette is 𝑑 = 0.1 cm. 

The evolution of the absorption spectra of C8S3 nanotube solution following flash-dilution is 
shown in Figure 4.8. In the initial spectrum (red), the peak associated with the outer tube (~589 nm, 
~16980 cm ) is absent, whereas the peak associated with the inner tube (~599 nm, ~16690 cm ) 
as well as the band of excitonic transitions at higher energies (between 550 nm and 575 nm) is 
retained. Simultaneously, a clear increase of the absorption peak of dissolved C8S3 molecules at 
520 nm (~19230 cm ) reveals the fate of the molecules that were formerly constituting the outer 
tube. As time progresses, the outer tube absorption peak gradually recovers, which is accompanied 
by a decrease in monomer absorption. Waiting for additional ~20 hours leads to a further recovery 
of the nanotube spectrum and decrease of monomer spectrum until the equilibrium between the two 
species is established. We note that compared to the initial nanotube solution, the equilibrium point 
between monomers and nanotubes has shifted in favor of the monomers due to the increased MeOH 
content of the sample. Specifically, the final MeOH content amounts to 28 wt% (as compared to 
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11 wt% initially), which is still well below the threshold for complete disintegration of the nanotubes 
at 39 wt% reported by von Berlepsch et al.60 In the same study, the authors have shown that no other 
supramolecular species than nanotubes are formed at different MeOH concentrations of the sample 
solution, as it was evident from a well-defined isosbestic point around ~530 nm; the same is observed 
here. 

The balance between the monomer absorption and the optical density of the inner tube peak allows 
estimating the concentration of molecules that remains embedded in the isolated inner tubes after 
flash-dilution (𝑐 ), i.e., taking into account the ‘loss’ of molecules of the outer tube and the 
complete dissolution of nanotubes. One of the limiting cases is the complete dissolution of nanotubes 
into monomers (molar concentration 𝑐 = 1.11 × 10  M, extinction coefficient 𝜖 = 1.5 ×

10  M  cm ). In that case one would the following optical density for the monomer peak: 

OD = 𝜖 𝑐 𝑑 = 1.66.         (4.2) 

The corresponding absorption spectrum is shown in Figure 4.8 (dashed line). Meanwhile, right after 
flash-dilution a peak optical density of only 1.27 at 520 nm is observed (Figure 4.8, red line). 
Therefore, one can estimate the fraction of dissolved molecules as 

=
.

.
= 77 %,         (4.3) 

i.e., 77 % of the maximum number molecules, which corresponds to a concentration of monomers of 
𝑐 = 8.5 × 10  M. This, in turn, leaves 𝑐 = 2.6 × 10  M as the concentration of molecules 
that remained in the inner tube. 

As an alternative estimate of 𝑐  one can consider the optical density of the inner tube peak at 
~600 nm. In fact, from theoretical models of the nanotubes it is known that ~40 % of the molecules 
reside in the inner tubes, while the remaining ~60 % reside in the outer tube34. In case of perfectly 
selective dissolution of only the outer tube, while leaving all inner tubes entirely intact, one would 
expect a concentration of 𝑐 = 4.44 × 10  M. However, in experiment the OD of the inner tube 
is by factor 3.4 lower than for complete nanotubes indicating that ~70 % of the nanotubes were 
completely dissolved. Hence, one obtains 𝑐 = 1.33 × 10  M, which is in good agreement with 
the value obtained with the first method. The average value of both concentrations is 𝑐 = (1.97 ±

0.64) × 10  M. 

4.5.3 Post-Flash-Dilution Cryo-TEM 

In this section, we investigate the recovery of C8S3 nanotubes following microfluidic flash-dilution 
by imaging their supramolecular structure using cryogenic transmission electron microscopy (cryo-
TEM). Microfluidic flash-dilution was carried out as described in the main text with exception of 
increased flow-rates (i.e., 3.5 ml h  diluting agent : 3 ml h  sample solution) in order to accelerate 
sample collection. During sample collection the PL was monitored to ensure stable dissolution of the 
outer tube. The sample was then transferred to the cryo-TEM sample preparation as fast as possible, 
but due to logistic reasons the time gap between flash-dilution and freezing was limited to ~15 
minutes. 

For the actual freezing of the sample we employed the same protocol as described in Ref. 10. In 
brief, a 3 μl droplet of the sample solution was placed on a hydrophilized copper grid with holey 
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carbon film (quantifoil 3.5/1). After blotting off excess fluid for 5 s the grid was immediately vitrified 
in liquid ethane at its freezing point (−184°C) with a Vitrobot (FEI, Eindhoven, The Netherlands). 
The grids were placed in a cryotransfer holder (Gatan model 626) and transferred into a Philips 
CM120 transmission electron microscope with an LaB6 cathode or a tungsten hairpin cathode 
operated at 120 kV. Micrographs were recorded with an UltraScan 4000 UHS CCD camera (Gatan, 
Pleasanton, CA, USA) using low-dose mode. 

A representative low magnification cryo-TEM micrograph of C8S3 nanotubes after flash-dilution 
is shown in Figure 4.9a. High magnification micrographs for the regions of interest marked in panel 
(a) are shown Figure 4.9b and c. Note that isolated single molecules that are present in the sample 
solution after flash-dilution, cannot be resolved in the background of the cryo-TEM images, as they 
are not giving rise to sufficient phase contrast. 

 

Figure 4.9. (a) Low (10000 ×) and (b, c) high (75000 ×) magnification cryo-TEM micrographs of C8S3 nanotubes ~30 
minutes after microfluidic flash-dilution. Different structures are marked with blue symbols. (d) Cross-sectional profile 
(red) of the nanotube shown in panel (c) with the diameters of the inner and outer tube indicated. The cross-sectional 
profile of nanotubes before flash-dilution is shown for comparison (gray). 
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Concerning the supramolecular motifs present in the sample, we find long nanotubes (length ≫
1 µm, Figure 4.9a) alongside inhomogeneous clusters of short tubular segments (Figure 4.9b, marked 
with ●). In some cases, such tubular segments are attached to the surface of the nanotubes in a random 
fashion (Figure 4.9b, marked with ▼) or wrapped around the nanotube in a helical fashion (Figure 
4.9b, marked with ■; and Figure 4.9c). Short nanotubes of lengths < 1 µm have not been observed. 
It is unlikely that the nanotubes grow significantly in length on a timescale of ~15 minutes after 
flash-dilution, as they are known to self-assemble on a timescale of ~24 hours under normal 
conditions (i.e., ~11 wt% MeOH)34. Here, the MeOH content of the sample solution is ~28 wt%, 
which likely decelerates the nanotube growth, as the equilibrium point between monomers and 
nanotubes is shifted towards the former (SI, Section 4.5.2). Therefore, we conclude that no substantial 
shortening of the nanotubes occurs during flash-dilution. We will return to the issue of possible 
nanotube shortening in SI, Section 4.5.4. 

The cryo-TEM micrographs show that after flash-dilution the dissolved molecules either form 
short tubular segments that tend to cluster together (Figure 4.9b) or re-assemble around the exposed 
inner tubes thereby restoring the outer layer (Figure 4.9c), as it was expected based on the linear 
absorption spectra (SI, Section 4.5.2). The re-assembly of monomers as the outer layer of the 
nanotubes is evident from the characteristic modulation of the integrated cross-sectional contrast 
(Figure 4.9d), where the inner and outer pair of dips corresponds to the inner and outer wall, 
respectively. We extract the cross-sectional contrast by taking images of straight segments of the 
same nanotubes (Figure 4.9c; each about 20 nm in length) and integrate those along the long axis of 
the nanotubes, which yields the integrated contrast profile of this segment. This procedure was 
repeated for 11 separate segments and subsequently averaged to obtain the cross-sectional cut shown 
in Figure 4.9d. The total nanotube length over which the contrast was averaged amounts to 220 nm. 

 In the case of re-assembled nanotubes, the modulation of the cross-sectional profile is clearly 
visible, which proves the partial recovery of the original double-walled structure. This is also evident 
from the recovery of the outer-wall absorption at the timescale of ~10 minutes (Figure 4.8), i.e. 
approximately when the liquid sample was frozen for TEM experiments. The modulation depth of 
the cross-sectional contrast is not as pronounced as for neat nanotubes before flash-dilution (Figure 
4.9d, gray; same data as in Ref. 10, and Chapter 6, Figure 6.2), which leads us to the conclusion that 
the re-assembled nanotubes do feature an increased degree of structural inhomogeneity and disorder. 
This is reflected by the fact that the diameter of the inner tube (4.1 nm) is slightly smaller and the 
outer tube (13.9 nm) slightly larger than for neat nanotubes (5.4 ± 0.1 nm and 13.1 ± 0.1 nm; 
Chapter 6 and Refs. 10,34,61). An estimate of the error margins for the inner and outer tube was 
prevented by the fact that the cross-sectional contrast for each individual segment was too low to 
accurately identify the boundary of the inner and outer tube. Moreover, additional distortions of cross-
sectional profile of the inner tube may arise from the fact it is encased by the outer tube and, thus, 
imaged against the background of the latter. 

We concluded earlier from absorption measurements (SI, Section 4.5.2) that the nanotubes further 
recover and grow on a timescale of ~20 hours. With the cryo-TEM data (Figure 4.9) we could now 
propose that the growth occurs via the slow re-arrangement of clusters of short tubular segments into 
well-defined nanotubes. 
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4.5.4 Post-Flash-Dilution Photoluminescence Microscopy 

In order to ensure that no substantial shortening of the nanotubes occurs upon microfluidic flash-
dilution, we use photoluminescence (PL) microscopy to directly image the nanotubes; a description 
of the setup is given in Chapter 3. For microscopy, nanotubes were immobilized on glass cover 
substrates using a drop-flow technique (as e.g. described in Refs. 14,62). First, microscope glass cover 
slips (22 × 22 mm, thickness ~170 µm) were cleaned by submerging them in a 1: 1: 2 ratio of 
H2O2/NH4OH/H2O solution for 24 hours. Prior to sample deposition the substrates were rinsed with 
pure methanol and dried with compressed air. Next, a droplet (5 − 10 µl) of neat or flash-diluted 
nanotube sample solution was applied to the top edge of the glass cover that was inclined by 30° −

45° relative to the lab bench. The droplet quickly rolled off the inclined glass cover substrate leaving 
a thin film on the surface. In the case of flash-dilution, a droplet of the sample solution was directly 
applied from the output of the microfluidic flow-cell in order to minimize the time gap between 
microfluidic flash-dilution and sample deposition. The samples were kept in a black box for ~1 hour 
for drying, and subsequently transferred to the microscope. 

A direct comparison of wide-field excitation microscopy images recorded before flash-dilution 
(i.e., neat double-walled nanotubes) and directly after microfluidic flash-dilution is shown in Figure 
4.10a and b. The image of neat C8S3 nanotubes shows a dense, fibrous network with nanotube lengths 
ranging from few µm’s up to tens of µm’s; consistent with Chapter 3 and Refs. 14,62. After flash-
dilution, the network is less dense and shows a more pronounced background. The background 
quickly photo-bleaches, which is the reason for the donut shaped intensity pattern in Figure 4.10b, 
where the background in the center has bleached most due to the highest light intensity. We ascribe 
the increased background to single molecules that were dissolved during microfluidic flash-dilution. 
Upon immobilization of the sample on a substrate, these dissolved molecules form a thin, continuous 
film, which bleaches easily under ambient conditions. Taken together with the reduced density of 
nanotubes, this also indicates the complete dissolution of nanotubes upon flash-dilution. 

 

Figure 4.10. Wide-field excitation images of C8S3 nanotubes deposited on a cover glass (a) before and (b) after 
microfluidic flash-dilution. The PL intensity was normalized to the maximum amplitude in the image and is depicted on 
a linear color scale between 0 and 1. 

Comparing the images before and after flash-dilution, no substantial changes of the nanotube 
lengths are found, i.e., in both cases nanotube lengths are on the order of a few µm’s up to tens of 
µm’s). Moreover, the short time gap between flash-dilution and sample deposition does not allow the 
nanotubes to grow (significantly) in length. Therefore, we conclude that flash-dilution does not lead 
to (systematic) shortening of the nanotubes’ lengths. 
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4.5.5 Estimation of the Exciton Density 

The exciton density, i.e., the number of excitons (𝑁 ) normalized by the number of molecules (𝑁 ) 
in the focal volume, was calculated as follows (as for example done in Ref. 44): 

=
  

   

∫ ( )  ( )

∫ ( )
.     (4.4) 

Here, 𝑃 is the average excitation power, 𝑓 is the repetition rate of the laser pulses, ℎ is Planck constant 
and 𝑐  the speed of light. The first bracketed term computes the excitation spot area across which the 
intensity distribution is assumed flat (SI, Section 4.5.11). The second bracketed factor accounts for 
the spectral overlap of the sample absorption spectrum (𝐴(𝜆)) and the excitation laser spectrum 
(𝐼 (𝜆)). The number of molecules per unit area is then calculated in the third bracketed factor as the 
product of the Avogadro constant 𝑁 , the molar concentration of the sample 𝑐 and the thickness 𝑑 of 
the focal volume (as determined by the thickness of the microfluidic channel 50 μm). 𝑈 is a correction 
factor, which rescales the effective number of molecules in flash-dilution experiments, i.e., the 
number of molecules that remain embedded in the inner tubes (SI, Section 4.5.2). The origin of this 
scaling factor is two-fold: first, the outer layer is physically dissolved thereby removing molecules 
from the spectral window that is probed in the experiment. Secondly, flash-dilution also leads to the 
partial dissolution of inner tubes, which manifests itself as an overall reduction of the optical density 
compared to neat nanotube solution. For the combined effect, i.e., flash-dilution and partial 
dissolution, we find 𝑈 = 𝑈  𝑈 = 0.175 by comparing the (effective) molar concentrations before 
and after flash-dilution. In the case of complete nanotubes 𝑈 = 1. The error of the exciton density 
was calculated as the propagation of uncertainty from all experimental inputs. 

4.5.6 Schematic of the Experimental Apparatus for PL EEA Experiments 

 

Figure 4.11. Schematic of the experimental apparatus for time-resolved photoluminescence spectroscopy coupled to an 
inverted microscope (dashed box). The used acronyms are: BS: beam-splitter, DM: dichroic mirror. SCG-800 (Newport): 
photonic crystal fiber for supercontinuum (white light) generation. 
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4.5.7 Control Experiments on Dissolved C8S3 Molecules 

In this section, we verify that the observed acceleration effects of the PL dynamics are correctly 
ascribed to exciton-exciton annihilation (EEA) and do not arise from other non-linear effects of the 
individual molecules. Therefore, we conduct control experiments on diluted C8S3 molecules in the 
same setting as for isolated inner tubes and complete nanotubes. In solution, the individual molecules 
are well separated (average intermolecular distance ~20 nm for the given concentration; vide infra) 
and, thus, non-interacting. This prevents the formation of excitons as collective excited states and 
ultimately also prevents exciton-exciton annihilation. 

 

Figure 4.12. (a) Normalized absorption (black) and PL (gray) spectra (after excitation at 500 nm) of C8S3 monomers 
dissolved in MeOH. The laser excitation spectrum at 530 nm used for time-resolved PL measurements is shown in 
comparison (green). Shaded region: Detection interval accessible in streak camera measurements due the use of a dichroic 
mirror and additional spectral filters that block the excitation light. (b) Representative spectrally resolved PL decay map 
(with time on the vertical and wavelength on the horizontal axis) of C8S3-Cl monomers in MeOH recorded for the highest 
excitation intensity in experiment resulting in 1 excitation per ~60 molecules (black dots). The PL amplitude was 
normalized to maximum value is depicted on a logarithmic color scale between 0.01 and 1. (c) Spectrally integrated PL 
transients of C8S3 monomers dissolved in MeOH at excitation densities of 1 excitation per ~6000 molecules (black 
dots), ~600 molecules (red dots) and ~60 molecules (blue dots); SI, Section 4.5.5. Fits of the experimental data with a 
convolution of an exponential decay and a Gaussian function (representative for the instrument response function) are 
shown as solid lines in the corresponding colors. 
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For the experiments, the same setup as described in the methods section of the main text was used 
(Figure 4.11). Here, the tear-drop mixing flow-cell was used to mix concentrated C8S3 stock solution 
(molar concentration 𝑐 =  1.75 × 10  M) with pure methanol (MeOH) at a 1: 9 ratio rendering a 
final dye concentration of 𝑐 = 1.75 × 10  M. In comparison, the molar concentration of regular 
sample solution after flash-dilution is 𝑐 = 1.11 × 10  M. Taken together with the extinction 
coefficient of C8S3-Cl in MeOH (ϵ = 1.5 × 10  cm  mol ) and a channel thickness of 50 μm this 
gives rise to a maximum optical density on the order to ~0.1. The excitation wavelength was chosen 
as 530 nm (Figure 4.12a; green). Due to the dichroic mirror in the experimental setup, the monomer 
PL spectrum was truncated at ~565 nm and only the tail could be analyzed (Figure 4.12b). The 
integrated PL transients of dissolved C8S3 molecules at different excitation powers are shown in 
Figure 4.12c. 

Figure 4.12c shows that the PL decay rate of dissolved C8S3 molecules remains unchanged across 
the entire range of optical excitation powers proving that no exciton-exciton annihilation occurs. 
Fitting the transient to a convolution of an exponential decay and a Gaussian function (as an 
approximation of the instrument response function) yields PL lifetimes of 97 ± 21 ps (low intensity), 
116 ± 14 ps (medium intensity), and 115 ± 7 ps (high intensity). The error margins refer to the 
standard deviation of the respective fit. For all three measurements combined, one finds an average 
PL lifetime of 109 ± 6 ps, where the error margin is the standard error of the mean. 

4.5.8 Monte-Carlo Simulations with only EEA 

Figure 4.13 shows the PL transients for complete nanotubes and isolated inner tubes obtained from 
MC simulations (solid lines), for which either the formation of traps was neglected, i.e., excitons 
could only decay naturally or undergo EEA (Figure 4.13a) or the saturation trap density (𝑛 ) was 
neglected (Figure 4.13b). A complete list of the parameters for MC simulations will be given in 
Chapter 5. 

 

Figure 4.13. Logarithmic plots of the experimental PL transients (dots) for complete nanotubes and isolated inner tubes 
recorded at different exciton densities (increasing from top to bottom); the experimental data are identical to Figure 4.4 
in the main text. Results from MC simulations are shown as solid lines in the respective color for (a) simulations of the 
exciton dynamics including EEA, but excluding the formation of traps and (b) including both EEA and the formation of 
traps, but neglecting the saturation trap density (𝑛 ). 
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Figure 4.13a, the simulated transients show good agreement with the experimental data in the first 
regime, i.e., the initial 30 ps of the PL decay that are governed by EEA. During that time most of the 
excitons have either already undergone EEA or decayed naturally so that the total number of excitons 
is strongly depleted, which inhibits further EEA. Consequently, the simulated PL signal decays with 
the intrinsic (non-)radiative lifetime at longer times, which strongly overestimates the PL amplitude 
in the tail observed in experiment. 

Figure 4.13b shows the simulated PL transients, where excitons formed traps upon decay (either 
naturally or via EEA), but the saturation trap density (𝑛 ) was neglected. At low exciton densities 
the simulations agree well with the experimental data (dots), whereas at high exciton densities the 
trap induced acceleration of the PL decay strongly overestimates the experimentally observed trends; 
this is also reflected in the PL decay rates in Figure 4.5a and b in the main text. Therefore, in order to 
globally fit all transients (complete nanotubes as well as isolated inner tubes) we had to include the 
saturation trap density in the MC simulations. 

4.5.9 EEA PL Dynamics at Different Flow Velocities 

In this section, we investigate whether photo-induced effects such as (accumulated) bleaching of the 
nanotubes or other detrimental effects play a role for the observed PL dynamics. Due to the high 
repetition rate of the laser (80 MHz) and the relatively low flow speed in the microfluidic cuvette 
(~6 mm s ), one may suspect that the exposure of the same sample in the focal volume to a large 
number of laser pulses leads to accumulation effects such as a progressing degradation of the 
nanotubes or a rising temperature. In order to rule any accumulation effects out, we have performed 
the same experiments using a conventional flow cuvette (Hellma, optical pathlength 50 μm) and a 
peristaltic pump (Masterflex) that is able to provide higher flow speeds and compared the results to 
the case of microfluidics. Based on the flow velocities we estimate the average number of pulses the 
nanotubes are exposed to in the focal volume during a typical measurement before being refreshed 
with new sample solution. This is summarized in Table 4.1. 

Table 4.1. Estimate of the average number of laser pulses that nanotubes in the focal volume are 
exposed to during a typical measurement. 

 Symbol Microfluidics 
Conventional flow 

cuvette 

Flow rate 𝐹 
600 μl h  

1.67 × 10  ml s  
0.167 mm  s  

− 
0.64 ml s  

640 mm  s  
Channel cross 
section 

𝐴 0.025 mm  0.45 mm  

Flow velocity 𝑣  ~6.7 mm s  ~1422 mm s  

Laser repetition 
rate 

𝑓  80 MHz = 8 × 10 s  

Focal volume 
diameter 

𝑑  3.2 μm = 3.2 × 10  mm 

Avg. number 
laser pulses 

𝑁  ~40000 ~200 

Ratio 𝑅 
40000

200
≈ 200 
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We find that in microfluidic experiments the same focal volume accumulates ~40000 pulses, 
whereas for circulative pumping this number is significantly reduced down to ~200 pulses. Despite 
this lower number of accumulated pulses, the transients are found identical (Figure 4.14), which 
implies that accumulation effects do not play a role. In other words, the observed acceleration of the 
PL dynamics is caused by each pulse (or a very small number of pulses) and not a measurement 
related artefact due to exposure to a large number of laser pulses. 

 

Figure 4.14. Normalized PL transients from EEA PL experiments employing a conventional flow cuvette (black, red, 
blue) and a microfluidic flowcell (green) at high and low exciton densities of 1 exciton per ~110 and ~5 × 10  
molecules, respectively. 

The small difference between the PL transients from microfluidics experiments (Figure 4.14; 
green) and circulative pumping (Figure 4.14; black, red, and blue) at high exciton densities may arise 
from a mismatch of the exciton density in the two experiments. Using a conventional flow cuvette 
instead of a microfluidic flow-cell may have slightly affected the focusing conditions of the excitation 
light into the cuvette. In the EEA regime, already small changes of the spot size have profound impact 
on the exciton density and, thus, on the observed acceleration of the PL dynamics. At low exciton 
densities, this is not an issue, as the PL transients are solely determined by the (non-)radiative 
lifetimes. Small deviations in the exciton density do not immediately lead to an acceleration of the 
PL decay. 

4.5.10 PL Dynamics at Different Temperatures 

In this section, we investigate possible effects of an increased temperature on the PL lifetime of 
complete C8S3 nanotubes. The relevance of this is that the excess energy released by exciton-exciton 
annihilation (locally) heats up the sample before it is dissipated into the bulk solvent. This local raise 
in temperature (considered in detail in Chapter 5) may affect the observed PL dynamics. 

Temperature control of the sample solution (molar concentration 𝑐 ≈ 3.34 × 10  M) was 
realized in a standard 10 mm quartz cuvette (Starna, Germany) from which the PL signal was 
collected in a 90° geometry (with respect to the excitation beam); a photograph of the experimental 
arrangement is shown in Figure 4.15a. The sample solution was heated by using two resistors in 
thermal contact with the exterior of the cuvette. During the experiment, the sample was continuously 
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stirred using a magnetic stirring bar and its temperature was monitored by a thermocouple. The 
excitation light (𝜆 = 550 nm) was focused by a 𝑓 = 7 cm lense. Using neutral density filters the 
average excitation power was set to 600nW or 30μW. 

 

Figure 4.15. (a) Photograph of the experimental setup for temperature dependent time-resolved PL measurements with 
all essential elements labelled. The directions of the excitation beam (green) and the PL signal (magenta) are shown with 
colored arrows. (b, c) Integrated PL transients of C8S3 nanotubes at room temperature (295 K, black line) and higher 
temperature (~310 K, red line) recorded under (b) low excitation intensity and (c) high excitation intensity. 

Figure 4.15b and c show PL transients of complete nanotubes recorded at room temperature 
(295 K, 22°C; black) and at an increased temperature (~310 K, ~37°C; red) at low and high 
excitation intensities, respectively. In both cases, the PL transients at the two different temperatures 
are identical. Hence, the PL decay is insensitive to (mild) changes of the temperature, which therefore 
do not have to be considered in explaining the observed changes of the PL dynamics. Under the 
focusing conditions in these experiments the exciton-exciton annihilation regime cannot be reached 
at the given excitation intensities. 

4.5.11 Excitation Spot Size in EEA PL Experiments 

In this section, we determine intensity distribution of the excitation spot in EEA PL experiments using 
two methods: (i) via direct imaging of the excitation spot and (ii) by scanning a photoluminescent 
nanobead through the excitation spot and recording a sequence of images. 

For direct imaging, the excitation light was focused onto a spin-coated, thin film (thickness 
~600 nm) of diluted sulforhodamine 101 (SR101) dye embedded in a PMMA matrix by an NA =

0.26 objective (Melles Griot, 10 × magnification). The PL was collected by the same objective and 
imaged with a CCD camera (Photometric Coolsnap HQ2) and an image magnifier (1.6 ×). The thus 
obtained image of the excitation spot is shown in Figure 4.16a. 
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Figure 4.16. (a) Image of the excitation spot. (b) Two-dimensional Gaussian fit of the excitation spot. In both panels the 
PL intensity was normalized to the maximum amplitude in the image and is depicted on a linear color scale between 0 
and 1. 

In order to extract the size of excitation spot the measured intensity pattern is fitted to a two-
dimensional Gaussian function (Figure 4.16b). Therefore, the coordinate frame is transformed so that 
the 𝑥 and 𝑦-coordinates in the image are parallel to the long (major) and short (minor) axis of the 
Gaussian function. Fitting then yields FWHM = 3.00 ± 0.04 µm and FWHM = 3.43 ±

0.04 µm, where error margins refer to the standard deviation of the fit. From these values the effective 

FWHM of the excitation spot can be determined as FWHM = √3.0 × 3.4 μm = 3.21 ± 0.03 μm. 

