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Chapter 1  
 
Introduction 

I. MOTIVATION 

The combination of efficiency, reliability, and ubiquity of biological systems continues to 
inspire new branches of fundamental and technological research in all possible aspects, 
ranging from molecular electronics to bio-inspired solar cells [1-6]. One of the most 
fascinating processes