As a second way to measure the size of the excitation spot we used a photoluminescent nanobead 
(Ø =  40 nm), which allows to accurately sample the intensity distribution of the excitation spot due 
to its small size. In experiment, the nanobead was moved through the excitation spot in steps of 
~0.36 μm using piezo-stage and an image was recorded at each step. Integration of the PL intensity 
for each image and plotting it as a function of the position of the nanobead then results in a linescan 
of the intensity distribution of the excitation spot (Figure 4.17, dots). Fitting the experimental data to 
a Gaussian function (Figure 4.17, black line) yields FWHM = 2.8 ± 0.5 μm, which confirms the 
results from direct imaging of the excitation spot. 

 

Figure 4.17. Linescan of a photoluminescent nanobead through the excitation spot for EEA PL experiments. The 
integrated PL intensity is shown as open dots (gray) and the corresponding Gaussian fit with a FWHM width of 2.8 ±

0.5 μm as a solid black line. 
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Chapter 5  
 

Interplay between Structural Hierarchy 
and Exciton Diffusion in Artificial Light 

Harvesting 

 

 

 

Unravelling the nature of energy transport in multi-chromophoric photosynthetic complexes is 
essential to extract valuable design blueprints for light-harvesting applications. Long-range exciton 
transport in such systems is facilitated by a combination of delocalized excitation wavefunctions 
(excitons) and exciton diffusion. The unambiguous identification of the exciton transport is 
intrinsically challenging due to the system’s sheer complexity. Here we address this challenge by 
employing a spectroscopic lab-on-a-chip approach: Ultrafast coherent two-dimensional spectroscopy 
and microfluidics working in tandem with theoretical modelling. We show that at low excitation 
fluences, the outer layer acts as an exciton antenna supplying excitons to the inner tube, while under 
high excitation fluences the former converts its functionality into an exciton annihilator which 
depletes the exciton population prior to any exciton transfer. Our findings shed light on the excitonic 
trajectories across different sub-units of a multi-layered artificial light-harvesting complex and 
underpin their great potential for directional excitation energy transport. 

  

This Chapter is based on the following publication: 
Björn Kriete, Julian Lüttig, Tenzin Kunsel, Pavel Malý, Thomas L. C. Jansen, Jasper Knoester, 
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5.1 Introduction 

Many natural photosynthetic complexes utilize light-harvesting antenna systems that enable them to 
perform photosynthesis under extreme low light conditions only possible due to remarkably efficient 
energy transfer1. The success of natural systems, such as the multi-walled tubular chlorosomes of 
green sulfur bacteria, relies on the tight packing of thousands of strongly coupled molecules2. This 
arrangement facilitates the formation of collective, highly delocalized excited states (Frenkel 
excitons) upon light absorption as well as remarkably high exciton diffusivities3. Understanding the 
origin of the delocalized states and tracking energy transport throughout the entire complex 
hierarchical structures of multi-chromophoric systems – from the individual molecules, over 
individual sub-units all the way up to the complete multi-layered assembly – is vital to unravel 
nature’s highly successful design principles. 

In reality, however, natural systems are notoriously challenging to work with as they suffer from 
sample degradation once extracted from their stabilizing environment and feature inherently 
heterogeneous structures4,5, which disguises relations between supramolecular morphology and 
excitonic properties. In this context, a class of multi-layered, supramolecular nanotubes holds promise 
as artificial light-harvesting systems owing to their intriguing optical properties and structural 
homogeneity paired with self-assembly capabilities and robustness6–8. Previous studies have 
demonstrated the potential of these systems as quasi-one-dimensional long-range energy transport 
wires9–13, where the dependence of the transport properties on the hierarchical order as well as 
dimensionality of the respective system is a re-occurring topic of great interest14–16. Nevertheless, 
even in these simpler structures the delicate interplay between individual sub-units of the 
supramolecular assembly hampers the unambiguous retrieval of exciton transport dynamics. 

Recent studies have focused on reducing the complexity of multi-layered, supramolecular 
nanotubes and thereby essentially uncoupling individual hierarchical units, i.e., the inner and outer 
layer of the assembly by oxidation chemistry7,8,17,18. In addition, Eisele et al. have demonstrated flash-
dilution as an elegant tool to selectively dissolve the outer layer to obtain an unobscured view on the 
isolated inner layer7,14. Nevertheless, the rapid recovery of the initial nanotube structure within a few 
seconds impedes studies more elaborate than simple absorption – for instance, time-resolved 
spectroscopy – to probe exciton dynamics. A strategy that is capable to alleviate these limitations 
relies on microfluidics19, which in recent years has successfully been implemented to manipulate 
chemical reactions in real time20 or to steer self-assembly dynamics21,22. In particular, combinations 
of microfluidics and spectroscopy including steady-state absorption23, time-resolved 
spectroscopy24,25, and coherent two-dimensional (2D) infrared spectroscopy26 have received 
considerable attention. In this framework, microfluidics bridges the gap between controlled 
modifications of the sample on timescales of microseconds to minutes with ultrafast processes on 
timescales down to femtoseconds. 

In parallel with these developments, electronic 2D spectroscopy has evolved to a state-of-the-art 
tool for investigation of exciton dynamics in multi-chromophoric and other complex systems with 
significant inputs from both theory27–32 and experiment33–41. Recently, a fifth-order 2D spectroscopic 
technique has been demonstrated to be capable of resolving exciton transport properties by directly 
probing mutual exciton–exciton interactions (hereafter denoted as EEI)42. 
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In this Chapter, we identify the dynamics of excitons residing on different subunits of a multi-
walled artificial light-harvesting complex. Disentangling the otherwise complex response is made 
possible by successfully interfacing EEI2D spectroscopy with a microfluidic platform, which 
provides spectroscopic access to the simplified single-walled nanotubes. We show that experimental 
EEI2D spectra, together with extensive theoretical modelling, provide an unobscured view on exciton 
trajectories throughout the complex supramolecular assembly and allows to obtain a unified picture 
of the exciton dynamics. 

5.2 Results and Discussion 

We investigate double-walled C8S3-based nanotubes (chemical structure shown in Figure 5.1a) 
whose linear absorption spectrum (Figure 5.1b, black solid line) comprises two distinct peaks that 
have been previously assigned to the outer (589 nm, 𝜔  ~ 17000 cm ) and inner layer 
(599 nm, 𝜔  ~ 16700 cm ) of the assembly7,17. The spectral red-shift of 
~80 nm (~2400 cm ) and a tenfold spectral narrowing relative to the monomer absorption is 
typical for J-aggregation6. The magnitude of these effects evidences strong intermolecular couplings, 
which are essential for the formation of delocalized excited states. A number of weaker transitions at 
the blue flank of the nanotube spectrum were previously ascribed to the complex molecular packing 
into helical strands43 with two molecules per unit cell7. It has previously been shown that the two 
main transitions as well as one of the weaker transitions at ~571 nm (~17500 cm ) are polarized 
parallel, while all remaining transitions are polarized orthogonal to the nanotube’s long axis17. The 
nanotubes preferentially align along the flow in the sample cuvette due to their large aspect ratio 
(outer diameter ~13 nm, length several µm’s). As a result, the laser pulses polarized along the flow 
selectively excite transitions that are polarized parallel to the long axis of the nanotube, i.e., 
predominantly the two main transitions. 

Controlled destruction of the outer layer (Figure 5.1c) was achieved in a microfluidic flow-cell 
(Figure 5.2a) by mixing nanotube solution with a diluting agent (1: 1 mixture by volume of H2O and 
methanol). Continuous dissolution is evident from the absence of the outer tube absorption peak, 
while the peak associated with the inner tube is retained (Figure 5.1b, gray line), which corroborates 
the 1-to-1 assignment of these peaks to the inner and outer tube. Simultaneously, a new absorption 
peak around 520 nm (~19200 cm ) indicates an increase in monomer concentration that formerly 
constituted the outer layer. We use this peak to estimate the concentration of molecules that remains 
embedded in the inner tubes upon flash-dilution (SI, Section 5.5.1). 
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Figure 5.1. Investigated system and absorption spectra before and after flash-dilution. (a) Molecular structure of the C8S3 
molecule with the chromophore and functional side-groups highlighted in light blue and dark gray, respectively. (b) Linear 
absorption spectra of neat nanotubes (black solid line), isolated inner tubes (gray solid line), and dissolved monomers 
(black dashed line) in methanol. The laser excitation spectrum (orange) is shown for comparison. Arrows indicate 
spectroscopic changes upon flash-dilution. (c) Schematic representation of the flash-dilution process that selectively strips 
the outer tube, while leaving a sufficient share of the inner tubes intact. The decreased amplitude of the peak at ~600 nm 
indicates partial dissolution of inner tubes. The dissolved monomers contribute to a broad absorption band around 
~520 nm, which is not covered by the excitation spectrum and, thus, has no consequences for ultrafast spectroscopy (SI, 
Section 5.5.2). 

A set of representative 2D spectra obtained for complete nanotubes and isolated inner tubes at 
different waiting times 𝑇 and the excitation axis expanded to more than twice the fundamental 
frequency 2𝜔, are shown in Figure 5.2b and c. We will refer to the 𝜔 and 2𝜔 regions as absorptive 
2D and EEI2D spectra, respectively. It has previously been shown that the 2𝜔 region is dominated 
by signals that encode exciton–exciton interactions, e.g., exciton–exciton annihilation (EEA)42,44. 
Hence, the structure and dynamics of the EEI2D spectra allow tracing the annihilation of two excitons 
with their trajectories encoded in the amplitude and spectral position of the respective peak as 
functions of the waiting time 𝑇. 

For complete nanotubes, the absorptive 2D spectra at early waiting times are characterized by two 
pairs of negative ground-state bleach/stimulated emission (GSB/SE) and positive excited-state 
absorption (ESA) diagonal peaks with the low- and high-energy pair associated with the inner tube 
and outer tube, respectively (Figure 5.2b). For later waiting times, a cross peak clearly emerges below 
the diagonal, for which again GSB/SE and ESA features can be identified; these data are in line with 
previous publications14,45. A cross peak above the diagonal can also be identified; however, it has a 
low amplitude because of thermally activated (∆𝐸 ≈ 300 cm ) energy transfer from the inner to the 
outer tube and its partial spectral overlap with ESA of the inner tube. The EEI2D spectra essentially 
mirror the absorptive 2D spectra evidencing intensive exciton–exciton interactions on each individual 
tube (diagonal peaks) as well as between the tubes (cross peaks). 
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Figure 5.2. Absorptive and EEI 2D spectra recorded before and after microfluidic flash-dilution. (a) A photograph of the 
cuvette for microfluidic flash-dilution via mixing of neat nanotube solution and a diluting agent (1: 1 mixture by volume 
of H2O and methanol). Arrows indicate the flow direction of the solvents. (b) and (c) Representative absorptive 2D and 
EEI2D spectra at selected waiting times measured for complete (panel b; shaded gray) and isolated inner tubes (panel c; 
shaded red). The spectra were normalized to the maximum absolute amplitude at 0 fs waiting time. The signal amplitude 
is depicted on a color scale ranging from −1 to +1, with increments at 0.83, 0.57, 0.4, 0.27, 0.19, 0.13, 0.08, 0.05, 
0.03, and 0.01 to ensure visibility of all peaks at all waiting times. Contour lines are drawn as specified in the color bar 
except for the lower signal levels for isolated inner tubes. Negative and positive features in the absorptive 2D spectra refer 
to ground-state bleach/stimulated emission (GSB/SE) and excited-state absorption (ESA) signals, respectively. In the 
EEI2D spectra the signal signs are opposite, which is caused by the two additionally required interactions with the incident 
light fields and the associated factor of 𝑖 = −1 within the perturbation expansion27,42,45. The direct comparability of the 
absorptive and EEI signals is ensured, because both signals are recorded under identical conditions, as they are emitted 
in the same phase-matched direction and captured simultaneously. Diagonal lines (dashed) are drawn at 𝜔  =

 𝜔  and 𝜔  =  2𝜔  for absorptive 2D and EEI2D spectra, respectively. White and black rectangles 
depict the regions of interest in which the signal was integrated to obtain the transients (Table 5.2 in the SI). The exciton 
density corresponds to one exciton per ~20 and ~60 individual molecules for isolated inner tubes and complete 
nanotubes, respectively. Additional 2D spectra for low exciton densities are presented in Figure 5.10 and Figure 5.11 in 
the SI. 

Upon microfluidic flash-dilution of the outer wall, the 2D spectra simplify to a single pair of 
GSB/SE and ESA peaks originating from the isolated inner tubes at an excitation frequency of 
~16700 cm  (Figure 5.2b). Expectedly, neither a diagonal peak showing the presence of the outer 
tube nor a cross peak indicating inter-layer exciton transfer is detected. The absence of the outer tube 
spectrally isolates weak cross peaks at a detection frequency of ~16700 cm  and excitation 
frequencies of ~17500 cm  and ~35000 cm  in the absorptive 2D and EEI2D spectra, 
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respectively. These peaks are linked to the blue-shifted transition in the nanotube absorption (Figure 
5.1b) and are not relevant for the further analysis due to their small amplitude (SI, Section 5.5.6). 

In the further analysis, we will focus on the GSB/SE components of the absorptive and EEI signals 
corresponding to the diagonal outer tube, diagonal inner tube and their low-frequency cross peak, 
from which we extract the amplitudes as a function of the waiting time for all measured exciton 
densities by integrating the signal in the rectangles (250 cm  along the excitation and 100 cm  
along the detection axis; depicted in Figure 5.2b; Table 5.2 in the SI). The GSB/SE signals contain 
information on the creation of excitons residing on different, spatially separated domains followed by 
EEA due to exciton diffusion. 

We begin our analysis with the isolated inner nanotubes (Figure 5.3a). Increasing the exciton 
density leads to a progressively growing amplitude of the absorptive signal at early waiting times 
with the onset of saturation at the highest exciton density of 1 exciton per ~20 molecules (Figure 
5.3a, upper panel). Furthermore, the transients decay faster at longer waiting times which is a typical 
fingerprint for EEA encoded in the EEI signal. 

 

Figure 5.3. Absorptive and EEI transients of isolated inner tubes. (a) Log-log plot of the absorptive (upper panel, solid 
squares) and EEI (lower panel, open squares) GSB/SE transients for isolated inner tubes for different exciton densities. 
The transients were obtained by integrating the signal in the rectangular regions of interest shown in Figure 5.2c; the 
panels are drawn with the same scaling to emphasize their direct comparability, which is one of the constraints in the 
Monte-Carlo simulations (vide infra). The sign of the EEI responses was inverted for the ease of comparison. The error 
bars refer to the detection noise level in the experiment (SI, Section 5.5.3). The solid lines depict the results from Monte-
Carlo simulations of the exciton dynamics on isolated inner tubes. The amplitude (vertical) scaling between experimental 
and simulated data is preserved, i.e., for each signal (absorptive and EEI) a single scaling factor was used for all simulated 
transients. (b) Energy level diagram of the isolated inner nanotubes with the electronic ground state (|𝑔〉) and the one- 
(|𝑖〉) and bi-exciton (|𝑖𝑖〉) states (𝑖 stands for the 𝑖nner tube). Optical transitions are marked by vertical black arrows with 
the corresponding frequency 𝜔 . The blue-shifted one- to two-exciton transition within the same excited domain (|𝑖𝑖’〉, 
dashed gray arrow; Refs. 46,47) is shown for comparison. Bold arrow: annihilation channel from the bi-excitonic state. (c) 
Representative set of rephasing double-sided Feynman diagrams, which contribute to the absorptive (𝜔 → 𝜔 ; 
upper panel) and EEI (2𝜔 → 𝜔 ; bottom panel) diagonal peaks of isolated inner tubes. In the diagrams time flows 
from the bottom to the top during which the interactions with the laser pulses are indicated by arrows. The dashed line 
indicates propagation during the waiting time T. The double interaction with each of the two pump pulses can create a 
population of the ground state, a one-exciton state or a bi-exciton state, which are subsequently probed by GSB (|𝑔〉  →

 |𝑗〉), SE (|𝑖〉  →  |𝑔〉 or |𝑖𝑖〉  →  |𝑖〉) or ESA (|𝑖〉  →  |𝑖𝑖〉 or |𝑖〉  →  |𝑖𝑖’〉). The process of exciton–exciton annihilation (EEA) 
is shaded in orange. 
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In order to dissect the contributions to the EEI signal, we describe the isolated inner tubes as a 
three-level system (Figure 5.3b and c). The detection frequency selection allows to distinguish 
between the bi-exciton state of two separate singly-excited domains (𝜔 ) and the one- to two-
exciton transition within the same excited domain (𝜔 + Δ)46,47. For J-aggregates, the latter occurs 
blue-shifted relative to the ground-state to one-exciton transition (Δ > 0) as a consequence of Pauli 
repulsion between excitons48, as two excitations cannot reside on the same molecule. This effective 
repulsion between Frenkel excitons dominates Coulomb interactions between them if the difference 
in the permanent dipole between the ground and excited states considered is zero. EEA opens a 
relaxation channel between the |𝑖𝑖〉 and |𝑖〉 states27,30,31,42. Next to the re-appearance of the otherwise 
mutually annulled Feynman diagrams, this leads to new diagrams as shown in Figure 5.3c, which in 
turn results in the emergence of the EEI signal (Figure 5.3a). The complete set of the relevant 
Feynman diagrams for the inner diagonal peak is provided in the SI, Section 5.5.7. 

At low exciton densities the EEI signal is barely detectable at the noise background (Figure 5.3a, 
black squares), while higher exciton densities lead to the rapid emergence of the EEI signal. For sparse 
exciton populations a delayed formation of the maximum annihilation signal is glimpsed at a waiting 
time of ~8 ps (Figure 5.3a, red squares), because excitons must diffuse towards each other prior to 
annihilation. This maximum is gradually shifting towards earlier waiting times for higher exciton 
densities, as a shorter and shorter period is required before individual excitons meet and annihilate. 
For the highest exciton density, the maximum EEI signal occurs at essentially zero waiting time, as 
excitons annihilate with virtually no time to diffuse. These features qualitatively agree with 
predictions of analytical models for diffusion-assisted bi-excitonic annihilation in one and two 
dimensions42,49–51. However, the quantitative description is prevented by the fact that the isolated 
inner tubes fall in neither category, as the underlying molecular structure shows characteristics of 
both: helical molecular strands (1D) mapped onto the surface of a cylinder (2D). 

We analyze the experimental data using Monte-Carlo (MC) simulations, where we describe the 
exciton dynamics in a combined framework of diffusive exciton hopping and exciton–exciton 
interactions42,52–54; see Methods section and SI, Section 5.5.8. For comparison with experiment, we 
obtain the amplitude of the absorptive signal by counting the total number of excitons at time 𝑇 in the 
MC simulations, whereas for the EEI signal only excitons that have participated in at least one 
annihilation event are calculated (SI, Section 5.5.8.2). The latter occurs if two excitons approach each 
other closer than the annihilation radius, which we define as the cut-off distance for exciton–exciton 
interactions (SI, Section 5.5.8.3). We find excellent agreement of the experimental data (Figure 5.3a, 
squares) and the simulated curves (Figure 5.3a, solid lines) by global adjustment of only two 
parameters: the exciton diffusion of 𝐷  ~ 5.5 nm  ps  (equivalent to 10 molecules ps  given the 
molecular grid in the MC simulations) and the exciton annihilation radius of 3 molecules; an overview 
of all parameters is given in the Methods section. The 2D diffusion constant was obtained via the 
mean square exciton displacement (〈𝑥 〉  = 4𝐷 𝜏; SI, Section 5.5.8.4) in the annihilation-free case. 
Our simulations also revealed that pure two-excitonic annihilation, where each exciton can only 
participate in a single annihilation event, is not appropriate to describe the data set in its entirety. 
Instead, we find that already the lowest experimental exciton density requires a multi-exciton 
description, where according to our MC simulations ~30 % of the excitons are involved in at least 
two annihilation events (SI, Section 5.5.8.5). Evidence for these processes is encoded in even higher-
order (i.e., at least seventh-order) 2D spectra, which have indeed been observed experimentally (SI, 
Section 5.5.9). 
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Now we are in position to elucidate the changes of the exciton dynamics induced by the presence 
of the outer layer, which involve both intra- and inter-tube exciton interactions. In analogy with the 
isolated inner tubes, the diagonal peaks in the EEI2D spectra for the inner and outer tube reveal 
annihilation of excitons that were initially planted on the same layer (Figure 5.4). The salient 
differences of the dynamics of the complete nanotubes compared to the isolated inner tubes arise from 
the inter-tube exciton transfer (ET), which is evident from the mere existence of the cross peaks in 
the absorptive and EEI2D spectra (Figure 5.2b). These peaks reveal coupling of the individual layers, 
which leads to an inter-layer exchange of excitons on a sub-ps timescale. Hence, the additional 
information on specific exciton trajectories including inter-layer ET and EEA is encoded in the 
absorptive and EEI cross peaks, whose maxima are found to gradually shift to earlier waiting times 
for increasing exciton densities (Figure 5.5a), while their amplitudes saturate for the highest exciton 
density similarly to the trend found for the inner tubes. 

 

Figure 5.4. Absorptive and EEI transients of both layers of complete nanotubes. Log-log plots of the absorptive (upper 
panels, solid circles) and EEI (lower panels, open circles) GSB/SE transients for (a) outer and (b) inner tube diagonal 
peaks at different exciton densities. The transients were obtained by integrating the signal in the rectangular regions of 
interest shown in Figure 5.2b. The panels are drawn with the same scaling to emphasize their direct comparability, as 
both are derived from the same signal. The error bars refer to the detection noise level in the experiment (SI, Section 
5.5.3). The solid lines depict the results from Monte-Carlo simulations of the exciton dynamics on isolated inner tubes. 
The amplitude (vertical) scaling between experimental and simulated data is preserved, i.e., for each signal (absorptive 
and EEI) a single scaling factor was used for all simulated transients. The sign of the EEI responses was inverted for the 
ease of comparison. Deceleration of the transient dynamics at 𝑇 > 2 ps for the highest exciton density (1 exciton per ~20 
molecules) is caused by transient heating of the nanotubes and a few surrounding water layers as a result of the energy 
released by exciton annihilation events (SI, Section 5.5.10). 

Dissecting the individual contributions to the EEI cross peak is crucial to unravel the effect of the 
multi-layered structure for the observed exciton dynamics, yet intrinsically challenging due to the 
wealth of possible exciton trajectories. Therefore, we limit our analysis to the EEI cross peak linking 
the creation of two excitons on the outer layer with the detection of a single exciton on the inner layer, 
i.e., 2𝜔 → 𝜔  (see SI, Section 5.5.7 for the corresponding Feynman diagrams). We consider 
this process dominant for two reasons: first, the total (initial) number of excitons on the outer tube is 
significantly larger as its absorption cross-section is a factor of ~2 higher than for the inner tubes 
and, second, at early waiting times the majority of ET events occurs from the outer to the inner tube 
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(i.e., downhill in energy). We extend the three-level system of the isolated inner tubes by also 
including the one- and bi-excitonic states of the outer tube as |𝑜〉 and |𝑜𝑜〉 (Figure 5.5b). We assume 
that EEA can only occur from bi-excitonic states populating the same tube (|𝑜𝑜〉 and |𝑖𝑖〉) and not 
from the mixed population state |𝑜𝑖〉, which describes two single excitons residing on spatially 
separated domains on each tube. This assumption is based on the fact that due to the wall separation 
of ~3.5 nm the inter-tube dipole-dipole interactions that are responsible for EEA are negligibly small 
compared to the dipole-dipole interactions within the same tube7,8. Nevertheless, we consider the 
mixed state as one of the pathways via which excitons from the outer tube bi-excitonic state can be 
transferred to the inner tube bi-excitonic state prior to any EEA. 

At zero waiting time, neither an absorptive nor an EEI cross peak is expected, since excitons have 
no time to undergo ET and EEA. For finite waiting times, however, the EEI cross peak is dominated 
by processes that simultaneously include EEA and ET. EEA can occur via two annihilation channels: 
(1) ET of two excitons created on the outer tube followed by EEA on the inner tube (Figure 5.5b; 
highlighted in blue), or (2) EEA on the outer tube followed by ET of the surviving exciton to the inner 
tube (Figure 5.5b; highlighted in green). Whether (1) or (2) is the prevalent annihilation channel is 
determined by the balance between the ET and EEA rates. Note that the particular order of ET and 
EEA during the population time is spectroscopically not distinguishable by examining the cross peak 
dynamics alone. However, in combination with the respective dynamics of the EEI diagonal peaks a 
conclusive picture of individual exciton trajectories is obtained. 

 

Figure 5.5. Absorptive and EEI cross peak transients with corresponding level diagram. (a) Log-log plot of the absorptive 
(upper panel, solid diamonds) and EEI (lower panel, open diamonds) GSB/SE transients for the cross peak between outer 
and inner layer at different exciton densities. The transients were obtained by integrating the signal in the rectangular 
regions of interest shown in Figure 5.2b. The absorptive cross peak maps ET from the outer to the inner tube (𝜔 →

 𝜔 ), while the EEI cross peak maps the subsequent occurrence of EEA and ET of two excitons from the outer tube 
(2𝜔 →  𝜔 ). The amplitude (vertical) scaling is identical to those in Figure 5.3 and Figure 5.4. The error bars 
refer to the detection noise level in the experiment (SI, Section 5.5.3). The solid lines depict the results from MC 
simulations of the exciton dynamics with parameters summarized in Table 5.1. For each fitting curve the delay time at 
which the maximum signal occurs is explicitly stated. (b) Energy level diagram of the double-walled nanotubes illustrating 
bi-exciton (annihilation) pathways 1 (blue) and 2 (green) in presence of both tubes. Optical transitions of the inner and 
outer tube are marked by vertical arrows and their corresponding frequencies. Curved (dashed) solid arrows depict 
(thermally activated) ET pathways with their time constants indicated. 
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At the lowest exciton density, a delayed emergence of the EEI cross peak with a maximum at 
~6 ps is observed (Figure 5.5a, black). In this regime the EEA rate is significantly lower than the ET 
rate so that the timescale of signal formation is consistent with the EEI signal of the isolated inner 
tubes. Taken together with the negligibly small EEI signal of the outer tube at this exciton density 
(Figure 5.4a, black) this proves that excitons are harvested by the outer tube and rapidly transferred 
to the inner tube, where they diffuse and eventually decay, either naturally or via EEA. Therefore, the 
inner tube acts as an exciton accumulator, which behaves in close analogy to natural systems, where 
excitation transport is directed via spatio-energetic tuning of the corresponding sites33,55,56. 

At intermediate exciton densities, the vast majority of the EEA events occurs on the outer tube, 
which is evident from a steep rise of the EEI signal of the outer tube (Figure 5.4a), while the inner 
layer accumulates the already-reduced population of the surviving excitons for which EEA is less 
pronounced. As a result, the EEI cross peak dynamics are reminiscent to those of the (almost) 
annihilation-free absorptive cross peak due to balancing of the ET and EEA rates (Figure 5.5a, blue 
and SI, Section 5.5.8.6). 

For the highest exciton density, the EEA rate exceeds the ET rate. Consequently, the exciton 
population of the outer tube becomes strongly depleted by EEA prior to any ET. Simultaneously, a 
significant share of the excitons is transferred to the inner tube resulting in the emergence of the EEI 
cross peak for which the bottleneck of the rise time is given by the ET rate. In addition, the occurrence 
of multi-exciton processes gains significance and further reduces the exciton population of the outer 
tube beyond the two-exciton annihilation picture (SI, Section 5.5.8.6 and 5.5.9), which drastically 
lowers the fraction of excitons that could be transferred to the inner tube. As a result, the EEI cross 
peak maximum further shifts towards earlier waiting times (Figure 5.5a, gray), while the amplitude 
of both absorptive and EEI cross peaks saturates thereby indicating the loss of excitons and, thus, a 
lower number of transfer events. In the limiting case of instantaneous annihilation of all excitons 
residing on the outer tube, the formation of the cross peak would be entirely inhibited. In such a way, 
for increasing excitation fluences the outer tube transitions from an exciton supplying regime into an 
annihilation regime in which the outer tube exciton population is strongly depleted prior to any 
transfer to the inner tube. 

In order to analyze the observed exciton dynamics, we extend the MC simulations to the case of 
complete nanotubes. A second layer was added to the molecular grid to represent the outer tube in 
which the grid size is larger than that of the inner layer in accordance with the increased diameter of 
the outer tube. The exciton density for the inner and outer tube was set identical (SI, Section 5.5.1). 
The excitons are allowed to switch between the adjacent (unoccupied) molecules on the inner and 
outer layer at the rates specified in the Methods section. Otherwise all parameters are kept identical 
from the simulations of the isolated inner tubes except the one-exciton lifetime that was measured as 
33 ps (SI, Section 5.5.11). We extract the absorptive and EEI signals from the MC simulations by 
evaluating the number of excitons that meet a certain set of prerequisites (SI, Section 5.5.8.2). For 
example, the EEI cross peak (2𝜔 →  𝜔 ) is computed as the number of excitons that have 
been (1) originally planted on the outer tube, (2) participated in at least one annihilation event with 
an exciton from the same tube, and (3) reside on the inner tube at time 𝑇. We find excellent agreement 
between experimental data (symbols) and simulations (solid lines) in Figure 5.4 and Figure 5.5a by 
applying the same model parameters for the exciton diffusion and annihilation radius as for the 
isolated inner tube with exception of the inter-layer ET. 



 Chapter 5 

117 
  

In order to test the exciton diffusion result obtained from our experiments and MC simulation, we 
also calculated the exciton diffusion constant tensor of C8S3 nanotubes using an extended version of 
the Haken-Strobl-Reineker model15,57–59; see Methods section and SI of the published version of this 
Chapter60. From the calculation, we obtained the diffusion constant along the axial direction equal to 
23.9 nm  ps  for the inner wall and 16.3 nm  ps  for the outer wall of the C8S3 double-walled 
tube. Taken together with a surface density of 1.8 molecules nm , where each site contains a unit 
cell with two molecules, this translates into 43 and 29 molecules ps  for the inner and outer wall, 
respectively. These values agree reasonably well with the results obtained from combined experiment 
and MC simulations of 10 molecules ps  for both tubes, considering the simplicity of the 
underlying model for the MC simulations. 

Previous measurements of the exciton diffusion constants of supramolecular nanostructures 
revealed typical values on the order of 100 nm  ps  at room temperature assuming purely one-
dimensional exciton diffusion9,16,61, although higher values up to 300 − 600 nm  ps  and even 
5500 nm  ps  have also been reported11,62. These diffusion constants are usually estimated to fall 
between the limiting cases of fully coherent and purely diffusive transport and, thus, should be 
considered as an effective diffusion constant with contributions from both processes. Note that it was 
not possible to obtain a good fit of the experimental data for a purely diffusive model with the 
diffusion constant increased to 100 nm  ps  (SI, Section 5.5.12). 

 

Figure 5.6. Exciton transfer regimes. Exciton transfer efficiency, i.e., fraction of excitons that were planted on the outer 
tube and either decayed naturally or annihilated on the inner tube as a function of linear exciton density (i.e., the number 
of excitons per unit of nanotube length), obtained from MC simulations (black line). Symbols indicate exciton densities 
used in the experiments. In the simulations also the inner tube is populated with excitons at time zero with the same 
exciton density as the outer tube. The insets schematically depict the exciton (orange ellipses) dynamics in the 
accumulation regime (bottom left) and the annihilation regime (top right). Dashed arrows: ET; black crosses: EEA. 

Figure 5.6 summarizes the main findings of this work as a plot of exciton transfer efficiency versus 
exciton density. At low exciton densities, the transfer efficiency converges to the value of ~0.7, which 
is determined by the condition that the exciton populations residing on the inner and outer tube 
eventually reach thermal equilibrium63,64; see Methods section. At high exciton densities, the 
dynamics are dominated by exciton–exciton annihilation on the outer tube, which substantially 
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reduces the fraction of transferred excitons and, thus, leads to a reduced transfer efficiency. The 
maximum indicates optimal balancing between a low degree of EEA on the outer layer, fast inter-
layer exciton transfer and subsequent annihilation of the transferred excitons on the inner layer (SI, 
Section 5.5.8.6). 

Finally, we comment briefly on the effect of exciton delocalization on the EEA process. Like 
exciton transport, EEA can either proceed in a hopping Förster-like mechanism50,54,65 or in a wavelike 
fashion66. While the exciton transport is determined by the energies and couplings of the ground-state 
transitions of individual molecules that also lead to exciton delocalization, exciton–exciton 
annihilation involves coupling through higher excited states67. Consequently, the phenomena of 
exciton delocalization and exciton–exciton annihilation are closely related, but their relationship is 
not straightforward. The here presented combination of higher-order nonlinear spectroscopy and 
controlled structural complexity has the potential to unravel the connection between exciton transport 
(be it wavelike or diffusive) and exciton–exciton annihilation. Clearly, more theoretical support is 
needed to fully disentangle these processes, as the annihilation may also depend in a non-trivial way 
on the phases of the wavefunctions of the involved excitons68. 

5.3 Conclusions 

In conclusion, we have unambiguously identified the excitonic properties of a complex 
supramolecular system by utilizing a novel spectroscopic microfluidic approach. Microfluidic flash-
dilution allowed manipulating the structural hierarchy of the supramolecular system on the nanoscale 
via controlled destruction of individual sub-units of the assembly. This provided a direct view on the 
simplified structure whose spectral response would otherwise have been concealed due to congested 
spectroscopic features. Assignment of the excitonic properties was performed by employing exciton–
exciton-interaction two-dimensional (EEI2D) spectroscopy, which is capable of isolating mutual 
interactions of individual excitons. Application of this technique to double-walled nanotubes together 
with extensive theoretical modelling allowed retrieving a unified set of excitonic properties for the 
exciton diffusion and exciton–exciton interactions for both layers. 

In the arrangement of the double-wall nanotubes, the outer layer appears to act as an exciton 
antenna, which under strong excitation fluences leads to fast EEA rates prior to any inter-layer ET. 
At low exciton densities, the inner tube acts as an exciton accumulator absorbing the majority of the 
excitons from the outer layer. In this capacity, our findings shed light on the importance of the multi-
layered, hierarchical structure for the functionality of the light-harvesting apparatus in which the 
already beneficial excitonic properties of individual sub-units are retained in a more complex double-
walled assembly. Hence, the excitonic properties of the supramolecular assembly can be considered 
robust against variations in the inter-layer transport despite the weak electronic coupling between the 
layers and the lack of inter-layer exciton coherences. Such excitonic robustness paired with fast inter-
layer exciton transfer would prove key for efficient exciton transfer in natural chlorosomes due to 
close similarity of their telescopic structure with the double-wall nanotubes considered herein. 
Moreover, we envision that the versatility of the microfluidic approach paired with higher-order 2D 
spectroscopy opens the door to further expedite a better fundamental understanding of the excitonic 
properties of supramolecular assemblies and, thereby, will enable rational design principles for future 
applications of such materials in opto-electronic devices. 
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5.4 Methods 

5.4.1 Materials and Sample Preparation 

C8S3 nanotubes were prepared via the alcoholic route8. The aggregation of the dye molecule 3,3’-
bis(2-sulfopropyl)-5,5’,6,6-tetrachloro-1,1’-dioctylbenzimidacarbocyanine (C8S3, molecular weight 
𝑀 =  903 g mol ) purchased from FEW Chemicals GmbH (Wolfen, Germany) into double-walled 
nanotubes was verified by linear absorption spectroscopy prior to any other experiments. In order to 
minimize the thermodynamically induced formation of thicker bundles of nanotubes, sample 
solutions were freshly prepared for every experiment and used within three days. 

5.4.2 Steady-State Absorption 

Steady-state absorption spectra were recorded using either a PerkinElmer Lambda 900 UV/VIS/NIR 
or a Jasco V-670 UV-Vis spectrometer. The sample solution was put either in a 200 µm cuvette 
(Hellma Analytics, Germany) or a 1 mm quartz cuvette (Starna GmbH, Germany). For the latter case, 
the sample solutions were diluted with Milli-Q water by a dilution factor between 2 and 3.5. 

5.4.3 Microfluidic Flash-Dilution 

Microfluidic flash-dilution of C8S3 nanotubes was achieved in a tear-drop mixer (micronit, the 
Netherlands) by mixing neat sample solution with a diluting agent (1: 1 mixture of water and 
methanol by volume) at a flowrate ratio of 5: 7. Measurements on the complete nanotubes were 
conducted by replacing the diluting agent (water and methanol) with Milli-Q water, which only 
dilutes the sample and does not induce flash-dilution of the outer layer. All solutions were supplied 
by syringe pumps (New Era, model NE-300). For EEI2D experiments the mixed sample solution was 
relayed to a transparent thin-bottom microfluidic flow-cell (micronit, the Netherlands) with a channel 
thickness of 50 µm and a width of 1 mm. With these parameters a maximum optical density of 
0.1– 0.2 was reached. 

5.4.4 Exciton-Exciton Interaction 2D Spectroscopy 

More details on the experimental setup are published elsewhere42; a schematic of the setup is shown 
in Figure 5.28 in the SI. In brief, the output of a Ti:Sapphire-Laser (Spitfire Pro, Spectra Physics, 
1 kHz repetition rate) was focused into a fused-silica hollow-core fiber (UltraFast Innovations) filled 
with Argon to generate a broadband white-light continuum. The main fraction of the light was used 
as the pump beam and guided through a grism compressor and for further compression through an 
acousto-optical programmable dispersive filter (DAZZLER, fastlite) to achieve a pulse width of 
~15 fs at the sample position (verified via SHG-FROG measurements). The DAZZLER was also 
used for spectral selection of the excitation spectrum. The remaining fraction of the white-light 
continuum was used as the probe beam and delayed relative to the pump beam by passing a motorized 
delay stage (M-IMS600LM, Newport). Both beams were then focused and spatially overlapped in a 
microfluidic channel under a small angle of 2°. The intensity FWHM of the pump and probe focal 
spots at the sample position were ~140 µm and ~80 µm, respectively, to minimize the intensity 
variation of the pump beam over the profile of the probe beam. The polarization of both beams was 
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set parallel to the flow direction of the sample. After passing the sample the spectrum of the probe 
beam was measured by a CCD camera. 

In order to measure 2D spectra the DAZZLER was used to split the pump pulses into two phase-
locked time-delayed replica, the delay between which was scanned from 0 fs to 197.6 fs in steps of 
0.38 fs. This choice set the resolution along the excitation axis and the Nyquist limit to 84 cm  and 
44000 cm , respectively. The resolution of the probe axis (20 cm ) was fixed by the detector 
(ActonSpectraPro 2558i and Pixis 2 K camera, Princeton Instruments). In order to isolate the desired 
2D signal from unwanted contributions due to background and scattering, the pump and the probe 
beams were both synchronously modulated by two choppers (MC2000, Thorlabs). All four possible 
combinations were measured: both beams open, only probe open, only pump open, and both beams 
blocked. Each contribution was averaged over 5 consecutive laser pulses by modulating the pump 
and probe beam at 200 Hz and 100 Hz, respectively. In order to ensure that the spectral region of 
interest is free of any artifacts from the experimental apparatus, control experiments were performed 
on an annihilation-free sample (sulforhodamine 101 dissolved in water; SI, Section 5.5.14). All 
experiments were carried out under ambient conditions. 

The different data sets of the double-walled nanotubes were measured at pulse energies of the 
pump pulse of 20, 5, and 0.5 nJ corresponding to exciton densitites of 19 ± 7, 64 ± 23, and 625 ±

228 monomeric units per exciton (SI, Section 5.5.1). The uncertainty of the exciton density was 
computed via propagation of uncertainty of all relevant input parameters. For the flash-diluted 
samples pulse energies of 20, 5, 2.5, and 1 nJ were used corresponding to 18 ± 8, 83 ± 38, 165 ±

75, and 404 ± 185 monomeric units per exciton. The pulse energies were measured at zero time 
delay of the double pulse. 

5.4.5 Monte-Carlo Simulations 

Monte-Carlo (MC) simulations of the exciton populations were performed for isolated inner tubes 
and complete nanotubes represented by a single and two coupled planes, respectively (Figure 5.7). 
Each plane comprised a square grid of molecules with periodic boundary conditions in either 
direction. The length of the planes was set to 1000 molecules, while the lateral grid size was chosen 
as 55 molecules (outer tube) and 30 molecules (inner tube) and a lattice constant of 0.74 nm as 
derived from previously published theoretical models (Ref. 7 and SI, Section 5.5.8.1). For isolated 
inner tubes, only the inner plane was used. Excitons are depicted as orange circles in order to visualize 
their annihilation radius. In the MC simulations excitons can perform the following processes: (1) 
decay according to their lifetime, (2) hop between adjacent sites, (3) vertically transfer between the 
two layers and (4) undergo EEA. The latter occurred, when two excitons were mutually overlapping 
within their annihilation radius, as exemplarily shown on the outer layer. 
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Figure 5.7. Molecular grid for MC simulations. The inner and outer tube are depicted as planes shaded in red and gray, 
respectively. Excitons are shown as orange circles with their size corresponding to the annihilation radius. The different 
processes that excitons can undergo during the MC simulations are exemplarily shown. For simulations of the exciton 
dynamics of the isolated inner tubes, only the bottom plane was used. 

At time zero, excitons were randomly planted on the molecular grid according to the experimental 
exciton density. Thereafter, the excitons performed a 2D random walk on the grid (with a hopping 
probability 𝐻 to move to any of the neighbouring molecules) with a timestep of 1 fs. In addition, at 
each step they could be transferred between adjacent molecules on the inner/outer layer or undergo 
EEA causing the instant deletion of one of the excitons. The latter occurred with probability of one 
under the condition that two excitons approach each other closer than the annihilation radius (SI, 
Section 5.5.8.3). Excitons were not constrained from (sequential) participation in multiple 
annihilation events, for which experimental evidence is provided by the observation of higher order 
signals (SI, Section 5.5.9). No anisotropic exciton transport was included in the MC simulations, but 
instead the hopping rates were set identical for inner and outer tube in all directions. 

In the MC simulations only the exciton hopping rate (i.e., the probability of an exciton to move to 
any of the neighboring molecules during one timestep in the simulation) and the annihilation radius 
were treated as free parameters, while all other parameters were fixed as their values were obtained 
from supplementary experiments or calculations. The exciton density was taken from the 
experimental conditions and allowed to vary within the experimental uncertainty. The lifetime of a 
single exciton was measured in time-resolved photoluminescence (PL) experiments under extremely 
low exciton densities of less than 1 exciton per ~10  molecules (SI, Section 5.5.11). The transfer rate 
from the outer to the inner tube was measured using conventional 2D spectroscopy (SI, Section 
5.5.15) and agrees with the values from literature18,69,70. The opposite rate (inner → outer) follows 
from the condition that the inner and outer tube exciton populations eventually reach thermal 
equilibrium, where the net inter-tube transfer rates are identical63,64. Hence, this rate is scaled with 

the Boltzmann factor (exp − ≈ 0.22; with Δ𝐸 = 300 cm  as the energy difference between 

inner and outer tube and 𝑘 𝑇 ≈ 200 cm  at room temperature) and the density-of-states. The latter 
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is proportional to the number of molecules in the inner and outer layer, which scales with the tube 
radii assuming identical molecular surface densities (SI, Section 5.5.8.1). Taken together one finds a 
ratio of ~0.4 between the upward and the downward ET rates. 

In order to extract the absorptive and EEI signals from the MC simulations, all excitons were 
labelled with their zero-time position as well as their participation in an annihilation event with an 
exciton that was originally planted on the same tube. At each time step of the MC simulation the 
number of excitons was evaluated that met a certain set of prerequisites (Table 5.4 in the SI). Taking 
only exciton populations into account (i.e., diagonal entries in a density-matrix description) neglects 
any possible exciton coherences in the system, which we justify with previously reported findings 
that any coherence in this system does not survive longer than a few hundred fs70 and the absence of 
coherent beatings in the cross peak signal from conventional 2D spectroscopy (SI, Section 5.5.15). 
For comparison with the experimental results, the simulation transients for the absorptive signals 
were scaled with identical coefficients to obtain the best fit with experimental data; the same was 
done for the EEI signals. 

Table 5.1. Overview of parameters for MC simulations of the exciton dynamics for isolated inner tubes and complete 
nanotubes. 

Quantity Symbol 
Isolated 

inner tubes 
Complete 
nanotubes 

Source 

One-exciton lifetime τ 58 ps 33 ps 
PL measurements; SI, Section 
5.5.11 

Annihilation radius 𝑅  
𝑅  

3 molecules 
- 

3 molecules 
3 molecules 

Global fitting parameter; SI, 
Section 5.5.8.3 

Initial exciton density 
(number of molecules 
per exciton) 

𝑁

𝑁
 

26 
57 

170 
580 

14 
87 

853 

Obtained from excitation flux; 
varied within uncertainty (SI, 
Section 5.5.1) 

Molecular grid size 
Inner 
Outer 

30 × 1000 
− 

30 × 1000 
55 × 1000 

Derived from model in Ref. 7; 
SI, Section 5.5.8.1 

Lattice constant 𝑎 0.74 nm 0.74 nm 
Derived from model in Ref. 7; 
SI, Section 5.5.8.1 

Exciton transfer rate 
(inner → outer) 
(outer → inner) 

 
𝑘  
𝑘  

 
− 
− 

 
0.0013 fs  
0.0031 fs  

Obtained from 2D experiments; 
SI, Section 5.5.15 

Hopping rate 
𝐻  
𝐻  

0.04 fs  

− 
0.04 fs  

0.04 fs  
Global fitting parameter 

Diffusion constant 𝐷  
10 mol. ps  

5.5 nm  ps  
10 mol. ps-1 

5.5 nm  ps  

Exciton mean square 
displacement; SI, Section 
5.5.8.4 
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5.5 Supplementary Information 

5.5.1 Calculation of Exciton Densities 

The exciton densities, i.e., the number of excitons (𝑁 ) normalized by the number of molecules (𝑁 ) 
in the focal volume, were computed as outlined elsewhere42. The formula that was used for 
computation is given as:  

𝑁

𝑁
=

Δ𝐸

ℎ𝑐

∫ 𝐼pump(𝑥, 𝑦)𝐼probe(𝑥, 𝑦)𝑑𝑥𝑑𝑦

∫ 𝐼pump(𝑥, 𝑦)𝑑𝑥𝑑𝑦 ∫ 𝐼probe(𝑥, 𝑦)𝑑𝑥𝑑𝑦

∫ 𝐼pump(𝜆) 𝜆 1 − 10 OD( ) 𝑑𝜆

∫ 𝐼pump(𝜆)𝑑𝜆

1

𝑐𝑁 𝑑
 

            (5.1) 

Here, Δ𝐸 is the pulse energy, ℎ the Planck constant, 𝑐  the speed of light in vacuum and 𝑁  the 
Avogadro constant. The first bracketed factor describes the spatial overlap of the pump transverse 
beam profile 𝐼pump(𝑥, 𝑦) and the probe beam profile 𝐼probe(𝑥, 𝑦) at the sample position, while the 

second bracketed factor accounts for the spectral overlap of the excitation spectrum 𝐼pump(𝜆) with the 

sample absorption spectrum at a given optical density OD(𝜆). Finally, the last bracketed factor counts 
the number of molecules in the focal volume in the denominator. The latter is proportional to the 
molar concentration of the sample 𝑐 and the thickness of the microfluidic channel 𝑑. The uncertainty 
of the exciton density was computed via propagation of uncertainty of all relevant input parameters. 

In the case of complete nanotubes, the exciton density is considered identical for the inner and 
outer layer. At a sufficiently low optical density of the sample and assuming similar excitation 
fluences for both tubes (Figure 5.1b in the main text), the number of excitons scales with the 
absorption of the respective tube. The latter in turn scales with the number of molecules in each layer 
(SI, Section 5.5.8.1), which then yields identical exciton densities for the inner and outer tube. 

While the calculation of the exciton densities is straightforward in the case of complete nanotubes, 
special care had to be taken in the case of isolated inner tubes due to the dissolution of the outer wall 
and, hence, removal of molecules from the experimentally observable spectral window. Because the 
monomer absorption is strongly blue-shifted with respect to the nanotube absorption (𝜆max ≈

520 nm, Figure 5.8), the second bracketed factor in the above equation already accounts for the 
reduced spectral overlap. Therefore, only the number of molecules that remains embedded in the 
inner tube has to be estimated for which we use two different ways, i.e., (1) via the optical density 
(OD) of the monomer absorption spectrum and (2) directly via the absorption of the inner tubes. 

Starting with the former, an upper estimate for the monomer absorption is found by assuming that 
all molecules (𝑐 = 1.11 × 10  M) are dissolved. In that case the expected optical density amounts 
to ODmax = 𝜖 𝑐 𝑑 = 1.66, where 𝜖 is the extinction coefficient of dissolved C8S3 molecules. In the 
experiment, however, an optical density of only ODexp = 1.27 is observed upon flash-dilution. The 

ratio of these optical densities of ODexp/ODmax = 0.77, thus, indicates that ~77 % of the molecules 

were dissolved due to flash-dilution. This, in turn, leaves a concentration of 𝑐 = 2.6 × 10  M for 
the molecules that still reside in a nanotube after flash-dilution. 

The second estimate for the molar concentration is based on the fact that about 60 % and 40 % of 
the molecules reside in the outer and inner layer, respectively7. Therefore, in case of perfect flash-
dilution, where all inner tubes stay intact, one expects a monomer concentration of 𝑐 =
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6.67 × 10  M, which would lead to an OD ≈ 1 at 520 nm. This has to be considered as a lower limit 
of the monomer absorption and clearly underestimates this contribution under the experimental 
conditions, where the discrepancy arises from the complete dissolution of nanotubes. In fact, the main 
absorption peak of the inner tubes (~599 nm) decreases by a factor of ~0.7, which indicates that 
only ~30 % of the nanotubes survive flash-dilution. Including this additional rescaling factor, one 
finds 𝑐 = 1.33 × 10  M, which is in good agreement with the estimate from the monomer 
absorption. For the calculation of the exciton density, we use the average of both concentrations: 𝑐 =

(1.94 ± 0.64) × 10  M. 

 

Figure 5.8. Absorption spectra of C8S3 monomers (blue), complete nanotubes (black) and flash-diluted inner tubes 
(gray). The arrows indicate the main spectral changes upon flash-dilution, i.e., dissolution of the outer layer. The peak 
monomer extinction coefficient is specified by the supplier (FEW chemicals, Wolfen, Germany) as 𝜖 =

1.5 × 10  M  cm . In the experiment, the molar concentration of the sample was 𝑐 = 1.11 × 10  M and the cuvette 
thickness 𝑑 = 0.1 cm. 

The low-energy main transition of the isolated inner tubes appears blue-shifted by ~50 cm  
relative to the corresponding transition in case of complete nanotubes, which is consistent with earlier 
findings from bulk flash-dilution experiments reported in literature7. It has previously been shown 
that the nanotubes’ absorption spectrum depends critically on the tube radius8 so that we hypothesize 
that stripping of the outer layer leads to slight inflation of the inner tubes’ radius, which in turn causes 
the blue-shift. 

5.5.2 C8S3 Monomer Signal via One- and Two-Photon Absorption 

In this section we verify that the 2D spectra of the inner tube do not contain any contribution from 
dissolved C8S3 monomers left after flash-dilution. For that, we examine the spectral regions where 
signals from the monomers are expected following absorption of one photon in the small overlap 
region between monomer absorption and excitation spectrum (Figure 5.1b in the main text), or 
following two-photon absorption via the second electronic excited or high-lying vibronic states. 
Based on the photoluminescence (PL) emission spectrum of dissolved C8S3 monomers (Figure 5.9a; 
red line and Figure 5.9b) any signal originating from the monomers is expected to be the strongest in 
the spectral region between 17000 cm  and 19000 cm  along the detection axis (marked by 
vertical dashed lines and boxes in Figure 5.9a and c, respectively) following ultrafast internal 
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relaxation from the high lying states (Figure 5.9b). The latter would lead to a population of the first 
electronic excited state of C8S3 monomers, which could then be probed as either a ground-state 
bleach (GSB) or stimulated emission (SE) signal. 

 

Figure 5.9. (a) Normalized linear absorption (black line) and photoluminescence (red line) spectra of C8S3 monomers 
dissolved in MeOH. A typical probe spectrum used in 2D experiments is shown in gray for comparison. Dashed boxes 
highlight the detection area relevant for C8S3 monomers. (b) Jablonski diagram for the excitation of C8S3 monomers via 
single photon at the red edge of C8S3 absorption (~550 nm; green arrow) or two-photon absorption at the peak of the 
excitation spectrum (2 × ~590 nm; red arrows). The latter is followed by ultrafast relaxation (wiggly arrow). Population 
in the first excited state is then probed via GSB or SE processes as indicated by the arrows. (c) 2D absorptive and EEI2D 
spectrum for isolated inner tubes for a waiting time of 500 fs under the highest exciton density, i.e., one exciton per ~20 
inner-tube molecules. The spectrum was normalized to the maximum absolute signal. The signal amplitude is depicted 
on a color scale with increments at 0.83, 0.57, 0.4, 0.27, 0.19, 0.13, 0.08, 0.05, 0.03, and 0.01 to ensure the visibility 
of low amplitude signals. Contour lines were drawn as specified in the color bar. The respective spectral regions of interest 
where a signal from C8S3 monomers is expected, are marked by boxes (black dashed) and labelled accordingly. 

Along the excitation axis, absorption of a single photon in the small overlap region of the excitation 
spectrum and monomer absorption spectrum would give rise to a signal around ~18200 cm , 
whereas for two-photon absorption we consider the full bandwidth supported by the excitation pulse 
spectrum, i.e., from 32000 cm  to 36000 cm . In Figure 5.9b this is schematically depicted as 
2 × ~590 nm, which marks the center of the excitation pulse spectrum, although theoretically any 
frequency combination may contribute a signal. Examination of these two spectral regions of interest 
for the monomer response in EEI2D experiments reveals that in neither case we observe any distinct 
signal originating from the monomers at the background of low-amplitude noise. Since any monomer 
signal would be strongest in these spectral windows, we conclude that the spectral region along the 
detection axis around ~600 nm (~16670 cm ) which is relevant to the inner tube response, is free 
of any monomer signal. 
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We further support this observation by estimating the exciton density of monomers. The small 
overlap region of the low-energy tail of the monomer absorption spectrum and the laser excitation 
spectrum at around 550 nm (Figure 5.1b in the main text) could lead to weak excitation of C8S3 
monomers. For the calculation of the monomer exciton density, we use an (average) monomer 
concentration of 𝑐 = 9.06 × 10  M after flash-dilution as estimated in the preceding section and 
find an exciton density of one excitation per ~3300 C8S3 monomers under the highest excitation 
fluence in the experiment. Simultaneously, the exciton density for the inner tubes in the same 
experiment is about one exciton per ~20 molecules, which is a factor of ~165 higher than for the 
monomers. Therefore, we conclude that excitation of monomers via absorption of one photon in the 
low-energy tail of the monomer absorption is negligible given the small spectral overlap with the 
excitation spectrum. The fact that the two-photon absorption cross section of C8S3 monomers is not 
known prevents such an estimate for two-photon absorption. However, as the two-photon excitation 
proceeds via a non-resonant state, its cross-section is expected to be even lower. These estimates 
support the absence of the monomer signals in the absorptive and EEI2D spectra. 

  



 Chapter 5 

127 
  

5.5.3 Integration of the Absorptive and EEI Signals 

In order to retrieve the absorptive and EEI transients for isolated inner tubes as well as complete 
nanotubes (Figure 5.3, Figure 5.4 and Figure 5.5 in the main text), the 2D spectra were integrated in 
the rectangular regions of interest as depicted in Figure 5.2b in the main text. The exact integration 
intervals are specified in Table 5.2. 

Table 5.2. Integration intervals for the absorptive and EEI signal transients of isolated inner and complete nanotubes. 

  Absorptive signal EEI signal 

In
n

er
 

tu
b

es
 

Inner tube 
diagonal peak 

Exc. [16625 cm-1, 16875 cm-1] 
 

Det. [16680 cm-1, 16780 cm-1] 

Exc. [33375 cm-1, 33625 cm-1] 
 

Det. [16680 cm-1, 16780 cm-1] 

C
om

p
le

te
 n

an
ot

u
b

es
 Outer tube 

diagonal peak 

Exc. [16925 cm-1, 17175 cm-1] 
 

Det. [16900 cm-1, 17000 cm-1] 
(or [17000 cm-1, 17100 cm-1]) 

Exc. [33975 cm-1, 34225 cm-1] 
 

Det. [16900 cm-1, 17000 cm-1] 
(or [16950 cm-1, 17050 cm-1]) 

Inner tube 
diagonal peak 

Exc. [16585 cm-1, 16835 cm-1] 
 

Det. [16600 cm-1, 16700 cm-1] 
(or [16650 cm-1, 16750 cm-1]) 

Exc. [33295 cm-1, 33545 cm-1] 
 

Det. [16600 cm-1, 16700 cm-1] 
(or [16650 cm-1, 16750 cm-1]) 

Cross peak 
(outer → inner) 

Exc. [16925 cm-1, 17175 cm-1] 
 

Det. [16600 cm-1, 16700 cm-1] 
(or [16650 cm-1, 16750 cm-1]) 

Exc. [33975 cm-1, 34225 cm-1] 
 

Det. [16600 cm-1, 16700 cm-1] 
(or [16650 cm-1, 16750 cm-1]) 

In practice, vertical slices of the 2D spectra were averaged over 250 cm  (corresponding to three 
data points) along the excitation axis. Next, the baseline was subtracted from these vertical slices and 
the respective signal of interest was averaged along the detection axis over 100 cm  (corresponding 
to 10 data points). Due to the increased number of features in the absorptive 2D and EEI2D spectra 
in the case of complete nanotubes, individual contributions from GSB/SE and ESA with opposite 
signs are more likely to spectrally overlap and, hence, partially compensate each other. At the highest 
exciton density and, hence, the strongest signals we found this partial compensation to lead to peak 
shifts, which we accounted for by slightly adjusting the integration area (specified in parenthesis in 
Table 5.2) in order to avoid simultaneous integration over negative and positive signals. 

One of the dominant sources of uncertainty of the extracted signal amplitudes were fluctuations of 
the background due to unsuppressed scattering of the pump and probe pulses. We determine the 
standard error of these background fluctuations during each measurement (i.e., at a given exciton 
density) for the respective spectral regions of interest for the absorptive and EEI signals. The same 
excitation frequency limits (Table 5.2) are used as before from which the background signal is 
extracted for each waiting time in the spectral interval from 16000 cm  to 16200 cm  along the 
detection axis. The error bars are identical for all waiting times within the same scan, but may be 
slightly different for the absorptive and EEI signals. 
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5.5.4 2D Spectra for Other Exciton Densities and Waiting Times for Complete Nanotubes 

 

Figure 5.10. Absorptive 2D and EEI2D spectra of complete nanotubes recorded at low (1 exciton per ~600 molecules; 
left column) and high (1 exciton per ~60 molecules; right column) exciton densities for a range of waiting times. All 
shown spectra are normalized to the maximum absolute amplitude of the respective absorptive signal at zero waiting time, 
which preserves the relative scaling between the absorptive and EEI signals. The signal amplitude is depicted on a color 
scale (between −1 and +1) with increments at 0.83, 0.57, 0.4, 0.27, 0.19, 0.13, 0.08, 0.05, 0.03, and 0.01 to ensure 
visibility of all peaks at all waiting times. For the spectra at high exciton density all contour lines are drawn, whereas for 
the low exciton density spectra the contour lines of the lowest levels are omitted as indicated on the color bar (dashed 
lines are not used for low exciton density). 
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5.5.5 2D Spectra for Other Exciton Densities and Waiting Times for Inner Tubes 

 

Figure 5.11. Absorptive 2D and EEI2D spectra of isolated inner tubes recorded at low (1 exciton per ~400 molecules; 
left column) and high (1 exciton per ~20 molecules; right column) exciton densities for a range of waiting times. All 
shown spectra are normalized to the maximum absolute amplitude of the respective absorptive signal at zero waiting time, 
which preserves the relative scaling between the absorptive and EEI signals. The signal amplitude is depicted on a color 
scale (between −1 and +1) with increments at 0.83, 0.57, 0.4, 0.27, 0.19, 0.13, 0.08, 0.05, 0.03, and 0.01 to ensure 
visibility of all peaks at all waiting times. For the spectra at high exciton density all contour lines are drawn, whereas for 
the low exciton density spectra the contour lines of the lowest levels are omitted as indicated on the color bar (dashed 
lines are not used for low exciton density).  
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5.5.6 Absorptive and EEI Cross Peaks from Intra-Band Relaxation 

In the case of isolated inner tubes, weak cross peaks can be identified in the absorptive 2D and EEI2D 
spectra at the detection frequency of the inner tubes (𝜔 ) at higher excitation frequencies. The 
appearance of these cross peaks is linked to one of the blue-shifted transitions of the nanotube 
absorption spectrum (Figure 5.1b, main text), which originates from the complex molecular packing 
with two molecules per unit cell7. In fact, each molecule in the unit cell gives rise to two excitonic 
transitions, one of which is polarized parallel and the other orthogonal to the nanotubes’ long axis17. 
As a result, the absorption spectrum of the inner tubes comprises a total of four transitions, out of 
which only the parallel polarized transitions at ~16750 cm  and ~17500 cm  are relevant for 2D 
spectroscopy due to polarization-selective excitation. The latter was facilitated by the polarization of 
the excitation pulses set parallel to the sample flow along which the nanotubes preferentially align 
due to their large aspect ratio. 

 

Figure 5.12. Absorptive and EEI cross peak for isolated inner tubes. (a) Representative absorptive 2D (left) and EEI2D 
(right) spectra recorded at a waiting time of 500 fs for isolated inner tubes at the highest exciton density of one exciton 
per ~20 molecules. The spectra were normalized to their maximum absolute amplitude. The signal amplitude is depicted 
on a linear color scale (between −1 and +1) with increments of 0.1. Contour lines are drawn as specified in the color bar. 
Dashed lines are drawn at 𝜔  =  𝜔  and 𝜔  =  2𝜔  for absorptive 2D and EEI2D spectra, 
respectively. (b) Summary of the relevant excitation frequencies of optical transitions for isolated inner tubes for 
absorptive and EEI signals. These frequencies are shown as vertical red lines in the 2D spectra. (c) Level diagram of 
isolated inner tubes with the intra-band exciton state (|𝑒〉) explicitly drawn. Optical transitions are depicted as vertical 
arrows with the corresponding frequencies and transition dipole moment indicated. Intra-band exciton relaxation is shown 
as a wiggly arrow. 

The states corresponding to the strong transition at 𝜔  ~ 16750 cm  are situated at the 
bottom of the exciton band, i.e., the super-radiant states71, for which an extensive analysis is presented 
in the main part of the Chapter. In contrast, the high-frequency transition corresponds to states that 
lie deep within the exciton band (Figure 5.12c), which we denote as |𝑒〉 with the corresponding 
frequency 𝜔  and transition dipole moment 𝜇 . Excitation of this transition is followed by ultrafast 
intra-band relaxation on a sub-100 fs timescale72, which leads to additional population of the bottom 
states of the exciton band encoded in a rapidly in-growing cross peak in the absorptive 2D spectra 
(𝜔 → 𝜔 ). Note that in our experiments the corresponding diagonal peak could hardly be 
detected because of its short-lived nature and sparse sampling of the waiting time. However, 
previously published transient absorption (TA) data revealed a decay time as short as ~60 fs for this 
transition18. An additional complication in measuring the diagonal peak arises from the fact that its 
amplitude scales with the already small dipole moment (|𝜇 | ), whereas the cross peak involves the 
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stronger transition dipole moment of the inner tube (|𝜇 | |𝜇 | ) and is therefore easier to detect. 
In comparison, the same cross peak (𝜔 → 𝜔 ) is present in the absorptive 2D spectra of complete 
nanotubes, but only visible as peak elongations towards higher excitation frequencies (Figure 5.2b in 
the main text), as they partially overlap with the much stronger cross peak due to the outer layer. 

Following ultrafast intra-band relaxation, excitons can further diffuse and eventually undergo 
exciton–exciton annihilation, which is reflected in the emergence of cross peaks in the EEI2D spectra 
(Figure 5.12a). Specifically, the strongest cross peak is observed at a detection frequency 𝜔  and 
an excitation frequency of 34250 cm  (marked by the center vertical line at 𝜔 + 𝜔  in Figure 
5.12a), which corresponds to the sum of the contributing excitation frequencies, i.e., (16750 +

17500) cm  (see table in Figure 5.12b). In comparison, the other vertical lines refer to the 
fundamental transitions at excitation frequencies of 2𝜔  and 2𝜔 . The EEI cross peak (𝜔 +

𝜔 → 𝜔 ) encodes the mutual interaction of excitons one of which was directly excited at the 
bottom of the exciton band, whereas the other one underwent intra-band relaxation. Note that for 
complete nanotubes the spectral region around the detection frequency 𝜔  is dominated by the 
EEI cross peak at double the excitation frequency of the outer tube (2𝜔 = 34000 cm ). 

5.5.7 Double-Sided Feynman Diagrams for the EEI Signals 

5.5.7.1 EEI Diagonal Peaks 

In this section we present the double-sided Feynman diagrams that contribute to the EEI signal of the 
diagonal peaks of the isolated inner tubes (Figure 5.13) and the diagonal peaks of the outer tube 
(Figure 5.14). For conciseness, only the rephasing diagrams as determined by their phase matching 
condition (i.e., 𝑘 = −2𝑘 + 2𝑘 + 𝑘 ) are shown73, where 𝑘  is the wavevector 

of the pump beam, 𝑘  the wavevector of the probe beam, and detection occurs along direction 

𝑘 . The non-rephasing diagrams can be derived by considering diagrams that emit a signal field 

in the phase-matched direction of +2𝑘 − 2𝑘 + 𝑘 . However, a rigorous mathematical 

analysis, where all signals are computed in the framework of the response function theory and 
subsequently convoluted with the electric fields of the involved laser pulses is beyond the scope of 
this work73,74. 

For the EEI diagonal peak of isolated inner tubes we consider diagrams that give rise to a signal 
at an excitation frequency of 2𝜔  and detection at 𝜔 . In the diagrams for the isolated inner 
tubes |𝑔〉 represents the electronic ground-state, |𝑖〉 and |𝑗〉 the one-exciton states of the inner tube, 
|𝑖𝑖〉 and |𝑗𝑗〉 bi-exciton states, and analogously |𝑗𝑗𝑗〉 for the tri-exciton states (see the level diagram in 
Figure 5.13. Note that we formally distinguish between the states |𝑖〉 and |𝑗〉 (and |𝑖𝑖〉 and |𝑗𝑗〉) of the 
two neighboring excitons to include the fact that the exciton state after the waiting time T is not 
necessarily identical to the exciton state prepared by the pump pulses. All diagrams in Figure 5.13 
share the general structure that the first four interactions with the pump pulses (∓2𝑘 ) excite the 

inner tube followed by the probe pulse (+𝑘 ) interacting with the same tube. During the waiting 

time 𝑇, EEA can occur (Figure 5.13, right column; highlighted in orange), if the system is in a bi-
exciton population state. As shown in literature the EEI signal is then dominated by EEA31,42. 
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Figure 5.13. Rephasing double-sided Feynman diagrams, which contribute to the EEI diagonal peak of isolated inner 
tubes (2𝜔 → 𝜔 ). The level diagram for the isolated inner tubes is shown in the upper left corner. In the diagrams 
time flows from the bottom to the top during which the interactions with the laser pulses are indicated by arrows. The 
dashed line indicates propagation during the waiting time T. The double interaction with each of the two pump pulses can 
create a population of the ground state, a one-exciton (1E) state or a bi-exciton (2E) state, which are subsequently probed 
by GSB (|𝑔〉 → |𝑗〉), SE (|𝑗〉 → |𝑔〉 or |𝑗𝑗〉 → |𝑗〉) or ESA (|𝑗〉 → |𝑗𝑗〉 or |𝑗𝑗〉 → |𝑗𝑗𝑗〉). The process of EEA is shaded in 
orange. 

In absence of ET between the tubes, the description of the outer tube diagonal peak is identical to 
the isolated inner tube with exception of the notation of the states. Hence, the former can be obtained 
by renaming the states according to |𝑖〉 → |𝑜〉, |𝑖𝑖〉 → |𝑜𝑜〉, etc. Nevertheless, we explicitly include 
these diagrams in Figure 5.14 here, as they form the basis for the discussion on the EEI cross peak in 
the next section. 
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Figure 5.14. Rephasing double-sided Feynman diagrams, which contribute to the EEI diagonal peak of the outer tube. 
The level diagram for the outer tube assuming that the absence of any inter-tube ET, is shown in the upper left corner. 

5.5.7.2 EEI Cross Peak 

In order to understand the character of the EEI cross peak we discuss the double-sided Feynman 
diagrams, which contribute to the particular signal at double the excitation frequency of the outer tube 
with subsequent detection at the frequency of the inner tube, i.e., 2𝜔 → 𝜔 . At time zero 
(𝑇 = 0), where neither ET nor EEA occur, only three diagrams contribute to the EEI cross peak signal 
(Figure 5.15, black box). Here, the first four interactions with the pump pulses excite the outer tube, 
while the probe pulse interacts with the inner tube. Since the outer and inner tubes can be considered 
as weakly coupled7, excitation of the outer tube does not influence the inner tube and vice versa. Due 
to the weak coupling we also exclude the possibility of any inter-tube EEA, where two excitons 
residing on different tubes annihilate directly without any ET event involved. Therefore, the state 
labelled as |𝑝𝑖〉 (see level diagram in Figure 5.15) refers to the situation of two independent excitons 
– one on each tube. Analogously, |𝑝𝑝𝑖〉 describes the situation of one exciton located on the inner and 
two excitons located on the outer tube. Due to the different overall signs of the diagrams (Figure 5.15, 
black box) all different pathways mutually compensate each other and, hence, no EEI cross peak is 
visible. Analogously, it can be shown that for weakly coupled systems the Feynman diagrams 
corresponding to the absorptive cross peak (𝜔 → 𝜔 ) cancel each other at zero waiting time30. 
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Figure 5.15. Rephasing double-sided Feynman diagrams for the EEI cross peak at zero waiting time. Top panel (black): 
Pathways without inter-tube exciton transfer (ET) and EEA. Bottom panel (orange): Possible pathways including EEA, 
but still no ET. The level diagram for complete nanotubes is shown on the right side. 

EEA on the outer tube in absence of any ET leads to a modified set of diagrams for the EEI cross 
peak, where the third diagram is replaced by one that contains EEA (Figure 5.15, orange box; diagram 
on the right). However, under the premise of no ET and assuming weak coupling, EEA on the outer 
tube does not influence the exciton dynamics on the inner tube and, thus, does not alter the interaction 
of the probe pulse with the latter. Therefore, the diagrams at zero waiting time still mutually cancel, 
as it is the case in upper panel of Figure 5.15 and, thus, no EEI cross peak emerges. 

 

Figure 5.16. Rephasing double-sided Feynman diagrams which contribute to the cross peak of the EEI signal. Additional 
to EEA (orange) population transfer is included (blue). 

For finite waiting times 𝑇, inter-tube ET has to be considered explicitly. As a result, the condition 
that excitons on the outer tube will not influence exciton processes on the inner tube does not hold 
any longer. The corresponding double-sided Feynman diagrams, which contain both contributions, 
i.e., ET (shaded in blue) and EEA (shaded in orange), are shown in Figure 5.16. As shown in literature 
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the EEI signal is dominated by pathways that include EEA31,42, although these diagrams co-exist with 
a number of diagrams that contain only ET, which formally also give rise to a signal at 2𝜔 →

𝜔 . The fact that the EEI cross peak dynamics in experiment (see Figure 5.4 in the main text) 
exhibit a dependence on the excitation intensity corroborates the fact that the diagrams containing 
both ET and EEA are most relevant to the EEI cross peak, as for the diagrams with ET alone no 
intensity dependence is expected. 

5.5.7.3 Seventh-Order Signals 

As discussed in the main text, higher-order, namely at least seventh order, effects occur at high 
exciton densities, which were indeed observed experimentally at three times of the fundamental 
frequency (SI, Section 5.5.9). Although the seventh-order signal can be glimpsed spectroscopically 
isolated at triple the fundamental frequency, it also contributes to the (fifth-order) EEI signal at twice 
the fundamental frequency. This occurs in a similar fashion as the (fifth-order) EEI signal contributes 
to the (third-order) absorptive signal, as the transient exciton dynamics accelerate in presence of 
exciton–exciton annihilation. Two diagrams that demonstrate the effect of the seventh-order on the 
EEI signal of the diagonal peak of the outer tube (left diagram; 2𝜔 → 𝜔 ) and the cross peak 
(right diagram; 2𝜔 → 𝜔 ) are shown in Figure 5.17a. Two exemplary diagrams for the 
diagonal peak and the cross peak at three times the excitation frequency 3ωouter are shown in Figure 
5.17b. 

 

Figure 5.17. (a) Rephasing double-sided Feynman diagrams of the seventh-order signal which give rise to a signal at an 
excitation frequency of 2𝜔  and detection at 𝜔  or 𝜔  following ET. EEA cascades are shown in dark red, 
while ET from the outer tube to the inner tube is shaded in blue. (b) Rephasing double-sided Feynman diagrams for the 
signal at 3𝜔 . 

Possible contributions to the seventh-order signal include a sequential cascade of annihilations, in 
which excitons participate in multiple EEA events during the waiting time 𝑇. For example, after a bi-
exciton state relaxes to a one-exciton state, it is excited one more time to the bi-exciton state that 
subsequently relaxes. However, such processes are not very likely in our experiments because of the 
short (~15 fs) pulse duration, the low intensity of the probe pulse and a single-pump-beam geometry, 
which prevents the second excitation to occur with a photon from the same pump pulse. 
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5.5.8 Monte-Carlo Simulations 

5.5.8.1 Simulation Grid 

The molecular grid for MC simulations was set up to match the size known from cryo-TEM 
measurements7,75,76 and previously published theoretical models7. Тhe boundary conditions for the 
grid are given by the radii and the molecular surface densities of both tubes. For simplicity we assume 
identical square grids for the inner and outer tube with a single molecule on each grid site, although 
more sophisticated models for the molecular packing have been proposed including brickwork 
models45,77,78 and extended herringbone models7,8. Here, we use the same model parameters as in Ref. 
7: 𝑅 = 6.465 nm and 𝑅 = 3.551 nm for the radii, 𝑁 = 14260 and 𝑁 = 7992 for 
the number of molecules in each tube and a total tube length of 𝐿 ≈ 197 nm. From these values the 
molecular surface densities are calculated as 𝜌 = 𝑁/2𝜋𝑅𝐿. In order to construct the square grid for 
MC simulations we use the average molecular surface density of both layers ~1.81 molecules nm , 

from which the lattice constant is calculated as 𝑎 = 1 𝜌⁄ ≈ 0.74 nm. The number of molecules on 

the circumference then follows as 𝑁 = 2𝜋𝑅 𝑎⁄ . A summary of the relevant parameters for the 
molecular grid is given in Table 5.3. 

Table 5.3. Summary of parameters for the molecular grid for MC simulations. The chemical structure of C8S3 is shown 
in the right column with dimensions indicated. Note that the latter refers to the situation with the octyl side-groups fully 
extended. 

Quantity Inner layer Outer layer Chemical structure 
Radius (Ref. 7) 3.551 nm 6.465 nm 

Circumference ~22.3 nm ~40.6 nm 

Molecular surface 
density 

~1.84 
molecules nm  

~1.77 
molecules nm  

Lattice constant ~0.74 nm 

Unit cell area ~0.55 nm  

Number of molecules 
on the circumference 

~30 ~55 

At first glance the value for the lattice constant disagrees with the molecular geometry, as the size 
of the molecule exceeds this length (see Table 5.3 for chemical structure). However, it is important 
to realize that assuming a simple square grid for the molecular packing yields a single effective lattice 
constant, which averages the actual separation between individual molecules in different directions 
for more sophisticated packing motifs. In reality, the molecules are expected to stack in one direction 
with their chromophores closely aligned at distances on the order of 0.4 nm (as reported for a 
structurally similar molecule79), while the molecular separation in the “lateral” direction would 
roughly correspond to the molecular size of 1.7 nm. Combined this yields a unit cell area of 
1.7 nm × 0.4 nm = 0.68 nm , which agrees well with the unit cell area derived from the square grid. 
The remaining molecular dimension (~1.7 nm) sticks out perpendicular from the planes considered 
here and contributes to the wall thickness of the double-walled assembly. According to the inner and 
outer radii the thickness amounts to ~3 nm, which is in good agreement with two times the molecular 
size in this direction. 
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5.5.8.2 Extraction of the Absorptive and EEI Signal 

Table 5.4. Prerequisites for extraction of the absorptive and EEI signals from MC simulations. 

Signal Peak type Origin Annihilated? Position at time t Freq. (exc.→det.) 

A
b

s.
 diagonal peak inner - inner 𝜔 → 𝜔  

diagonal peak outer - outer 𝜔 → 𝜔  

cross peak outer - inner 𝜔 →  𝜔  

E
E

I 

diagonal peak 
inner 
inner 

yes inner 2𝜔 → 𝜔  

diagonal peak 
outer 
outer 

yes outer 2𝜔 → 𝜔  

cross peak 
outer 
outer 

yes inner 2𝜔 → 𝜔  

5.5.8.3 Definition of the Annihilation Radius 

We use the annihilation radius as a quantity to characterize the distance dependence of the interactions 
of two approaching excitons that ultimately results in annihilation of one of the excitons. If we assume 
a Förster-type exchange for an exciton–exciton annihilation event50,54,65, the probability of the event 
scales with distance 𝑅 as (1 + 𝑅 𝑅⁄ ) , where 𝑅  is the Förster radius. In order to ease the 
computations, we approximate this dependence by a step function: the probability of annihilation 
within 𝑅  is unity, otherwise it is null (Figure 5.18). In other words, within the cut-off distance 𝑅  
the annihilation event outcompetes any other relevant rate in the system (e.g. the exciton decay rate 
and the exciton diffusion rate). 

 

Figure 5.18. Distance dependence of the Förster-type transfer probability (red) and its approximation with a step function 
(blue; here denoted as 𝑅 ). 

5.5.8.4 Exciton Displacement 

In order to compute the mean (square) exciton displacement Monte-Carlo simulations were conducted 
in an annihilation-free setting, i.e., with EEA switched off, and at a low exciton density. The latter 
was important to not hinder the exciton motion by having too many occupied sites. All excitons were 
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labelled with their initial [𝑋 , 𝑌 , 𝑍 ] and final [𝑋 , 𝑌 , 𝑍 ] position on the grid, where the 𝑋- and 𝑌-
coordinates refer to sites along and across the molecular grid, respectively. The 𝑍 coordinate encodes 
whether an exciton resides on the inner or outer layer for which 𝑍 can take values of 0 or 1. As inter-
layer ET is constrained to occur vertically, i.e., between corresponding sites on the inner and outer 
layer, the 𝑍-coordinate can be neglected for the calculation of the (square) displacement. Instead, the 
displacement 𝑥  and square displacement 𝑥  of an individual exciton are computed via: 

𝑥 = 𝑎 [(𝑋 − 𝑋 ) + (𝑌 − 𝑌) ],       (5.2) 

𝑥 = 𝑎 [(𝑋 − 𝑋 ) + (𝑌 − 𝑌) ].        (5.3) 

Here, 𝑎 is the lattice constant (SI, Section 5.5.8.1). The histograms for the displacement and square 
displacements for isolated inner tubes and complete nanotubes are shown in Figure 5.19. In the 
simulations of the isolated inner tubes and complete nanotubes we find mean square exciton 
displacements (〈𝑥 〉) of 1282 nm  and 722 nm , respectively, which translate into 2319 molecules 
and 1307 molecules assuming a molecular surface density of 1.81 molecules nm . These values 
differ despite identical exciton hopping rates due to different one-exciton lifetimes, which permits 
excitons to diffuse longer (and farther) in the case of isolated inner tubes. From the mean square 
displacement the diffusion constants are calculated (〈𝑥 〉  = 4𝐷 𝜏)80. Note that this diffusion 
constant refers to the situation of isotropic exciton transport based on the underlying (simplified) 
molecular square grid, where identical exciton hopping rates in all directions are assumed. 

 

Figure 5.19. Exciton (square) displacement in Monte-Carlo simulations. (a) and (b) histograms for the exciton 
displacement, and (c) and (d) square exciton displacement obtained from Monte-Carlo simulations in case of isolated 
inner tubes (left, red) and complete nanotubes (right, black). For the histograms, the binning width was set to 5 nm in the 
case of exciton displacement, and 250 nm  for the exciton square displacement. The inset states the mean (square) exciton 
displacement, number of excitons the statistics are based on and the one-exciton lifetime. 
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5.5.8.5 EEA Statistics: Isolated Inner Tubes 

In the MC simulations the path of each individual exciton is recorded, during which it could either 
naturally decay due to its finite lifetime or undergo EEA with another exciton. In that case, one of the 
excitons is deleted, while the surviving exciton can continue to diffuse and engage in additional EEA 
events. For the latter, the accumulated number of participations in EEA events was recorded until and 
including an exciton’s own relaxation. As the excitons are not constrained from participation in 
multiple EEA events, this value may exceed one. 

The nature of EEA in which one exciton is destroyed imposes a lower limit on the share of excitons 
for each number of EEA events. For example, in the extreme case of complete annihilation of all 
excitons, 50 % of the excitons can accumulate a maximum of one annihilation event, 25 % of the 
excitons a maximum of two annihilation events, etc., as described by the geometric distribution. In 
contrast, in complete absence of EEA, excitons decay only according to their lifetime and, thus, 
accumulate no annihilation events. These two limiting cases dictate the lower and upper bound for 
the mean number of EEA participations (〈𝑁 〉) between 0 for the annihilation free case and 2 for 
complete annihilation of all excitons. Note that these boundaries only hold for a closed system, i.e., 
the system does not receive any additional excitons from an external source, as for example via ET 
from the outer tube. 

 

Figure 5.20. Histograms for the number of accumulated annihilation events per exciton in the Monte-Carlo simulations 
of isolated inner tubes at different exciton densities (shown in the inset of each panel). The inset also specifies the number 
of excitons the statistics are based on and the mean number of annihilation events for the given histogram. The dashed 
arrows indicate the main changes upon increasing the exciton density. The upper panel does not refer to any exciton 
density in experiment, but was added to illustrate 20 % probability of EEA even at exciton densities several times lower 
than experimentally used. 
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Figure 5.20 depicts histograms for the number of annihilation events that excitons accumulated 
during the simulation of isolated inner tubes for a range of exciton densities. Increasing the exciton 
density leads to more prominent EEA. As a result, there is a lower number of excitons that decay 
naturally, which is reflected in a decreasing number of excitons that did not participate in any 
annihilation event, i.e., the number of accumulated EEA events of zero. Simultaneously, the 
distribution shifts to higher numbers of EEA events, as excitons are more likely to encounter another 
exciton and, thus, engage in another EEA event. Expectedly, the mean number of EEA participations 
increases from 1.01 at 1 exciton per ~600 molecules up to 1.91 at 1 exciton per ~20 molecules for 
increasing exciton densities evidencing the importance of multi-annihilation events accumulated by 
individual excitons. Even for the lowest exciton density in experiment, MC simulations show that a 
considerable share of the excitons has accumulated two EEA events by the time of their death, which 
is the primary requirement for the observation of multi-exciton processes encoded in seventh and 
higher-order signals. 
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5.5.8.6 EEA Statistics: Complete Nanotubes 

In order to elucidate the fate of the excitons that were originally planted on the outer tube, we extract 
the fraction of these excitons that (1) decay naturally, (2) decayed due to EEA on the inner tube or 
(3) decayed due to EEA on the outer tube at various exciton densities as shown in Figure 5.21. At 
low exciton densities, the inter-layer ET rate is significantly faster than the EEA rates (i.e., number 
of EEA events per time interval), which causes the majority of the excitons from the outer tube to be 
transferred first and then decay naturally or, to a lesser extent, annihilate on the inner tube (Figure 
5.21, red curve). At the same time, EEA on the outer tube is negligibly small (Figure 5.21, black 
curve). In contrast, for very high exciton densities, the EEA rate accelerates and ultimately 
outcompetes the ET rate, which leads to very prominent EEA on the outer tube. As a result, the 
exciton population is depleted before any of the surviving excitons can be transferred to the inner 
tube for which EEA is then less pronounced. At intermediate exciton densities, the ET rate and EEA 
rate are balanced, which maximizes the share of excitons that were planted on the outer tube, but 
annihilate on the inner tube. Note that Figure 5 in the main text is a sum of the excitons that either 
decayed naturally (Figure 5.21; green squares) or annihilated (Figure 5.21; red triangles) on the inner 
tube. 

 

Figure 5.21. Fraction of excitons that were originally planted on the outer tube that decay naturally on the inner tube 
(green squares), decay naturally on the outer tube (blue triangles), annihilate on the inner tube (red triangles) or annihilate 
on the outer tube (black circles) from the Monte-Carlo simulations as a function of the exciton density. At time zero both 
tubes are populated with the same exciton density. The inverse exciton density, i.e., the number of molecules per exciton 
is plotted on the top axis. Solid symbols: exciton densities used in experiment on complete nanotubes; open symbols: 
additional data points for illustration of the trend. Solid lines are drawn to guide the eye of the reader. 

In the following we analyze the distribution and the mean number of EEA events accumulated by 
individual excitons for which the corresponding histograms are shown in Figure 5.22. Here, we 
evaluate the share of excitons that were planted on the outer tube, and died on either the inner (upper 
panels; red) or the outer tube (bottom panels; black) at the exciton densities used in experiment. 
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Figure 5.22. Histograms of the accumulated number of annihilation events by individual excitons that were originally 
planted on the outer tube and died on the inner (red; left panels) or the outer tube (black; right panels) for different exciton 
densities. The upper panel does not refer to any exciton density in experiment, but was added to illustrate the high 
probability of EEA even at exciton densities ~7 times lower than experimentally used. Inset: Total number of excitons 
for the respective histogram and mean number of annihilation events per exciton. 

For higher exciton densities EEA gains importance at expense of excitons that decay naturally 
before engaging in any EEA event, i.e., zero annihilation events. Consequently, the distribution of 
the number of EEA participations gradually shifts to higher values, where the mean number of 
annihilation events dramatically increases (from 1.23 to 2.98) for the inner tube, while there is only 
a moderate increase (from 0.53 to 1.56) for the outer tubes. Note that the upper boundary for the 
mean value of 2 (as discussed in the previous section) is no longer applicable here, as the inner tube 
does not represent a closed system anymore, but can receive additional excitons from the outer tube. 
In the regime of high exciton densities, the first cascade of annihilation events occurs on the outer 
tube during which excitons participate in one or two EEA events (〈𝑁 〉 = 1.56). After the 
subsequent transfer of the surviving excitons to the inner tube, these excitons can engage in further 
EEA events, which leads to the large mean value of EEA participations on the inner layer, although 
EEA is more prominent on the outer tube in terms of total number of annihilated excitons. 
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5.5.9 Observation of the Seventh-Order Signal 

In the Monte-Carlo simulations, we implicitly included the occurrence of multi-exciton processes, 
where excitons could participate in multiple EEA events. These higher-order effects (in the language 
of nonlinear optics, seventh-order, etc.; SI, Section 5.5.7.3) lead to additional changes of the observed 
dynamics of the absorptive and EEI signals. Experimentally the seventh-order signal could also be 
observed despite undersampling of the coherence time with the step size of 0.38 fs (see Methods 
section in the main text). The latter determined the Nyquist limit at about 44000 cm , which lies 
below the expected position of the seventh-order signal at triple the fundamental frequency 
(~50000 cm ). However, due to back folding at the Nyquist limit the seventh-order signal appeared 
at (44000 − 6000) cm = 38000 cm  along the excitation axis73. For high exciton densities this 
signal was indeed resolved in the EEI signal (Figure 5.23), which corroborates the influence of multi-
exciton processes for the experimentally observed signals as well as in our modelling.  

 

Figure 5.23. EEI2D spectra of complete nanotubes (left) and isolated inner tubes (right) with the excitation axis extended 
to higher frequencies. The spectra were normalized to their maximum absolute amplitude. The signal amplitude is 
depicted on a linear color scale (between −1 and +1) with increments of 0.1 and contour lines are drawn as specified in 
the color bar. The 2D spectra were obtained at the highest exciton density in experiment for a waiting time of 100 fs. 
Dashed diagonal lines are drawn at 𝜔  =  2𝜔 . The anti-diagonal lines (solid) at 3𝜔 originate from back 
folding of the diagonal 𝜔  =  3𝜔  line at the Nyquist limit (~44000 cm ). 

The seventh-order signals are observed for both complete nanotubes as well as isolated inner tubes, 
but significantly stronger for the former. The structure of the seventh-order signals is identical to the 
lower-order signals with diagonal peaks for the outer and inner tube as well as a cross peak. The only 
difference is that the peak signs are again inverted compared to the EEI signal and, thus, identical to 
the absorptive signal, where the ground-state bleach (GSB) shows up negative and excited state 
absorption (ESA) positive. This again originates from the two additional interactions of the sample 
with the incident light fields in the perturbative expansion. A quantitative analysis of these signals, 
however, is hindered due to the low signal amplitudes as well as the multitude of involved processes 
and, therefore, is beyond the scope of this Chapter. 
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5.5.10 Thermal Heating Induced by Exciton-Exciton Annihilation 

In the absorptive 2D spectra of complete nanotubes an interesting side effect of EEA was observed, 
which was reflected in transient heating of the nanotubes and a few surrounding solvent layers. The 
mechanism is the following: The energy of the annihilated exciton is transferred via a number of 
(vibrational) relaxation steps to low-frequency modes thereby creating a quasi-equilibrium 
Boltzmann distribution at elevated temperature. The whole relaxation process takes only a few ps 
which might be related to ultrafast cooling in liquid water81,82. The increased temperature leads to 
small but detectable modifications of the nanotubes’ absorption spectrum, which causes a TA signal 
offset without detectable temporal variation on the timescale up to 100 ps especially evident at high 
exciton densities. The signal offset vanishes before the arrival of the next laser pulse, i.e., after 1 ms. 

In order to investigate this effect in greater depth we have performed a series of transient 
absorption (TA) measurements with an extended scanning range of the delay time 𝑇. Here we indeed 
find a prominent signal offset for high exciton densities (a representative TA map is shown in Figure 
5.24a). In order to analyze the signal offset, we average the TA signal for delay times between 90 ps 
and 100 ps (Figure 5.24a, side panel) and over 50 cm  along the detection axis. Specifically, the 
intervals for averaging are 16660 cm  to 16710 cm  and 16950 cm  to 17000 cm  for the 
inner and outer tube, respectively. As a next step, the signal amplitudes are plotted as a function of 
the respective exciton density in experiment (Figure 5.24b, circles). For comparison, the signal at 
zero delay time is extracted in the same spectral intervals and shown in the same graph (Figure 5.24b, 
squares). 

 

Figure 5.24. (a) Transient absorption map of complete nanotubes for the highest exciton density (one exciton per ~30 
molecules) normalized to the initial maximum absolute amplitude of the signal, i.e., change of optical density (ΔOD). The 
latter is depicted on a color scale (between −1 and +1) with increments of 0.1 and contour lines drawn as specified in 
the color bar. The vertical and horizontal axes are detection wavenumber and delay time between pump and probe pulse, 
respectively. The right panel depicts the average TA spectrum between 90 to 100 ps. (b) Log-log plot of the TA amplitude 
at delay times of 0 fs (open squares) and averaged between 90 ps and 100 ps (solid circles) for different exciton densities 
(average number of excitons per molecule) for the inner and outer tube in red and black, respectively. The top axis depicts 
the inverse exciton density, i.e., the number of molecules per one exciton, for simple comparison with the main text. The 
error bars in the vertical direction refer to the standard error upon averaging multiple scans. The horizontal error bars 
depict the uncertainty of the exciton density. 

The long-time offset of the TA signal (Figure 5.24b, solid circles) scales linearly with the exciton 
density, while the truly non-linear, early-time signal has a saturation scaling (Figure 5.24b, open 
squares). These are strong indications for heating of the sample, since the amount of energy dissipated 
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into the system scales linearly with the excitation power. This linear scaling is evident from fitting of 
the offset amplitude with a power law (𝑓(𝑥) = 𝑎𝑥 ; Figure 5.24b, gray dashed line), which yields a 
near-unity exponent of 𝑏 = 1.05 ± 0.05. Furthermore, the amplitude of the offset exceeds the 
amplitude expected from a simple exponential decay of the TA signal, which indicates that the 
detected signal does not directly originate from the remaining exciton population at this delay time. 
According to the one-exciton lifetime of 33 ps for complete nanotubes, the signal is expected to decay 
to about 6 mOD (i.e., 5 % of its initial amplitude ~130 mOD) after 100 ps, which is significantly 
lower than the measured value of ~17 mOD. 

As a further test of this hypothesis we collected absorption spectra induced by a temperature jump, 
i.e., a change in temperature (black and orange curves in Figure 5.25a). The spectra were measured 
by taking consecutive absorption spectra between which the sample was heated by Δ𝑇 = 2 K and 
then allowed to slowly cool down to room temperature (RT) again. Throughout the measurement the 
sample temperature was monitored using a thermocouple submerged into the sample solution. The 
difference spectra were then computed as ΔOD = OD(RT + Δ𝑇) − OD(RT) and depicted as black 
( Δ𝑇 = 2 K) and orange (Δ𝑇 = 0.5 K) curves in Figure 5.25b in comparison with the TA “offset” 
spectrum at a delay time of 100 ps (blue). 

Overall, the agreement of the TA offset and the difference spectra due to temperature regarding 
the spectral shape and peak positions is good with the exception of the magnitude being slightly 
underestimated so that a temperature change of 4 K would have likely been a better estimate. 
Nevertheless, these results strongly suggest that the offset observed in the absorptive 2D and TA 
experiments is likely to originate from transient heating of the sample. 

 

Figure 5.25. (a) Absolute absorption spectra of complete nanotubes at room temperature (gray, shaded) and at increased 
temperatures Δ𝑇 = 2 K (black) and Δ𝑇 = 0.5 K (orange) after 5 min. of waiting. (b) Pump–probe (TA) spectrum (blue) 
and difference spectra between C8S3 nanotube absorption spectra with a temperature difference of 2 K (black) and 0.5 K 
(orange). 

A temperature change of 4 K corresponds to the heating due to a single laser shot (Δ𝐸 =  2.5 nJ) 
from which 15 % are absorbed and subsequently converted into heat. To reach this estimate a number 
assumptions have to be made: (1) the heated volume is confined to the nanotube volume, (2) heat 
dissipation into the bulk solvent is negligible at the timescale of the experiment (~100 ps), and (3) 
the heat capacity of the nanotubes is identical to water (specific heat capacity 𝑐 =  4.1379 J g  K  
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at room temperature), as the heat capacity of the nanotubes is unknown. The change in temperature 
is then computed via 

Δ𝑇 = =
 

 H2O
=

. × . ×  

.
 

 × . ×  
≈ 4 K      (5.4) 

with the supplied heat 𝑄, absorbed fraction of the laser pulse 𝐴, pulse energy Δ𝐸, and the heat 
capacity 𝐶. The corresponding mass of water was calculated from that fraction of the focal volume 
𝑉  that is actually occupied by nanotubes. Therefore, the latter were treated as simple hollow 
cylinders with an inner and outer radius of 𝑅 = 3.551 nm and 𝑅 = 6.465 nm, respectively. 
The focal volume is assumed cylindrical with a radius of 50 µm and thickness of 50 µm yielding for 
the water mass 

𝑚H2O =
  foc 𝜋(𝑅 − 𝑅 )𝜌H2O ≈ 2.2 × 10  g.    (5.5) 

The first bracketed factor computes the total length of nanotubes in the focal volume via the molar 
concentration 𝑐 = 1.11 × 10  M (Methods and SI, Section 5.5.1), Avogadro constant 𝑁 , and the 

molar density 𝜌 = 114 nm  (number of molecules per unit length of the nanotubes counting 
both layers; extracted from the theoretical model presented in Ref. 7). Taken together with the cross 
section of the nanotube calculated from the inner and outer radii and the density of water (𝜌H2O) yields 

the corresponding mass. Note that if the entire focal volume (𝑉 ) is assumed to heat up, the absolute 
change in temperature Δ𝑇 is in the sub-mK range. 

5.5.11 Photoluminescence Measurements for One-Exciton Lifetime 

In order to accurately determine the one-exciton lifetime of complete nanotubes as well as flash-
diluted inner tubes we measured the photoluminescence (PL) response of the sample at extremely 
low exciton densities of about one exciton per 10  molecules for which the transients are shown in 
Figure 5.26. In either case the sample was excited at 550 nm and the PL response was recorded with 
a streak camera (Hamamatsu, model C5680). 

 

Figure 5.26. Experimental PL transients for complete nanotubes (black dots) and isolated inner tubes (red dots) at low 
exciton densities of only one exciton per 10  molecules. The excitation wavelength is 550 nm. The solid lines are fits 
according to a bi-exponential decay convoluted with the instrument response function (IRF, dashed). Gray line: PL decay 
of C8S3 monomers dissolved in methanol (lifetime ~100 ps). 
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Despite the low exciton density, we find that the transients exhibit a small degree of non-
exponentiality. Therefore, we fit the transients with a convolution of two exponential decays and the 
instrument response function (IRF), which can be approximated by a Gaussian with standard 
deviation width of ~3 ps. From these fits we extract the weighted averaged lifetime of a single exciton 
for the isolated inner tubes and complete nanotubes as 58 ps and 33 ps, respectively. In either case 
the lifetime is shorter than for C8S3 monomers dissolved in methanol (~100 ps) due to the formation 
of a superradiant state71. 

The lifetime of complete nanotubes is in good agreement with previously published values 
obtained from femtosecond transient grating photoluminescence measurements obtained for 
nanotubes suspended in a sugar matrix following 400 nm excitation18. It is worth noting that some 
studies reported PL lifetimes of ~64 ps at 100 K by freezing the nanotubes in their aqueous host 
solvent63 and up to ~260 ps at room temperature for nanotubes suspended in a sugar matrix11. The 
cause for these differences is not exactly understood, although the choice of the host matrix as well 
as the experimental parameters such as excitation wavelengths (495 nm in Ref. 63; 400 nm, and 
520 nm in Ref. 11) might play a role. The reduced lifetime of complete nanotubes compared to the 
isolated inner tubes is consistent with earlier reported observations for matrix-suspended oxidized 
nanotubes18. We hypothesize that the presence of the outer tube may introduce additional non-
radiative pathways through which inner-tube excitons decay. 

5.5.12 Monte-Carlo Simulations for Purely Diffusive Exciton Dynamics 

Here we test a scenario in which the exciton–exciton interaction radius is nullified, i.e., two excitons 
only annihilate in case they occupy the same site after a hopping event, which is compensated by an 
increased hopping rate to obtain a diffusion constant of 100 nm  ps  in accordance with previously 
published results9. All other conditions as outlined in the main text, stayed unaltered. 

 

Figure 5.27. Experimental absorptive and EEI transients for isolated inner tubes as a function of waiting time (symbols). 
The experimental data are the same as in Figure 5.3 in the main part. The solid lines depict transients from MC simulations. 
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In the regime of high exciton densities (Figure 5.27, gray), the dynamics at early waiting times are 
captured reasonably well, as a faster exciton diffusion can compensate the lack of an extended 
annihilation radius and vice versa. However, towards longer waiting times the increased diffusion 
constant leads to unsatisfactory fit of the data, as the calculated dynamics are generally too fast. In 
particular, this trend becomes apparent at intermediate exciton densities, where the simulations 
predicts the maximum EEI signal to occur at ~600 fs (Figure 5.27, red) and ~200 fs (Figure 5.27, 
blue), although the experimental data reach the maximum amplitude at ~6 ps and ~1 ps, 
respectively. Therefore, we conclude that exciton diffusion alone cannot account for the experimental 
observations, but an extended radius for exciton–exciton interactions is required to describe the data 
adequately. 

5.5.13 EEI2D Setup Schematic 

 

Figure 5.28. Schematic of the experimental apparatus for absorptive 2D and EEI2D spectroscopy. The flow direction of 
the sample is indicated by the arrow. The pump and probe pulses are polarized along the flow. 

5.5.14 EEI2D Spectra of Laser Dye Sulforhodamine 101 

As a control experiment, absorptive 2D and EEI2D spectra of the laser dye sulforhodamine 101 
(SR101, Radiant Dyes) diluted in water at concentration of 𝑐 = 10  M were recorded (Figure 5.29) 
at which the average distance between individual molecules amounts to ~26 nm. SR101 was chosen 
as its absorption peak is located in the same spectral range as the nanotube absorption spectrum 
investigated here. The response from diluted SR101 molecules is expected to be annihilation-free, as 
the individual molecules are spaced far apart and, thus, energetically uncoupled. Therefore, any 
photoexcitation remains localized on a single molecule, which prevents EEA. The optical density was 
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set at OD ≈ 0.08 at 586 nm, which is similar to the OD of the nanotubes sample; the excitation 
energy was set at 40 nJ per pulse. This resulted in excitation of approximately 10 % of the SR101 
molecules in the focal volume, or, in terms of the main text, one excitation per 10 molecules. This 
exceeds the highest exciton density used for 2D spectroscopy of the nanotubes by a factor of ~2. 

 

Figure 5.29. Absorptive 2D and EEI2D spectra of SR101 dissolved in H2O for different waiting times for an excitation 
power of 40 nJ. The signal amplitude was normalized to the maximum absolute amplitude (at 0 fs waiting time) and is 
depicted on a color scale (between −1 and +1) with increments at 0.83, 0.57, 0.4, 0.27, 0.19, 0.13, 0.08, and 0.05. 
Contour lines are drawn as specified in the color bar. Dashed lines (red) are drawn at 𝜔  =  𝜔  and 
𝜔  =  2𝜔  to mark the positions of the absorptive and EEI signals, respectively. 

The 2D absorptive response is governed by a broad (negative) ground-state bleach GSB and 
stimulated emission (SE) signal around the fundamental frequency ω, while there is no EEI signal 
detectable around the double frequency 2𝜔. Furthermore, Figure 5.29 depicts the full range of 
excitation frequencies from 15000 cm  to 36000 cm  in order to prove that the signal at 
intermediate frequencies is free of any artifacts or spurious signals. These results confirm that the 
spectral range, where EEI signals are expected, is free from artifacts from the experimental apparatus. 
Importantly, it also supports our assignment of the EEI signal arising EEA, because an even higher 
excitation density for dissolved SR101 molecules does not result in any observable EEI signal, which 
in turn justifies our theoretical approach. 
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5.5.15 Inter-wall Excitation Transfer Rate 

In order to determine the transfer rate from the outer to the inner tube for complete nanotubes, 
absorptive 2D spectroscopy was used with fine sampling of the waiting time in steps of 5 fs. To 
minimize the influence of EEA, the exciton density was set to only 1 exciton per ~500 molecules, 
which caused the increased noise level of the transient. Figure 5.30 depicts the GSB cross peak 
amplitude as a function of waiting time. 

 

Figure 5.30. GSB cross peak amplitude of complete nanotubes as a function of waiting time (black squares). The gray 
line is an exponential fit of the transient. 

Fitting the GSB cross peak transient to an in-growing exponential function 𝐹(𝑡) =

𝐴[1 − exp(− 𝑡 𝜏⁄ )] yields a time constant of ~310 fs, which is in excellent agreement with the values 
reported in literature18,69,70. 

5.6 Author Contributions 

B.K. prepared the samples. B.K. and J.L. performed the absorptive and EEI2D experiments and 
analyzed the experimental data, together with P.M.; the analysis was supervised by T.B. and M.S.P. 
B.K. performed the Monte-Carlo simulations. T.K. calculated the exciton diffusion tensor under 
supervision of T.L.C.J. and J.K. J.K. led the discussion on the link between exciton delocalization 
and annihilation. B.K. and M.S.P. wrote the manuscript with contributions from all other authors. 

5.7 References 

1. Mirkovic, T.; Ostroumov, E. E.; Anna, J. M.; van Grondelle, R.; Govindjee; Scholes, G. D. Light Absorption and 
Energy Transfer in the Antenna Complexes of Photosynthetic Organisms. Chem. Rev. 117, 249–293 (2017). 

2. Orf, G. S.; Blankenship, R. E. Chlorosome antenna complexes from green photosynthetic bacteria. Photosynth. 
Res. 116, 315–331 (2013). 

3. Brixner, T.; Hildner, R.; Köhler, J.; Lambert, C.; Würthner, F. Exciton Transport in Molecular Aggregates - From 
Natural Antennas to Synthetic Chromophore Systems. Adv. Energy Mater. 7, 1700236 (2017). 

4. Ganapathy, S.; Oostergetel, G. T.; Wawrzyniak, P. K.; Reus, M.; Chew, A. G. M.; Buda, F.; Boekema, E. J.; 
Bryant, D. A.; Holzwarth, A. R.; de Groot, H. J. M. Alternating syn-anti bacteriochlorophylls form concentric 
helical nanotubes in chlorosomes. Proc. Natl. Acad. Sci. 106, 8525–8530 (2009). 

5. Günther, L. M.; Löhner, A.; Reiher, C.; Kunsel, T.; Jansen, T. L. C.; Tank, M.; Bryant, D. A.; Knoester, J.; Köhler, 
J. Structural Variations in Chlorosomes from Wild-Type and a bchQR Mutant of Chlorobaculum tepidum 
Revealed by Single-Molecule Spectroscopy. J. Phys. Chem. B 122, 6712–6723 (2018). 

0 100 200 300 400 500 600
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

 

 

C
ro

ss
 p

e
ak

 a
m

pl
itu

de
 (

ar
b

. u
.)

Waiting time (fs)

 GSB cross peak
 Ingrowing exp. fit

~ 310 fs



 Chapter 5 

151 
  

6. Würthner, F.; Kaiser, T. E.; Saha-Möller, C. R. J-Aggregates: From Serendipitous Discovery to Supramolecular 
Engineering of Functional Dye Materials. Angew. Chemie Int. Ed. 50, 3376–3410 (2011). 

7. Eisele, D. M.; Cone, C. W.; Bloemsma, E. A.; Vlaming, S. M.; van der Kwaak, C. G. F.; Silbey, R. J.; Bawendi, 
M. G.; Knoester, J.; Rabe, J. P.; Vanden Bout, D. A. Utilizing redox-chemistry to elucidate the nature of exciton 
transitions in supramolecular dye nanotubes. Nat. Chem. 4, 655–662 (2012). 

8. Kriete, B.; Bondarenko, A. S.; Jumde, V. R.; Franken, L. E.; Minnaard, A. J.; Jansen, T. L. C.; Knoester, J.; 
Pshenichnikov, M. S. Steering Self-Assembly of Amphiphilic Molecular Nanostructures via Halogen Exchange. 
J. Phys. Chem. Lett. 8, 2895–2901 (2017). 

9. Clark, K. A.; Krueger, E. L.; Vanden Bout, D. A. Direct measurement of energy migration in supramolecular 
carbocyanine dye nanotubes. J. Phys. Chem. Lett. 5, 2274–2282 (2014). 

10. Haedler, A. T.; Kreger, K.; Issac, A.; Wittmann, B.; Kivala, M.; Hammer, N.; Köhler, J.; Schmidt, H. W.; Hildner, 
R. Long-range energy transport in single supramolecular nanofibres at room temperature. Nature 523, 196–199 
(2015). 

11. Caram, J. R.; Doria, S.; Eisele, D. M.; Freyria, F. S.; Sinclair, T. S.; Rebentrost, P.; Lloyd, S.; Bawendi, M. G. 
Room-Temperature Micron-Scale Exciton Migration in a Stabilized Emissive Molecular Aggregate. Nano Lett. 
16, 6808–6815 (2016). 

12. Freyria, F. S.; Cordero, J. M.; Caram, J. R.; Doria, S.; Dodin, A.; Chen, Y.; Willard, A. P.; Bawendi, M. G. Near-
Infrared Quantum Dot Emission Enhanced by Stabilized Self-Assembled J-Aggregate Antennas. Nano Lett. 17, 
7665–7674 (2017). 

13. Jin, X.-H.; Price, M. B.; Finnegan, J. R.; Boott, C. E.; Richter, J. M.; Rao, A.; Menke, S. M.; Friend, R. H.; 
Whittell, G. R.; Manners, I. Long-range exciton transport in conjugated polymer nanofibers prepared by seeded 
growth. Science 360, 897–900 (2018). 

14. Eisele, D. M.; Arias, D. H.; Fu, X.; Bloemsma, E. A.; Steiner, C. P.; Jensen, R. A.; Rebentrost, P.; Eisele, H.; 
Tokmakoff, A.; Lloyd, S.; et al. Robust excitons inhabit soft supramolecular nanotubes. Proc. Natl. Acad. Sci. 
111, E3367–E3375 (2014). 

15. Chuang, C.; Lee, C. K.; Moix, J. M.; Knoester, J.; Cao, J. Quantum Diffusion on Molecular Tubes: Universal 
Scaling of the 1D to 2D Transition. Phys. Rev. Lett. 116, 196803 (2016). 

16. Kim, T.; Ham, S.; Lee, S. H.; Hong, Y.; Kim, D. Enhancement of exciton transport in porphyrin aggregate 
nanostructures by controlling the hierarchical self-assembly. Nanoscale 10, 16438–16446 (2018). 

17. Clark, K. A.; Cone, C. W.; Vanden Bout, D. A. Quantifying the Polarization of Exciton Transitions in Double-
Walled Nanotubular J-Aggregates. J. Phys. Chem. C 117, 26473–26481 (2013). 

18. Pandya, R.; Chen, R.; Cheminal, A.; Thomas, T. H.; Thampi, A.; Tanoh, A.; Richter, J. M.; Shivanna, R.; 
Deschler, F.; Schnedermann, C.; et al. Observation of Vibronic Coupling Mediated Energy Transfer in Light-
Harvesting Nanotubes Stabilized in a Solid-State Matrix. J. Phys. Chem. Lett. 9, 5604–5611 (2018). 

19. Whitesides, G. M. The origins and the future of microfluidics. Nature 442, 368–373 (2006). 
20. DeMello, A. J. Control and detection of chemical reactions in microfluidic systems. Nature 442, 394–402 (2006). 
21. Arnon, Z. A.; Vitalis, A.; Levin, A.; Michaels, T. C. T.; Caflisch, A.; Knowles, T. P. J.; Adler-Abramovich, L.; 

Gazit, E.; Lehn, J.-M.; Brunsveld, L.; et al. Dynamic microfluidic control of supramolecular peptide self-
assembly. Nat. Commun. 7, 13190 (2016). 

22. Sorrenti, A.; Rodriguez-Trujillo, R.; Amabilino, D. B.; Puigmartí-Luis, J. Milliseconds make the difference in the 
far-from-equilibrium self-assembly of supramolecular chiral nanostructures. J. Am. Chem. Soc. 138, 6920–6923 
(2016). 

23. Barich, M. V; Krummel, A. T. Polymeric Infrared Compatible Microfluidic Devices for Spectrochemical 
Analysis. Anal. Chem. 85, 10000–10003 (2013). 

24. Chauvet, A.; Tibiletti, T.; Caffarri, S.; Chergui, M. A microfluidic flow-cell for the study of the ultrafast dynamics 
of biological systems. Rev. Sci. Instrum. 85, 103118 (2014). 

25. Maillot, S.; Carvalho, A.; Vola, J.-P.; Boudier, C.; Mély, Y.; Haacke, S.; Léonard, J. Out-of-equilibrium 
biomolecular interactions monitored by picosecond fluorescence in microfluidic droplets. Lab Chip 14, 1767 
(2014). 

26. Tracy, K. M.; Barich, M. V.; Carver, C. L.; Luther, B. M.; Krummel, A. T. High-Throughput Two-Dimensional 
Infrared (2D IR) Spectroscopy Achieved by Interfacing Microfluidic Technology with a High Repetition Rate 2D 
IR Spectrometer. J. Phys. Chem. Lett. 7, 4865–4870 (2016). 

27. Brüggemann, B.; Pullerits, T. Nonperturbative modeling of fifth-order coherent multidimensional spectroscopy 
in light harvesting antennas. New J. Phys. 13, 025024 (2011). 

28. Pachón, L. A.; Marcus, A. H.; Aspuru-Guzik, A. Quantum process tomography by 2D fluorescence spectroscopy. 
J. Chem. Phys. 142, 212442 (2015). 

29. Dijkstra, A. G.; Duan, H.-G.; Knoester, J.; Nelson, K. A.; Cao, J. How two-dimensional brick layer J-aggregates 
differ from linear ones: Excitonic properties and line broadening mechanisms. J. Chem. Phys. 144, 134310 (2016). 

30. Malý, P.; Mančal, T. Signatures of Exciton Delocalization and Exciton–Exciton Annihilation in Fluorescence-
Detected Two-Dimensional Coherent Spectroscopy. J. Phys. Chem. Lett. 9, 5654–5659 (2018). 

31. Süß, J.; Wehner, J.; Dostál, J.; Brixner, T.; Engel, V. Mapping of exciton–exciton annihilation in a molecular 
dimer via fifth-order femtosecond two-dimensional spectroscopy. J. Chem. Phys. 150, 104304 (2019). 



Interplay between Structural Hierarchy and Exciton Diffusion in Artificial Light Harvesting  

152 
  

32. Kunsel, T.; Tiwari, V.; Matutes, Y. A.; Gardiner, A. T.; Cogdell, R. J.; Ogilvie, J. P.; Jansen, T. L. C. Simulating 
Fluorescence-Detected Two-Dimensional Electronic Spectroscopy of Multichromophoric Systems. J. Phys. 
Chem. B 123, 394–406 (2019). 

33. Brixner, T.; Stenger, J.; Vaswani, H. M.; Cho, M.; Blankenship, R. E.; Fleming, G. R. Two-dimensional 
spectroscopy of electronic couplings in photosynthesis. Nature 434, 625–628 (2005). 

34. Abramavicius, D.; Nemeth, A.; Milota, F.; Sperling, J.; Mukamel, S.; Kauffmann, H. F. Weak exciton scattering 
in molecular nanotubes revealed by double-quantum two-dimensional electronic spectroscopy. Phys. Rev. Lett. 
108, 67401 (2012). 

35. Lim, J.; Palecek, D.; Caycedo-soler, F.; Lincoln, C. N.; Prior, J.; Von Berlepsch, H.; Paleček, D.; Caycedo-soler, 
F.; Lincoln, C. N.; Prior, J.; et al. Vibronic origin of long-lived coherence in an artificial molecular light harvester. 
Nat. Commun. 6, 7755 (2015). 

36. Mehlenbacher, R. D.; McDonough, T. J.; Grechko, M.; Wu, M.-Y.; Arnold, M. S.; Zanni, M. T. Energy transfer 
pathways in semiconducting carbon nanotubes revealed using two-dimensional white-light spectroscopy. Nat. 
Commun. 6, 6732 (2015). 

37. Thyrhaug, E.; Tempelaar, R.; Alcocer, M. J. P.; Žídek, K.; Bína, D.; Knoester, J.; Jansen, T. L. C.; Zigmantas, D. 
Identification and characterization of diverse coherences in the Fenna–Matthews–Olson complex. Nat. Chem. 10, 
780–786 (2018). 

38. Tiwari, V.; Matutes, Y. A.; Gardiner, A. T.; Jansen, T. L. C.; Cogdell, R. J.; Ogilvie, J. P. Spatially-resolved 
fluorescence-detected two-dimensional electronic spectroscopy probes varying excitonic structure in 
photosynthetic bacteria. Nat. Commun. 9, 4219 (2018). 

39. Mattson, M. A.; Green, T. D.; Lake, P. T.; McCullagh, M.; Krummel, A. T. Elucidating Structural Evolution of 
Perylene Diimide Aggregates Using Vibrational Spectroscopy and Molecular Dynamics Simulations. J. Phys. 
Chem. B 122, 4891–4900 (2018). 

40. Mandal, A.; Chen, M.; Foszcz, E. D.; Schultz, J. D.; Kearns, N. M.; Young, R. M.; Zanni, M. T.; Wasielewski, 
M. R. Two-Dimensional Electronic Spectroscopy Reveals Excitation Energy-Dependent State Mixing during 
Singlet Fission in a Terrylenediimide Dimer. J. Am. Chem. Soc. 140, 17907–17914 (2018). 

41. Son, M.; Pinnola, A.; Bassi, R.; Schlau-Cohen, G. S. The Electronic Structure of Lutein 2 Is Optimized for Light 
Harvesting in Plants. Chem 5, 575–584 (2019). 

42. Dostál, J.; Fennel, F.; Koch, F.; Herbst, S.; Würthner, F.; Brixner, T. Direct observation of exciton–exciton 
interactions. Nat. Commun. 9, 2466 (2018). 

43. von Berlepsch, H.; Ludwig, K.; Kirstein, S.; Böttcher, C. Mixtures of achiral amphiphilic cyanine dyes form 
helical tubular J-aggregates. Chem. Phys. 385, 27–34 (2011). 

44. Heshmatpour, C.; Hauer, J.; Šanda, F. Interplay of exciton annihilation and transport in fifth order electronic 
spectroscopy. Chem. Phys.528, 110433 (2019). 

45. Sperling, J.; Nemeth, A.; Hauer, J.; Abramavicius, D.; Mukamel, S.; Kauffmann, H. F.; Milota, F. Excitons and 
disorder in molecular nanotubes: a 2D electronic spectroscopy study and first comparison to a microscopic model. 
J. Phys. Chem. A 114, 8179–8189 (2010). 

46. Fidder, H.; Knoester, J.; Wiersma, D. A. Observation of the one-exciton to two-exciton transition in a J-aggregate. 
J. Chem. Phys. 98, 6564 (1993). 

47. Bakalis, L. D.; Knoester, J. Pump-probe spectroscopy and the exciton delocalization length in molecular 
aggregates. J. Phys. Chem. B 103, 6620–6628 (1999). 

48. Spano, F. C.; Mukamel, S. Cooperative Nonlinear Optical Response of Molecular Aggregates: Crossover to Bulk 
Behavior. Phys. Rev. Lett. 66, 1197–1200 (1991). 

49. Valkunas, L.; Ma, Y.-Z.; Fleming, G. R. Exciton-exciton annihilation in single-walled carbon nanotubes. Phys. 
Rev. B 73, 115432 (2006). 

50. Engel, E.; Leo, K.; Hoffmann, M. Ultrafast relaxation and exciton–exciton annihilation in PTCDA thin films at 
high excitation densities. Chem. Phys. 325, 170–177 (2006). 

51. Akselrod, G. M.; Tischler, Y. R.; Young, E. R.; Nocera, D. G.; Bulovic, V. Exciton-exciton annihilation in organic 
polariton microcavities. Phys. Rev. B 82, 113106 (2010). 

52. Scheblykin, I. G.; Varnavsky, O. P.; Bataiev, M. M.; Sliusarenko, O.; Van der Auweraer, M.; Vitukhnovsky, A. 
G. Non-coherent exciton migration in J-aggregates of the dye THIATS: exciton–exciton annihilation and 
fluorescence depolarization. Chem. Phys. Lett. 298, 341–350 (1998). 

53. Lin, H.; Camacho, R.; Tian, Y.; Kaiser, T. E.; Würthner, F.; Scheblykin, I. G. Collective fluorescence blinking in 
linear J-aggregates assisted by long-distance exciton migration. Nano Lett. 10, 620–626 (2010). 

54. Fennel, F.; Lochbrunner, S. Exciton-exciton annihilation in a disordered molecular system by direct and multistep 
Förster transfer. Phys. Rev. B 92, 140301 (2015). 

55. Thyrhaug, E.; Žídek, K.; Dostál, J.; Bína, D.; Zigmantas, D. Exciton Structure and Energy Transfer in the Fenna–
Matthews–Olson Complex. J. Phys. Chem. Lett. 7, 1653–1660 (2016). 

56. Dostál, J.; Pšenčík, J.; Zigmantas, D. In situ mapping of the energy flow through the entire photosynthetic 
apparatus. Nat. Chem. 8, 705–710 (2016). 

57. Haken, H.; Reineker, P. The coupled coherent and incoherent exciton motion and its influence on optical 
absorption, electron spin resonance and nuclear spin resonance. Acta Univ. Carolinae. Math. Phys. 14, 23–47 



 Chapter 5 

153 
  

(1973). 
58. Kenkre, V. M.; Reineker, P. Exciton Dynamics in Molecular Crystals and Aggregates. (Springer New York, 

1982). 
59. Moix, J. M.; Khasin, M.; Cao, J. Coherent quantum transport in disordered systems: I. The influence of dephasing 

on the transport properties and absorption spectra on one-dimensional systems. New J. Phys. 15, 085010 (2013). 
60. Kriete, B.; Lüttig, J.; Kunsel, T.; Malý, P.; Jansen, T. L. C.; Knoester, J.; Brixner, T.; Pshenichnikov, M. S. 

Interplay between structural hierarchy and exciton diffusion in artificial light harvesting. Nat. Commun. 10, 4615 
(2019). 

61. Eisele, D. M.; Knoester, J.; Kirstein, S.; Rabe, J. P.; Vanden Bout, D. A. Uniform exciton fluorescence from 
individual molecular nanotubes immobilized on solid substrates. Nat. Nanotechnol. 4, 658–663 (2009). 

62. Wan, Y.; Stradomska, A.; Knoester, J.; Huang, L. Direct Imaging of Exciton Transport in Tubular Porphyrin 
Aggregates by Ultrafast Microscopy. J. Am. Chem. Soc. 139, 7287–7293 (2017). 

63. Pugžlys, A.; Augulis, R.; Van Loosdrecht, P. H. M.; Didraga, C.; Malyshev, V. A.; Knoester, J. Temperature-
dependent relaxation of excitons in tubular molecular aggregates: fluorescence decay and Stokes shift. J. Phys. 
Chem. B 110, 20268–20276 (2006). 

64. Clark, K. A.; Krueger, E. L.; Vanden Bout, D. A. Temperature-Dependent Exciton Properties of Two Cylindrical 
J-Aggregates. J. Phys. Chem. C 118, 24325–24334 (2014). 

65. Förster, T. Zwischenmolekulare energiewanderung und fluoreszenz. Ann. Phys. 437, 55–75 (1948). 
66. Brüggemann, B.; May, V. Exciton exciton annihilation dynamics in chromophore complexes. I. Multiexciton 

density matrix formulation. J. Chem. Phys. 118, 746 (2003). 
67. Malyshev, V. A.; Glaeske, H.; Feller, K.-H. Exciton–exciton annihilation in linear molecular aggregates at low 

temperature. Chem. Phys. Lett. 305, 117–122 (1999). 
68. Tempelaar, R.; Jansen, T. L. C.; Knoester, J. Exciton–Exciton Annihilation Is Coherently Suppressed in H-

Aggregates, but Not in J-Aggregates. J. Phys. Chem. Lett. 8, 6113–6117 (2017). 
69. Augulis, R.; Pugzlys, A.; van Loosdrecht, P. H. M. Exciton dynamics in molecular aggregates. Phys. status solidi 

3, 3400–3403 (2006). 
70. Yuen-Zhou, J.; Arias, D. H.; Eisele, D. M.; Steiner, C. P.; Krich, J. J.; Bawendi, M. G.; Nelson, K. A.; Aspuru-

Guzik, A. Coherent exciton dynamics in supramolecular light-harvesting nanotubes revealed by ultrafast quantum 
process tomography. ACS Nano 8, 5527–5534 (2014). 

71. Spano, F. C.; Mukamel, S. Superradiance in molecular aggregates. J. Chem. Phys. 91, 683 (1989). 
72. Stiopkin, I.; Brixner, T.; Yang, M.; Fleming, G. R. Heterogeneous Exciton Dynamics Revealed by Two-

Dimensional Optical Spectroscopy. J. Phys. Chem. B 110, 20032–20037 (2006). 
73. Hamm, P.; Zanni, M. Concepts and Methods of 2D Infrared Spectroscopy. (Cambridge University Press, 2011). 
74. Mukamel, S. Principles of Nonlinear Optical Spectroscopy. (Oxford University Press, 1995). 
75. von Berlepsch, H.; Kirstein, S.; Hania, R.; Pugžlys, A.; Böttcher, C. Modification of the nanoscale structure of 

the J-aggregate of a sulfonate-substituted amphiphilic carbocyanine dye through incorporation of surface-active 
additives. J. Phys. Chem. B 111, 1701–1711 (2007). 

76. Qiao, Y.; Polzer, F.; Kirmse, H.; Kirstein, S.; Rabe, J. P. Nanohybrids from nanotubular J-aggregates and 
transparent silica nanoshells. Chem. Commun. 51, 11980–11982 (2015). 

77. Didraga, C.; Pugžlys, A.; Hania, P. R.; von Berlepsch, H.; Duppen, K.; Knoester, J. Structure, spectroscopy, and 
microscopic model of tubular carbocyanine dye aggregates. J. Phys. Chem. B 108, 14976–14985 (2004). 

78. Megow, J.; Röhr, M. I. S. S.; Schmidt am Busch, M.; Renger, T.; Mitrić, R.; Kirstein, S.; Rabe, J. P.; May, V.; 
am Busch, M.; Renger, T.; et al. Site-dependence of van der Waals interaction explains exciton spectra of double-
walled tubular J-aggregates. Phys. Chem. Chem. Phys. 17, 6741–6747 (2015). 

79. Czikkely, V.; Försterling, H. D.; Kuhn, H. Light absorption and structure of aggregates of dye molecules. Chem. 
Phys. Lett. 6, 11–14 (1970). 

80. Mikhnenko, O. V.; Blom, P. W. M.; Nguyen, T.-Q. Exciton diffusion in organic semiconductors. Energy Environ. 
Sci. 8, 1867–1888 (2015). 

81. Yeremenko, S.; Pshenichnikov, M. S.; Wiersma, D. A. Interference effects in IR photon echo spectroscopy of 
liquid water. Phys. Rev. A 73, 021804 (2006). 

82. Lindner, J.; Vöhringer, P.; Pshenichnikov, M. S.; Cringus, D.; Wiersma, D. A.; Mostovoy, M. Vibrational 
relaxation of pure liquid water. Chem. Phys. Lett. 421, 329–333 (2006). 

  



Interplay between Structural Hierarchy and Exciton Diffusion in Artificial Light Harvesting  

154 
  

 

[This page was intentionally left blank]  



 Chapter 6 

155 
  

Chapter 6  
 

Steering Self-Assembly of Amphiphilic 
Molecular Nanostructures via Halogen 

Exchange 

 

 

 

In the field of self-assembly, the quest for gaining control over the supramolecular architecture 
without affecting the functionality of the individual molecular building blocks is intrinsically 
challenging. By using a combination of synthetic chemistry, cryogenic transmission electron 
microscopy, optical absorption measurements, and exciton theory, we demonstrate that halogen 
exchange in carbocyanine dye molecules allows for fine-tuning the diameter of the self-assembled 
nanotubes formed by these molecules, while hardly affecting the molecular packing determined by 
hydrophobic/hydrophilic interactions. Our findings open a unique way to study size effects on the 
optical properties and exciton dynamics of self-assembled systems under well-controlled conditions. 
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6.1 Introduction 

Molecular self-assembly has proven to be a versatile tool in nanotechnology, as it allows for the 
autonomous and reproducible assembly of a wide variety of low-dimensional functional systems, 
extending in size from 10’s of nanometers to microns1. A key challenge in the field of self-assembly 
is to control the shape and size of the final supramolecular structure with minimal changes of the 
molecular entities that provide the functionality essential for potential applications2–4. As the structure 
of the final assembly is encoded in each individual building block, any modification becomes a highly 
non-trivial task that requires fine-tuning at the molecular level. It has been shown that tailoring non-
covalent molecular interactions such as 𝜋-stacking5, hydrogen bonding6, halogen bonding7,8 or 
hydrophobic/hydrophilic interactions9–11 provides powerful approaches in directing self-assembly. 
The coordinating nature of hydrophobic/hydrophilic interactions is of special interest, as it may be 
utilized to tune the supramolecular structure by solely changing the hydrophilic or hydrophobic side 
groups of the molecules without affecting their functional cores. Indeed, variations of size and 
composition of the amphiphilic substituents have been used to change between various structures, 
such as micelles and bilayers, which is often accompanied by changes in the molecular packing12,13. 
In this Chapter, we show that even more subtle modifications, namely just replacing a few halogen 
atoms, may be used to complement hydrophobic/hydrophilic interactions for fine control over the 
characteristic size of a self-assembled structure, while preserving the molecules’ functional properties 
and their supramolecular packing. 

We demonstrate this control of self-assembly for a class of tubular molecular nanotubes of 
amphiphilic carbocyanine molecules that recently have attracted considerable interest for their optical 
functionality14–16. The close packing of the optically active carbocyanine molecules within the 
nanotubes gives rise to efficient excitation energy transfer and collective optical effects caused by 
exciton states shared by many molecules17. Changing the amphiphilic side groups results in a wide 
variety of different supramolecular structures18–22, of which double-walled tubular structures with a 
diameter in the order of 10 nm have attracted the most attention23–29. The strong interest in these 
tubular nanotubes stems from their structural resemblance to the light-harvesting antennae of 
photosynthetic green sulfur bacteria30–34, which are the most efficient photosynthetic organisms 
known. Also, the potential of the tubular nanotubes as quasi-one-dimensional energy transport wires 
is of great interest. Previous attempts to control the diameter of tubular nanotubes, including changing 
solvents or adding surfactants yielded only limited variations of the diameter and often completely 
changed the supramolecular architecture35–37, thereby impeding systematic studies of the size effect 
on the optical functionality and energy transport. 

In this Chapter we show how the diameter of the double-walled tubular system may be increased 
in a well-defined fashion (by 40 % for the outer wall and 110 % for the inner one) by replacing the 
four chlorine atoms in the original carbocyanine molecule by bromine atoms. By measurement and 
simulation of the absorption spectrum, we show that radial inflation of this tubular system is achieved 
without significantly altering the molecular packing. Besides extending the toolbox of controlling 
self-assembly, our results pave the road to greater flexibility in controlling of the diameter of tubular 
nanotubes by e.g. partial substitution of the halogen atoms. This would provide a model system to 
elucidate the effects of the inherent structural heterogeneity (namely variation of the radii) 
encountered in natural chlorosomes34. Moreover, such systematic control also opens up 
unprecedented opportunities to study size effects on such important photonics properties as exciton 
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dynamics – a crucial aspect of efficient energy transport – and polarization properties, both equally 
intriguing from theoretical and experimental points of view29,38–40. 

6.2 Results and Discussion 

The dye molecule of interest in this study is the new cyanine dye derivative 3,3′-bis(2-sulfopropyl)-
5,5′,6,6′-tetrabromo-1,1′-dioctylbenzimidacarbocyanine, or C8S3-Br, as opposed to its commercially 
available and much studied counterpart C8S3-Cl (Figure 6.1). The new molecules were produced in 
a four-step synthesis described in detail in the experimental section and the supplementary 
information of the published paper41. 

 

Figure 6.1. Chemical structure of C8S3. The halogen substituents are abbreviated as X = Br (C8S3-Br) and X = Cl (C8S3-
Cl). The right panels illustrate differences in aggregate architectures formed by changing the halogen substituent from 
chlorine to bromine, as revealed by this work. 

Exchanging chlorine with bromine slightly shifts the absorption peak of diluted molecules towards 
longer wavelengths, but introduces no other new features (Figure 6.2a), which is in line with our 
electronic structure calculations41. Addition of Milli-Q water to the methanolic C8S3-Br/Cl stock 
solutions induces a spectral red-shift of about 75 nm (~2400 cm ) and narrowing of absorption and 
photoluminescence (PL) bands, both features that are typical for J-type aggregation (Figure 6.2a). 

The two sharp low-energy bands that both nanotube spectra have in common are broader for C8S3-
Br than for C8S3-Cl. In addition, the high-energy flank of the C8S3-Br nanotube spectrum misses 
the peaks at ~560 nm and ~570 nm characteristic for the C8S3-Cl nanotube spectrum. Because the 
optical properties of molecular aggregates are governed by the interplay of all individual building 
blocks, the question arises what changes in the nanotube morphology induced by the halogen 
substitution are responsible for the observed spectral changes. 

Experimental evidence for the aggregation of molecules into nanotubes, as schematically depicted 
in Figure 6.1, was found by cryo-TEM. Although thicker bundles of C8S3-Br were occasionally 
observed (SI, Section 6.5.1), there was no apparent morphological relation with the isolated tubes. 
Therefore, the more abundant nanotubes will be the focus of this study. 
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Figure 6.2. (a) Absorption (solid lines) and PL (solid grey) spectra of molecular nanotubes of C8S3-Br (top panel) and 
C8S3-Cl (bottom panel). Absorption spectra of both molecules diluted in methanol are shown for comparison (dashed 
lines). For collecting the PL spectra, the excitation wavelength was set to 560 nm. (b) Representative cryo-TEM 
micrographs for C8S3-Br (upper panel) and C8S3-Cl (lower panel) nanotubes illustrate the double-walled structure. (c) 
Profile scans for C8S3-Br (brown) and C8S3-Cl (green) nanotubes, obtained by integrating the signal along the tube axis. 
The characteristic sizes of the nanotubes are indicated by black and grey arrows for the outer and inner cylinder, 
respectively. The error bars represent the standard error upon averaging individual profile scans. For both C8S3-Cl and 
C8S3-Br five straight nanotube segments were used for averaging. The total length over which the profile was integrated 
amounts to approximately 200 nm and 400 nm for C8S3-Cl and C8S3-Br, respectively. 

The cryo-TEM micrograph in Figure 6.2b (top) clearly reveals a double-walled structure of C8S3-
Br nanotubes, similar to the structure of the C8S3-Cl nanotubes (Figure 6.2b, bottom). The profile 
scans of the nanotubes are shown in Figure 6.2c from which the outer- and inner-wall diameters of 
C8S3-Br nanotubes are obtained as 18.1 ± 0.2 nm and 11.2 ± 0.3 nm, respectively. This is in 
striking difference with C8S3-Cl nanotubes, where these quantities are 13.1 ± 0.2 nm and 5.4 ±

0.1 nm, respectively. Accordingly, the wall-to-wall thickness of C8S3-Br nanotubes amounts to 
3.4 ± 0.3 nm, which is thinner than for C8S3-Cl nanotubes (3.9 ± 0.1 nm). All error margins refer 
to the standard error upon averaging. 

It is important to understand whether the changes in the absorption spectra (Figure 6.2a) are due 
mainly to the changes in diameter, or whether they result from different molecular packing in both 
types of nanotubes, which results in differences in excitonic interactions. Since the cryo-TEM 
micrographs lack sufficient signal and 3D analysis to enhance the signal-to-noise ratio requires prior 
information on the symmetry, we retrieve the molecular packing by simulating the absorption 
spectrum for model structures and determining the structural parameters by fitting the experimental 
spectrum. 

As the basic framework, we use the Extended Herringbone (EHB) model, which successfully 
describes the optical transitions of the double-walled tubular nanotubes of C8S3-Cl24. Briefly (see SI 
of the published paper for more details; Ref. 41), within the EHB model the molecular positions and 
orientations are obtained by starting from a rectangular planar lattice of molecules (transition dipoles 
parallel and in-plane). The molecules are alternately rotated over an angle ±𝛿 along their axis 
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(coincident with the transition dipole orientation) and alternately tilted out-of-plane over an angle 
±𝛽. The lattice is then rolled onto a cylindrical surface over a chiral vector with length equal to the 
cylinder circumference and direction determined by its angle 𝜃 relative to the axis x of the plane 
(Figure 6.3). This results in a cylindrical nanotube structure with each unit cell containing two 
molecules, which in turn leads to four (two Davydov-split) optically dominant exciton transitions per 
cylinder42. The inner and outer cylinders were modeled as spectroscopically independent entities (SI, 
Sections 6.5.2 and 6.5.3 for justification), keeping the structural parameters similar for both cylinders, 
but varying the radii in accordance with the experimental values obtained from cryo-TEM 
measurements. 

 

Figure 6.3. Schematic representation of the nanotube structure. The molecular pair (a) in each unit cell is shown above 
the two-dimensional molecular lattice (b). Two lattices are rolled along the chiral vectors (red arrow) to obtain the 
structure of the double-walled C8S3-Br nanotubes shown in (c), where transition dipole vectors are partially overlapped 
with the dye molecules. 

 

Figure 6.4. Comparison of the calculated absorption spectrum (black line) and the experimental one (brown line) for the 
double-walled tubular aggregate of C8S3-Br. The spectra are normalized to their respective peak values. 
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The lattice constants of the EHB model were taken identical to those for the C8S3-Cl case24, while 
the free parameters 𝛽, 𝛿, and 𝜃 that provide the best fit to the measured absorption spectrum for the 
C8S3-Br nanotubes are given in Table 6.1, along with the original parameters of C8S3-Cl24 for 
comparison. Simulation of the absorption spectrum with these structural model parameters indeed 
gives a good reproduction of the experimental spectrum (Figure 6.4). In our modelling the lowest-
energy peak near 600 nm is associated with the inner wall absorption (in close analogy to C8S3-Cl), 
while the higher-energy band has contributions from both walls. This spectral assignment of the inner 
and outer cylinder was verified in oxidation experiments24,43,44 in which the absorption of the outer 
cylinder was impaired by silver nanoclusters (SI, Section 6.5.4). From Table 6.1, it appears that the 
molecular packing is essentially preserved upon the Cl → Br exchange, leaving the increase in the 
radii as the most important factor that changes the absorption spectrum, specifically the loss of the 
high-energy structure. In other words, the observed optical changes arise from an enhanced overlap 
of the excitonic transitions caused solely by the increase of the tube radius and not by changing the 
optical properties of the individual dyes or the packing of molecules within the supramolecular 
assembly. 

Table 6.1. Summary of structural model parameters for the inner and outer walls of 
C8S3-Br used in the calculation of spectra (Figure 6.4) compared to the model of 
C8S3-Cl from Ref. 24. The parameters 𝛽 and 𝛿 define the lattice structure, while the 
parameter 𝜃 defines the aggregate lattice rolling. 

 C8S3-Br C8S3-Cl 
Parameter Inner tube Outer tube Inner tube Outer tube 

𝑟 (nm) 6.50 8.61 3.55 6.47 

𝛽 (°) 23.1 22.3 23.6 23.1 

𝛿 (°) 25.5 26.0 25.6 28.0 

𝜃 (°) 55.5 49.4 53.7 53.4 

The modeling of the absorption spectra was performed in the homogeneous limit, i.e., all the 
molecular transition energies were assumed to be the same. As shown, this suffices to describe the 
absorption spectra and also explains the polarization properties of the spectral peaks (SI, Section 6.5.5 
for linear dichroism), even though in reality some amount of disorder will occur in the transition 
energies and intermolecular resonance interactions. As has been shown by Bloemsma et al.45, in 
tubular aggregates, such disorder leads to rather weak localization of the excitonic states, which 
explains the effectiveness of homogeneous models. Allowing for static Gaussian disorder in the 
transition energies17,46 and assuming that this disorder solely determines the lowest energy aggregate 
band width, we find the maximum value (standard deviation) of the disorder to amount to 180 cm .  

Above, the large spectral difference between C8S3-Cl and C8S3-Br (Figure 6.2a) was attributed 
to the change in radii of the inner and outer walls. This interpretation is further substantiated by 
phenomenologically examining the influence of the cylinder radii on the optical spectra. We modeled 
12 cylinders based on the EHB lattice of the inner wall of C8S3-Cl (parameters in Table 6.1) by only 
varying the length of the rolling vector resulting in radii from 2.4 nm to 8.9 nm. For convenience of 
comparison (and in contrast to the fit in Figure 6.4), all spectral transitions were broadened by 
identical Lorentzian lineshapes of 120 cm  FWHM. The obtained spectra (Figure 6.5) reveal 
congestion of the peaks when going from the smallest cylinder with four well separated peaks to the 
largest cylinder with three peaks with little separation. Two peaks, the large one at 600 nm and the 
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small one at 570 nm, correspond to the doublet of transitions polarized parallel to the tube axis with 
their positions essentially independent of the radii. With increasing radius, the doublet of peaks with 
perpendicular polarization moves down in energy towards the parallel peaks, reflecting the fact that 
upon decreasing the cylinder curvature, the energy separation between corresponding parallel and 
perpendicular transitions decreases15. Consequently, with increasing cylinder radius, high-energy 
peaks vanish and spectral structure gets lost. In experiment, this effect is further enhanced by a 
stronger broadening of the higher-energy exciton peaks due to intraband relaxation, an effect not 
accounted for in Figure 6.5. 

 

Figure 6.5. The influence of the tube radius on the absorption spectrum for a single tube with the EHB structure 
appropriate for the inner wall of C8S3-Cl nanotubes. Red and black lines correspond to the spectral components polarized 
parallel and perpendicular to the tube’s axis, respectively. The spectral differences between R = 3.5 nm and R = 6.5 nm 
catch the essential differences between the spectra for the inner walls of C8S3-Cl and C8S3-Br. 

6.3 Conclusions 

In conclusion, we have shown that a very moderate chemical modification through the exchange of 
four halogen atoms in the chromophore of an amphiphilic carbocyanine dye leads to well-defined 
changes in the final supramolecular assembly without altering the underlying molecular architecture. 
This allowed us to study the effect of purely radial growth on the collective optical properties of the 
supramolecular structure. In a broader perspective, our results demonstrate that a combination of 
halogen exchange and amphiphilically driven self-assembly opens up unprecedented opportunities in 
controlling the supramolecular structure to a fine degree for systems, where modifications of other 
molecular moieties and/or changes of the immediate environment (solvent, pH, external fields) are 
not feasible as is the case in e.g. many biological systems or for medical applications. In addition, we 
believe that the presented design principle can be transferred to structurally related molecules that are 
known to form other supramolecular architectures, such as single-walled tubes47, twisted bundles19 
or vesicles19,35. Nonetheless, the exact underlying mechanism of how halogen exchange affects the 
aggregation behavior is yet to be understood. Our results suggest that the size of the halogen 
substituents and/or the ability to form halogen bonds play an important role. For instance, fluorine, 
unlike bromine or chlorine, is known to hardly form halogen bonds and may even lead to 
intermolecular repulsion8, which would impede the formation of molecular aggregates. We tested this 
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concept experimentally by synthesizing the C8S3-F molecule and indeed found a poor degree of 
aggregation under normal conditions (SI, Section 6.5.6). Based on our results, it is envisioned that 
further studies of partial replacement of only a few halogen atoms will shed light on the effect of 
different halogen substituents on the aggregation behavior. This would open great perspectives for 
fine-tuning size effects for optical functionality and for optimization of tubular aggregates for specific 
applications as for instance artificial light-harvesting systems. 

6.4 Methods 

6.4.1 Materials and Sample Preparation 

The dye 3,3’-bis(2-sulfopropyl)-5,5’,6,6-tetrachloro-1,1’-dioctylbenzimidacarbo-cyanine (C8S3-Cl, 
𝑀 = 903 g mol ) was purchased from FEW Chemicals GmbH (Wolfen, Germany) and used as 
received without further purification. Details on the synthesis and purification of the amphiphilic 
cyanine dye derivative 3,3’-bis(2-sulfopropyl)-5,5’,6,6-tetrabromo-1,1’-dioctylbenzimidacarbo 
cyanine (C8S3-Br, 𝑀 = 1081 g mol ) can be found in the published version of this Chapter41.  

Molecular nanotubes of the dyes were prepared via the alcoholic route24. The molecules were first 
dissolved in pure methanol (Biosolve) to form 1.75 mM stock solutions. In the next step the stock 
solution was added to Milli-Q water to induce aggregation and render a methanol content of 
~14 wt% in the final sample solution. An immediate color change from orange to pink was detected 
by bare eye indicating the fast formation of J-aggregates due to hydrophobic solvent interactions. The 
resulting solution was gently shaken and stored in the dark at room temperature for days up to weeks 
for aggregation. The final dye concentration in the nanotube solution was 0.236 mM. 

6.4.2 Steady-State Absorption and Photoluminescence 

Steady-state UV-Vis absorption spectra were measured using a PerkinElmer Lambda 900 
UV/VIS/NIR spectrometer. For the pristine dyes diluted versions of the stock solutions were prepared 
with final dye concentrations in the range of 𝑐 = 10  M. Prior to measurements, sample solutions 
were diluted with Milli-Q water by factor 2. Steady-state PL spectra were recorded using a 
PerkinElmer LS50B Luminescence Spectrometer and 10 mm quartz cuvette (Starna GmbH, 
Germany). In order to avoid PL reabsorption, sample solutions were diluted with Milli-Q water by 
approximately factor 100. 

6.4.3 Cryogenic Transmission Electron Microscopy 

To prepare the samples for cryogenic transmission electron microscopy (cryo-TEM), a 3 μl droplet 
of the sample solution was placed on a copper grid with holey carbon film (quantifoil 3.5/1), which 
was first hydrophilized by glow discharging. In order to obtain a thin layer of the solution in the range 
of 100 nm, the excess fluid was blotted off for 5 s. Immediately afterwards the grid was vitrified in 
liquid ethane at its freezing point (−184°C) with a Vitrobot (FEI, Eindhoven, The Netherlands). The 
grids were placed in a cryotransfer holder (Gatan model 626) and transferred into a Philips CM120 
transmission electron microscope with an LaB6 cathode or a tungsten hairpin cathode operated at 
120 kV. Micrographs were recorded with an UltraScan 4000 UHS CCD camera (Gatan, Pleasanton, 
CA, USA) using low-dose mode. 
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6.4.4 Theoretical Calculations and Modeling 

The geometry of each cylindrical tube of the double-walled tubular aggregate of C8S3-Br was 
obtained by rolling an EHB lattice with two molecules per unit cell24. The construction of the lattice 
and rolling procedure is briefly described in the main text and in detail in the SI of the published 
version of this Chapter41. All the input structural and energetic parameters were obtained either from 
previous studies15,48,49 or obtained from the present cryo-TEM and optical experiments. 

Optical electronic transitions were obtained by numerical diagonalization of the Frenkel exciton 
Hamiltonian17 that accounts for molecular transition energies and Coulomb transfer interactions 
between the molecules with an extended dipole coupling model15,48. Coupling between the walls was 
neglected, allowing separate calculations for both walls. This approximation24 is acceptable as the 
largest inter-wall couplings are significantly smaller than the intra-wall couplings and smaller than 
the homogeneous linewidth (SI, Section 6.5.2). The fitted spectrum was obtained in the homogenous 
limit where there is no disorder in the molecular transition energies. The obtained stick spectrum was 
broadened with Lorentzians of different width for the optimal agreement with experiment. More 
details are given in the SI of the published paper41. 

6.5 Supplementary Information 

6.5.1 C8S3-Br Bundles 

In occasional cases, the spontaneous formation of thicker bundles as illustrated in the cryo-TEM 
micrograph in Figure 6.6a was observed. The occurrence of the bundling could not be correlated with 
changes in preparation or age of the sample solution; hence we suspect residual contamination of the 
ingredients. The typical thickness of these bundles is in the range of 10’s of nanometers and lengths 
are up to several micrometers. In addition, the thicker bundles often show a helical twist with a 
periodicity in the order of a few 100’s of nanometers. 

 

Figure 6.6. (a) Cryo-TEM micrograph of a 1 month old sample solution of C8S3-Br aggregates illustrating the co-
existence of single aggregates and thicker bundles. (b) Linear absorption spectra of C8S3-Br nanotubes (black line) and 
bundles (red line). 
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The absorption spectrum that is associated with C8S3-Br bundles is shown in Figure 6.6b, which 
corresponds to an exceptional case where only bundles were observed. While the low energy peak 
could still be recognized, the high-energy peak is strongly suppressed. This provides a clear criterion 
to distinguish spectroscopically single nanotubes from bundles in experiment. 

6.5.2 Intermolecular Couplings in C8S3-Cl and C8S3-Br Nanotubes 

The largest inter-tube couplings in the C8S3-Br amount to 72 cm  compared to intra-tube couplings 
of 1500 cm . For C8S3-Cl the same numbers were 28 cm  and 1500 cm , respectively. While 
for C8S3-Br the inter-tube coupling is about 2 − 3 times larger as for C8S3-Cl owing to the decreased 
tube separation, it is still significantly smaller than the intra-wall coupling. Moreover, the interwall 
couplings are smaller than the homogeneous linewidth of the exciton states, estimated as 200 cm . 
These values imply that the interwall couplings are too small to give rise to collective excitonic states 
shared by both walls, thus justifying our approach to model the system’s absorption spectrum as the 
sum of the spectra of uncoupled inner and outer cylindrical walls. This conclusion is also supported 
by time-resolved PL measurements (SI, Section 6.5.3). 

Table 6.2. The strongest positive and negative intermolecular couplings of C8S3-
Cl and C8S3-Br nanotubes. 

 C8S3-Cl C8S3-Br 
Inner wall strongest coupling (cm ) 1497.7 1462.5 

 −1072.2 −1043.9 
Outer wall strongest coupling (cm ) 1509.9 1489 
 −1044 −993.2 
Interwall coupling (cm ) 28.2 71.8 

 −15.8 −39.8 
Radius inner (nm) 3.55 6.47 
Radius outer (nm) 6.5 8.61 
Interwall distance (nm) 2.92 2.11 

6.5.3 Time-Resolved Photoluminescence of C8S3-Br Nanotubes 

PL decay maps were measured using a streak camera system with a synchro scan unit (Hamamatsu, 
model C5680) coupled to an inverted microscope. The excitation pulses were generated by focusing 
the output of a modelocked Ti:Sapphire (80 MHz, 150 fs) into a hollow fiber (Newport SCG-800) 
and subsequently selecting the excitation wavelength by a 530 ± 5 nm bandpass filter. A longpass 
dichroic mirror (DM) with the transmission edge at 550 nm directed the excitation beam towards a 
microfluidic flow-cell (micronit, The Netherlands) through which C8S3-Br sample solution was 
continuously pumped at a flowrate of 100 µl h . There the beam was focused by a 10 × objective 
(Melles Griot, NA =  0.26). The intensity of the excitation beam was adjusted 2 µW (equivalent to 
about 1 absorbed photon per ~1.6 × 10  molecules) to avoid exciton-exciton annihilation. The same 
objective collected the PL signal, which was transmitted by the DM to the backport of the microscope. 
A polarizer in magic angle configuration ensured that only lifetime decay is probed. Two 550 nm 
cutoff longpass filters were used to block residual excitation light that leaked through the DM. 
Experiments were conducted at room temperature. 
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A representative PL decay map for C8S3-Br nanotubes in solution is shown in Figure 6.7. 
Temporal integration of the PL decay map yields the steady-state spectrum (Figure 6.7, top panel), 
where two emission bands can clearly be identified. As a next step, one can spectrally integrate the 
area of each of the two emission bands separately in order to obtain the PL transients as depicted in 
the right panel of Figure 6.7. 

If the two cylinders were strongly coupled, energy transfer from the high energy band 2 to the 
lower energy band 1 would reflect an additional loss channel for excited state population of band 2 
leading to accelerated PL decay. Furthermore, as excited state population would be transferred from 
band 2 to band 1, the latter might show a delayed, in-growing PL intensity. As evident from the 
identical PL transients (rise times and decays) of both bands there is no significant energy transfer 
occurring on the timescale of the experiment, hence suggesting that the exciton population of both 
cylinders finds thermal equilibrium before decaying (non-)radiatively. 

 

Figure 6.7. Center panel: PL decay map of C8S3-Br nanotubes in solution. PL intensity is depicted on a logarithmic color 
scale. The white line indicates the mean PL frequency at each time step. Upper panel: projection of the PL decay map 
along the time axis resulting in the steady-state PL spectrum. Right panel: transients obtained by integrating the PL map 
over the spectral intervals from 601 nm to 605 nm for band 1 (inner tube; red) and from 591 nm to 595 nm for band 2 
(outer tube; black). 

To further substantiate that no spectral diffusion is taking place we also computed the mean 
frequency 〈𝜈〉 of the PL decay map as a function of time50–52, depicted as a white line in Figure 6.7. 
We find that 〈𝜈〉 remains constant, i.e., the white line is vertical in Figure 6.7 indicating thermal 
equilibrium transfer between band 1 and band 2. Note that for times > 200 ps the noise of 〈𝜈〉 
increases as the PL signal diminishes. 
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In conclusion, time-resolved PL measurements have shown that no significant population 
exchange occurs between the two cylinders on the timescale of photoluminescence emission. 
Therefore, we will treat the cylinder as separate (independent) species in our theoretical modelling. 

6.5.4 Oxidation of C8S3-Br Nanotubes 

The oxidation experiments are aimed at factorizing the contribution of the inner cylinder from the 
total absorption spectrum by impairing the outer cylinder absorption by silver nanoparticles24,25,43. 
Oxidation of C8S3-Br nanotubes was achieved by mixing 200 μl of the sample aggregate solution 
with 5.5 µl of AgNO3 solution (𝑐 = 10  M), gentle agitation and subsequent illumination for 60 s 
at roomlight24. The flask was then sealed and stored in the dark. 

After 40 days of oxidation (much longer than for the C8S3-Cl nanotubes) distinct changes in the 
absorption spectrum were detected (Figure 6.8a, red and grey lines). The amplitude of the main peak 
at 592 nm that is associated with absorption of the outer cylinder, had strongly diminished relative 
to the lowest energy peak assigned to the inner wall absorption. Experimental evidence for the 
oxidation was obtained from cryo-TEM (Figure 6.8b and c), where silver clusters can be readily 
identified as black dots attached to the nanotubes. Both strongly and weakly oxidized nanotubes were 
observed. Therefore, a residual spectral signature of the outer cylinder is expected to be present in the 
absorption spectrum. This corresponds to the remaining (although strongly decreased) peak at 
592 nm and the long shoulder at short wavelengths. 

In order to ensure that over the extended oxidation period the observed spectral changes are not 
due to storage-related degradation, we recorded the absorption spectrum of the same pristine 
aggregate solution that was used for oxidation after two months. The corresponding spectrum shows 
only a slight decrease of the main peak relative to the lowest energy peak (Figure 6.8a, blue line) 
proving that oxidation indeed quenched the outer wall absorption. 

 

Figure 6.8. (a) Absorption spectrum of oxidized C8S3-Br nanotubes (solid black) in direct comparison to the spectrum 
of unoxidized (fresh) complete nanotubes (red), complete nanotubes after 2 months of storage (blue) and simulated 
spectrum of the inner cylinder (grey). All spectra were normalized to the amplitude of the lowest energy peak. On the 
right side, cryo-TEM micrographs of oxidized C8S3-Br nanotubes showing a high degree (b) and a low degree (c) of 
oxidation. 
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Bearing all these in mind, we compare the calculated spectrum of the inner cylinder (Figure 6.8a, 
grey line) with the spectrum of the oxidized nanotubes. The lowest energy peak at 602 nm that is 
associated with an optical transition of the inner cylinder, shows good agreement as well as the 
580 nm centered band. This provides an additional support to the correctness of the spectral 
assignments of spectral signatures of the outer and inner cylinders. 

6.5.5 Linear Dichroism of C8S3-Br Nanotubes 

Dichroic absorption experiments were performed on a PerkinElmer Lambda 900 UV/VIS/NIR 
spectrometer with additional polarizer accessory (ASSY-L900). A peristaltic pump (Cole-Parmer 
Masterflex) and silicone tubing was used to flow-align the nanotubes in a flowcell (length: 38 mm, 
width: 8 mm, optical pathlength: 0.2 mm) at a flowrate of 2.5 ml s . By illuminating the aligned 
sample with vertically or horizontally polarized light relative to the nanotube axis, polarization-
dependent absorption were detected. The reduced linear dichroism was determined as outlined in 
Section 2.1.2. 

A detailed description of the calculation of the theoretical LD spectrum can be found in the SI of 
the published paper41. In the experimental spectrum the orthogonal component (OD ) of absorption 
was corrected by 10 % to align anisotropy below 500 nm at zero to account for small offsets in the 
baseline. It is important to note that the reduced linear dichroism is a pure measure of the polarization 
of optical transitions, where all other parameters (e.g. concentration and optical pathlength) fall out 
due to the normalization with the isotropic absorption spectrum (OD ). Therefore, not only the 
spectral shape, but also the amplitude of the obtained (experimentally and theoretically) spectra 
should be compared. 

 

Figure 6.9. Experimental (solid black) and theoretical (solid red) reduced linear dichroism spectra for flow-aligned C8S3-
Br nanotubes. The inset shows the relevant equation for the reduced linear dichroism as well as the limiting cases for 
completely parallel (OD = 0) and completely orthogonal (OD|| = 0) polarized transitions. 

In a LD spectrum optical transitions that are polarized parallel to the nanotube axes will appear as 
positive features, whereas orthogonal polarized transitions lead to negative features. In close analogy 
to C8S3-Cl nanotubes, theory predicts that the two low energy peaks are polarized parallel to the 
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nanotube axis and therefore will show up as positive peaks in the LD spectrum. In contrast, the high 
energy tail is predominantly polarized orthogonal, such that a negative LD signal is expected. 

The experimental and theoretical spectra show qualitative agreement (Figure 6.9), where all 
features are reproduced, i.e., a low energy peak around 603 nm, a shoulder at 594 nm corresponding 
to a peak at 592 nm in the theoretical spectrum and a negative dip at the tail below ~580 nm. The 
difference in the amplitudes of the negative signal between theory and experiment arises from 
denominator, i.e., the magnitude of the isotropic absorption. In experiment, absorption in this spectral 
region is partially due to non-aggregated molecules that are in an equilibrium with the nanotubes, 
which is not accounted for in theory. Hence, the theoretical isotropic spectrum underestimates the 
absorbance in this region leading to the overestimation of the negative tail in the LD spectrum. 

6.5.6 Aggregation of C8S3-F 

Addition of Milli-Q water to methanolic C8S3-F stock solution (Figure 6.10a) induces only minor 
changes to the spectrum (Figure 6.10b). The most pronounced new feature is a slightly red-shifted, 
weak peak at 554.5 nm. A prominent red-shift and narrowing of the absorption linewidth as is the 
case for C8S3-Br and C8S3-Cl molecules, were not observed under standard conditions of alcoholic 
route preparation15. The absence of significant spectral changes upon addition of water indicates that 
only minor aggregation occurs. 

 

Figure 6.10. (a) Photograph of a cuvette with methanolic stock solution of C8S3-F. (b) Absorption spectrum of C8S3-F 
diluted in pure methanol (orange line) and after addition of Milli-Q water according to the alcoholic route (black line)15. 

6.5.7 Quantum Yield (QY) 

Prior to QY measurements both methanolic stock solution of C8S3-Br as well as aggregate sample 
solutions were diluted to a peak optical density of ~0.1 in order to avoid PL reabsorption. PL spectra 
were recorded using a PerkinElmer LS50B Luminescence Spectrometer and 10 mm quartz cuvette 
(Starna GmbH, Germany). The quantum yield was calculated as outlined in Ref. 53. The quantum 
yield C8S3-Br monomers dissolved in methanol was determined by comparison to rhodamine 6G in 
ethanol (𝛷 =  0.94 ± 0.02)54, whereas for C8S3-Br nanotubes sulforhodamine 101 in ethanol 
(Φ =  0.95 ± 0.03)55 was used as a reference. The excitation wavelength was chosen as 490 nm in 
case of monomers and 560 nm in case of nanotubes. 
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The PL quantum yield of C8S3-Br monomers in methanol and C8S3-Br nanotubes in aqueous 
solution were found to be 0.04 ± 0.01 (4 ± 1 %) in both cases with the error margin referring to the 
standard error upon averaging multiple independent measurements. 

6.6 Author Contributions 

B.K. performed the aggregate self-assembling and the optical experiments; their analysis was 
supervised by M.S.P. B.K. and L.E.F. performed the cryo-TEM experiments. A.S.B. performed the 
theoretical modeling and interpreted the optical spectra supervised by T.L.C.J. and J.K. V.R.J. 
performed the organic synthesis supervised by A.J.M. T.L.C.J., J.K., and M.S.P. conceived and 
developed the project. B.K., V.R.J., A.S.B., T.L.C.J., J.K., and M.S.P. wrote the paper. 
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Summary 
 

Photosynthetic systems that exist in plants, algae and some bacteria are Earth’s powerhouse by 
harnessing its most abundant energy source: sunlight. As one of the key elements to achieve this, they 
employ a functional nano-machinery that is typically built from many thousands of autonomously 
assembled molecules. Many of these tiny structures compose a dense and interconnected network – 
so-called light-harvesting antennae – that maximize light absorption, transport the energy to its 
destination (the reaction center) with minimal losses and ultimately fuel the photosynthetic reaction. 
In billions of years of evolution, nature has engineered these systems to perform their tasks under 
physiological (warm and humid) conditions that would be considered detrimental to most lab-based 
applications. In order to replicate nature’s design principles for light-harvesting antennae for potential 
applications, for example in the steadily growing field of organic photovoltaics or for the generation 
of solar fuels, their essential functional elements have to be identified and their working principles 
understood. 

Inspired by the success of natural light-harvesting complexes, lab-made molecular aggregates such 
as micelles, vesicles, bilayer sheets, nanofibers, and nanotubes have recently experienced great 
attention. These systems are typically built via molecular self-assembly, which refers to the 
spontaneous organization of individual molecules under near-thermodynamic equilibrium conditions 
into structurally well-defined and stable arrangements through non-covalent interactions without 
human intervention. The interest in these systems has further been fueled, as some of them closely 
resemble the structure of their natural counterparts, but remedy a number of their drawbacks. In fact, 
these synthetic analogues feature a high degree of internal homogeneity (different systems are 
remarkably alike), while also being easier to produce, control and modify than the natural systems 
via re-programming of the constituting building blocks (i.e., molecules). The molecular packing 
within these aggregates facilitates strong intermolecular couplings and, thus, the formation of so-
called excitons upon absorption of a photon. The term ‘exciton’ here refers to an excited state that is 
collectively shared by many molecules and, thus, spatially stretches over substantial parts of the 
aggregate, which in turn is considered a key ingredient for efficient energy transport. With these 
systems at hand, the ultimate goal is to combine the best from both worlds: to mimic the (excitonic) 
functionality of natural systems, while retaining the controllability of synthetic systems. 

In this Thesis, we study how artificial light-harvesting complexes absorb photons, how the 
deposited energy is transported, and how this transport is affected by the morphology and 
dimensionality of the system. We investigate the optical (excitonic) properties of double-walled 
molecular nanotubes based on the amphiphilic cyanine dye derivative C8S3 – structurally reminiscent 
of chlorosomes of green sulfur bacteria. The formed double-walled concentric nanotubes measure 
only ~13 nm and ~7 nm for the outer and inner tube diameter, respectively, but extend over several 
micrometer in length along which excitons can potentially propagate. The excitonic properties and 
exciton dynamics of this system are studied in a multi-disciplinary approach by combining results 
from steady-state and time-resolved spectroscopy, optical and transmission electron microscopy, 
microfluidics, and Monte-Carlo simulations. Such an approach is able to provide a conclusive picture 
of the excitonic properties by effectively eliminating the ambiguity that is inherent to using one 
particular technique alone.  
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Conventional spectroscopic techniques are typically carried out using solutions or dried films of 
the sample containing an extremely large number (> 10 ) of individual systems (molecular 
nanotubes in our case) that are all probed simultaneously. Hence, if these systems are inhomogeneous 
in structure with for example slightly different sizes or molecular packings resulting in slightly 
different spectral signatures, the properties of each individual system will be washed out due to so-
called ensemble averaging. In other words, the information on an individual system can hardly be 
retrieved from ensemble spectra, as it is masked by the overlapping, yet slightly different signals from 
all other systems. That means the measured optical spectra are dictated by the inhomogeneity of the 
ensemble rather than the properties of the individual system. Chapter 3 quantifies the spectral 
inhomogeneity at the level of individual molecular nanotubes by combining single-nanotube 
photoluminescence spectroscopy/microscopy with advanced 2D correlation spectroscopy. These 
measurements reveal that the structural variations between different nanotubes have a negligible 
contribution to the optical properties of an ensemble of nanotubes, i.e., the characteristic sizes and 
molecular packing of individual nanotubes drawn from a large ensemble are remarkably similar. 
Instead, it is interactions of the molecules within the nanotubes with their dynamically fluctuating 
environment occurring on ultrafast timescales that govern the optical properties observed in single-
nanotube spectroscopy. Such high degree of structural homogeneity has profound implications for 
conventional spectroscopic experiments performed on ensembles of nanotubes, as their results can 
equally be ascribed to individual nanotubes. Furthermore, these findings will ultimately help to 
understand how the propagation of excitons is constrained by static and dynamic molecular disorder 
in complex (multi-layered) supramolecular systems. 

The molecular nanotubes considered in this Thesis are structurally simplified versions of their 
natural counterparts, because each nanotube comprises only two layers (instead of many) and 
different nanotubes are remarkably similar (vide supra). Despite this simplification, they are far from 
straight-forward to study due to the nanotubes’ sheer size accommodating large numbers of molecules 
stacked together in a complex packing motif. This, in turn, leads to congestion of the optical spectra 
with multiple spectrally overlapping peaks. In addition to that, the interpretation of these spectra is 
further complicated by the fact that the two tubes are coupled leading to energy transfer between 
them. Chapter 4 introduces a novel spectroscopic lab-on-a-chip approach to obtain in-situ control of 
the hierarchical complexity of the supramolecular nanotubes: microfluidic flash-dilution. The latter 
is an elegant means to simplify the double-walled structure of C8S3 nanotubes by physical dissolution 
(or stripping) of the outer layer and, thus, selectively switching off the coupling between the inner 
and outer tube. Time-resolved photoluminescence measurements on the double-walled and simplified 
single-walled nanotubes have shown that the latter feature optical (excitonic) properties that are 
remarkably robust against such perturbations of their supramolecular structure. Even upon physical 
removal of the adjacent nanotube layer, excitonic properties such as the exciton mobility are retained. 
Such robustness would prove extremely beneficial for utilizing such multi-chromophoric systems of 
a similar design in light-harvesting applications. 

Multi-chromophoric systems are by definition built from thousands of strongly coupled molecules, 
which allows excitons to be highly mobile and, thus, propagate over ‘large’ distances on ultrafast 
timescales (i.e., in the femtosecond to picosecond regime). In presence of multiple of such excitons, 
two excitons may eventually meet (after having moved towards each other) and, as a consequence, 
start to mutually interact. This interaction, in turn, leads to the loss of one of the excitons via so-called 
exciton-exciton annihilation, which can be directly detected using advanced ultrafast 2D 
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spectroscopy. In Chapter 5, this type of 2D spectroscopy is interfaced with microfluidic flash-
dilution to obtain an in-depth picture of the exciton dynamics within and between the individual layers 
of double-walled molecular nanotubes. The rate of these annihilation events then allows backtracking 
on what length and time scales the exciton propagation has occurred and, hence, extraction of the 
excitonic properties. 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 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. Understanding these excitonic properties of a system and how these properties relate to 
its supramolecular structure are important steps towards optimizing the exciton energy transport for 
potential (opto-)electronic applications. 

One of the prevailing strategies to alter the final self-assembled supramolecular structure is to 
(chemically) modify the individual monomeric building blocks. Modifications of the composition 
and structure of these building blocks also changes the type and strength of their intermolecular 
interactions that drive and coordinate the self-assembly process. It is, however, extremely difficult to 
make a priori predictions of what the outcome of such modifications will be, which renders 
systematic studies on how the morphology of self-assembly systems relates to their spectral properties 
intrinsically challenging. In Chapter 6, minimalistic modifications of only four halogen atoms 
attached to the chromophore of the amphiphilic cyanine derivative C8S3 are used to steer the 
supramolecular motif in a controlled way. This allowed substantially inflating the nanotubes’ radial 
size, while retaining the desired double-walled structure – reminiscent to the structure of natural light-
harvesting complexes. Furthermore, we show that the delicate molecular packing inside the nanotubes 
is preserved, a crucial factor for the system’s optical properties. Hence, subtle modifications of the 
chromophore via halogen exchange allowed studying the effects of purely radial growth on the 
nanotubes’ optical properties. 

Overall, this Thesis elucidates the exciton dynamics in double-walled molecular nanotubes and 
demonstrates how these excitonic properties are related to the overarching supramolecular structure. 
The capabilities of the system under study as an artificial light-harvesting complex are thoroughly 
assessed using a variety of (time-resolved) spectroscopic and microscopic techniques. This allowed 
this Thesis to paint a unifying picture of the exciton dynamics and excitonic properties by combining 
several complementary techniques. In that regard this Thesis covers the key elements for successful 
light-harvesting: exciton propagation on ultrafast timescales, role of heterogeneity and disorder for 
exciton transport, robustness towards structural perturbations, and strategies for controlled 
modifications of the supramolecular structure for optimization. The findings presented in this Thesis, 
hence, contribute to a better fundamental understanding of exciton dynamics in complex 
supramolecular structures and pave the way to incorporation of such systems as ‘excitonic highways’ 
in light-harvesting applications. Moreover, the experimentally obtained insights are highly valuable 
for refining molecular dynamics simulations and theoretical models that aim to elucidate the systems’ 
molecular structure and self-assembly dynamics in unprecedented (atomistic) detail. All approaches 
combined will open exciting new possibilities for structure prediction and optimization of artificial 
light-harvesting systems.  
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Samenvatting 
 

Fotosynthetische systemen die voorkomen in planten, algen en sommige bacteriën, zijn de 
krachtcentrales van de aarde door gebruik te maken van de meest voorkomende bron van energie: het 
zonlicht. Een van hun belangrijkste elementen om dit te bereiken is een functionele nano-machinerie, 
die typisch opgebouwd is uit vele duizenden zelf-geassembleerde moleculen. Veel van deze kleine 
structuurtjes vormen een dicht en onderling verbonden netwerk – de zogenaamde licht-oogstende 
antennes – die de lichtabsorptie maximaliseren, de energie met minimaal verlies naar de bestemming 
transporteren (het reactiecentrum) en uiteindelijk de fotosynthetische reactie van brandstof voorzien. 
In miljarden jaren van evolutie heeft de natuur deze systemen ontwikkeld om hun werk te doen onder 
fysiologische condities (warm en vochtig), die als ongewenst beschouwd zouden worden voor 
laboratoriumtoepassingen. Om gebruik te kunnen maken van het ontwerp van de natuur voor licht-
oogstende antennes voor potentiële toepassingen, zoals bijv. in het gestaag groeiende gebied van 
organische fotovoltaïsche cellen of voor het maken van zonne-brandstoffen, moeten hun essentiële 
functionele elementen worden geïdentificeerd en hun werkingsprincipes worden begrepen. 

Geïnspireerd door het succes van natuurlijke licht-oogstende complexen hebben in het lab 
gemaakte moleculaire aggregaten, zoals micellen, blaasjes, dubbellaags vellen, nanovezels en 
nanobuisjes, de laatste tijd veel aandacht gekregen. Deze systemen worden typische gebouwd middels 
moleculaire zelf-assemblage, d.w.z. door een spontane organisatie van individuele moleculen, dicht 
bij een thermodynamisch evenwicht, tot goed gedefinieerde en stabiele structuren door non-covalente 
interactie, zonder menselijk interventie. De interesse in deze systemen is nog verder gegroeid, omdat 
sommige van hen qua structuur sterk lijken op hun natuurlijke tegenhangers, maar een aantal van hun 
nadelen niet hebben. Deze synthetische analogen hebben een hoge graad van interne homogeniteit 
(verschillende systemen zijn opvallend gelijk). Ze zijn ook gemakkelijker te maken, te controleren en 
te veranderen dan hun natuurlijke tegenhangers, door het herprogrammeren van hun bouwstenen 
(d.w.z. de moleculen). De moleculaire stapeling in deze aggregaten maakt een sterke intermoleculaire 
koppeling mogelijk en zo de vorming van zogenaamde excitonen als een foton wordt geabsorbeerd. 
Met de term ‘exciton’ wordt een collectieve elektronisch aangeslagen toestand bedoeld, die zich 
uitstrekt over vele moleculen. Het strekt zich dus ruimtelijk uit over een aanzienlijk deel van het 
aggregaat en dit wordt beschouwd als een essentieel element voor efficiënt energietransport. Met de 
beschikbaarheid van deze systemen is het uiteindelijke doel om het beste van twee werelden te 
combineren: het verkrijgen van de (excitonische) functionaliteit van natuurlijke systemen en de 
controleerbaarheid van synthetische systemen. 

In dit proefschrift bestuderen we hoe kunstmatige licht-oogstende complexen fotonen absorberen, 
hoe de energie daarvan wordt getransporteerd en hoe dit transport wordt beïnvloed door de 
morfologie en dimensionaliteit van het systeem. We onderzoeken de excitonische en optische 
eigenschappen van dubbelwandige moleculaire nanobuisjes, gebaseerd op het amfifiele 
cyaninekleurstofderivaat C8S3, – qua structuur lijkend op de chlorosomen van de groene-
zwavelbacterie. De concentrische dubbelwandige buisjes hebben een buiten- en binnendiameter van 
slechts ~13 nm resp. ~ 7 nm, maar strekken zich uit over meerdere micrometers, langs welke richting 
de excitonen zich eventueel kunnen voortbewegen. De excitonische eigenschappen en de 
excitondynamica van dit systeem worden onderzocht in een multidisciplinaire aanpak met een 
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combinatie van steady-state en tijdsopgeloste spectroscopie, optische- en transmissie-
elektronmicroscopie, microfluidica en Monte-Carlo simulaties. Een dergelijke aanpak kan een 
completer beeld geven van de excitonische eigenschappen dan het gebruik van een enkele techniek. 

Conventionele spectroscopische technieken worden meestal uitgevoerd met een oplossing of 
gedroogde film van het materiaal, waardoor een enorm aantal (> 10 ) individuele systemen (in ons 
geval moleculaire nanobuisjes) tegelijkertijd worden bekeken. En dus, als deze systemen inhomogeen 
zijn qua structuur, zoals bijv. enigszins verschillende groottes of verschillende moleculaire 
stapelingen, zal dit resulteren in licht verschillende spectrale eigenschappen voor individuele 
systemen. Deze individuele eigenschappen worden vervolgens verdoezeld door de zogenaamde 
ensemble middeling. Met andere woorden, de informatie van een enkel systeem kan nauwelijks 
worden verkregen uit een ensemble spectrum, omdat het gemaskeerd wordt door overlappende, 
enigszins verschillende, spectra van andere systemen. Dit betekend dat de gemeten optische spectra 
bepaald worden door de inhomogeniteit van het ensemble en niet zozeer door de eigenschappen van 
het individuele systeem. Hoofstuk 3 kwantificeert de spectrale inhomogeniteit op het niveau van 
individuele moleculaire nanobuisjes door fotoluminescentie spectroscopie/microscopie van enkele 
nanobuisjes te combineren met geavanceerde 2D-Correlatie spectroscopie. Deze metingen laten zien 
dat de variaties in de structuur van de nanobuisjes een te verwaarlozen bijdrage leveren aan de 
optische eigenschappen van een ensemble van nanobuisjes, d.w.z. dat de karakteristieke groottes en 
moleculaire stapeling van individuele nanobuisjes uit een groot ensemble opmerkelijk gelijk zijn. In 
plaats daarvan zijn het de interacties van de moleculen in de nanobuisjes met hun, op ultrasnelle 
tijdschaal, fluctuerende omgeving, die de optische eigenschappen bepalen zoals die worden gezien in 
de spectroscopie aan een enkel nanobuisje. Zo’n hoge graad van structurele homogeniteit heeft 
ingrijpende implicaties voor conventionele spectroscopische experimenten op ensembles van 
nanobuisjes, omdat de resultaten even goed kunnen worden toegeschreven aan individuele 
nanobuisjes. En verder zullen deze bevindingen helpen te begrijpen hoe de verplaatsing van excitonen 
wordt beperkt door statische en dynamische moleculaire wanorde in complexe (meerlagige) 
supramoleculaire systemen. 

De in dit proefschrift bestudeerde nanobuisjes zijn qua structuur een versimpelde variant van hun 
natuurlijke tegenhangers, omdat elk nanobuisje slechts uit 2 laagjes bestaat (in plaats van vele) en 
verschillende nanobuisjes opmerkelijk vergelijkbaar zijn (zie boven). Ondanks deze vereenvoudiging 
zijn ze verre van eenvoudig te bestuderen vanwege de enorme omvang van de buisjes met hun grote 
aantallen moleculen die in een complex patroon zijn gestapeld. Dit op zijn beurt leidt tot congestie in 
de optische spectra, met verschillende spectraal overlappende pieken. Daarnaast wordt de 
interpretatie van de spectra nog verder gecompliceerd doordat het binnen- en buitenbuisje gekoppeld 
zijn, wat leidt tot energieoverdracht tussen hen. Hoofdstuk 4 introduceert een nieuwe 
spectroscopische lab-op-een-chip aanpak om in-situ controle te krijgen over de hiërarchische 
complexiteit van de supramoleculaire nanobuisjes: microfluïdische flitsverdunning. Dit laatste is een 
elegante manier om de dubbelwandige structuur van C8S3 te vereenvoudigen door de buitenwand 
fysiek op te lossen (of te strippen) en zo de koppeling tussen de binnen- en buitenwand selectief uit 
te schakelen. Tijdsopgeloste fotoluminiscentie metingen aan de dubbelwandige en de vereenvoudigde 
enkelwandige nanobuisjes laten zien dat deze laatste optische (excitonische) eigenschappen vertonen 
die opmerkelijk robuust zijn bij verstoringen van de supramoleculaire structuur. Zelfs na de fysieke 
verwijdering van de aangrenzende nanobuislaag bljiven excitonische eigenschappen zoals de 
excitonmobiliteit behouden. Zo’n robuustheid zou buitengewoon gunstig kunnen zijn om 
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multichromofore systemen van een vergelijkbaar ontwerp te gebruiken in toepassingen met licht-
oogstende complexen. 

Multichromofore systemen zijn per definitie opgebouwd uit duizenden sterk gekoppelde 
moleculen, zodat excitonen zeer mobiel zijn en ‘grote’ afstanden kunnen afleggen op ultrasnelle 
tijdschalen (d.w.z. op femto- tot picoseconde schaal). Indien er meerdere excitonen aanwezig zijn, 
kunnen twee excitonen elkaar uiteindelijk ontmoeten (nadat ze naar elkaar toe zijn bewogen) en, als 
gevolg daarvan, onderling interactie vertonen. Deze interactie leidt vervolgens tot het verlies van een 
van de excitonen via de zogenaamde exciton-exciton annihilatie, wat direct gedetecteerd kan worden 
met behulp van ultrasnelle 2D-spectroscopie. In hoofdstuk 5 wordt deze 2D-spectroscopie gekoppeld 
aan de microfluïde flitsverdunning om een diepgaand beeld te krijgen van de excitondynamica in en 
tussen de afzonderlijke lagen van de dubbelwandige moleculaire nanobuisjes. De snelheid van deze 
annihilaties maakt het mogelijk om te bepalen op welke lengte- en tijdsschalen de exciton propagatie 
heeft plaatsgevonden en wat dus de excitonische eigenschappen zijn. Bovendien hebben deze 
experimenten laten zien dat de buitenste laag werkt als een excitonantenne bij een lage excitatieflux, 
maar verandert in een excitonannihilator bij intense belichting. In de dubbelwandige configuratie 
kunnen moleculaire nanobuisjes zich aanpassen aan verschillende belichtingsomstandigheden, 
waarbij de buitenste buis zijn functionaliteit verandert van een excitonantenne naar een 
excitonannihilator. Het begrijpen van deze excitoneigenschappen van een systeem en van hoe deze 
eigenschappen samenhangen met de supramoleculaire structuur, zijn belangrijke stappen in de 
optimalisatie van het excitatie energietransport in potentiële (opto-)elektronische toepassingen. 

Een van de gangbare manieren om de uiteindelijke zelf-geassembleerde supramoleculaire 
structuur te veranderen is het (chemisch) veranderen van de individuele monomere bouwstenen. 
Veranderingen van de samenstelling en structuur van deze bouwstenen veranderen ook het type en 
de sterkte van de intermoleculaire interacties, die het zelfassemblage proces aansturen en coördineren. 
Het is echter erg moeilijk om a priori voorspellingen te doen over wat het resultaat van zulke 
modificaties zal zijn, wat systematisch onderzoek naar hoe de morfologie van zelf-geassembleerde 
systemen zich tot hun spectrale eigenschappen verhoudt, intrinsiek moeilijk maakt. In hoofdstuk 6 
worden minimale veranderingen aan slechts vier halogeen atomen van het amfifiele cyaninederivaat 
C8S3 gebruikt om het supramoleculaire patroon op een gecontroleerde manier te wijzigen. Dit maakte 
het mogelijk om de straal van de nanobuisjes aanzienlijk te verhogen met behoud van de 
dubbelwandige structuur. Verder laten we zien dat de moleculaire stapeling binnenin de nanobuisjes 
behouden blijft, wat een cruciale factor is voor de optische eigenschappen van het systeem. Dus met 
subtiele veranderingen aan het chromofoor door halogeensubstitutie, werd het mogelijk om het effect 
van de straal van de buisjes op de optische eigenschappen van de nanobuisjes te isoleren. 

Samenvattend belicht dit proefschrift de excitondynamica in dubbelwandige moleculaire 
nanobuisjes en laat zien hoe deze excitonische eigenschappen samenhangen met de overkoepelende 
supramoleculaire structuur. De mogelijkheden van het bestudeerde systeem als een kunstmatig licht-
oogstend complex zijn grondig onderzocht met een reeks van (tijdsopgeloste) spectroscopische en 
microscopische technieken. Dit maakte het mogelijk om in dit proefschrift een samenhangend beeld 
te schetsen van de excitondynamica en de excitonische eigenschappen, door het combineren van een 
reeks complementerende technieken. In dit opzicht behandelt dit proefschrift de belangrijkste 
elementen voor het succesvol licht-oogsten: voortbeweging van exciton op een ultrasnelle tijdschaal, 
de rol van heterogeniteit en wanorde in excitontransport, de robuustheid jegens structuurverstoringen 
en strategieën voor gecontroleerde modificaties van de supramoleculaire structuur voor optimalisatie. 
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De bevindingen in dit proefschrift dragen daarom bij aan een beter fundamenteel begrip van de 
excitondynamica in supramoleculaire structuren en effenen de weg om zulke systemen als 
‘excitonische snelwegen’ te integreren in licht-oogstende toepassingen. Bovendien zijn de 
experimenteel verkregen inzichten van grote waarde voor het verfijnen van moleculaire-dynamica 
simulaties en theoretische modellen, die erop gericht zijn de moleculaire structuur en zelf-assemblage 
dynamica van systemen in ongekend detail op te helderen. Alle benaderingen gecombineerd zullen 
opwindende nieuwe mogelijkheden bieden voor het voorspellen van de structuur en de optimalisatie 
van licht-oogstende systemen.  
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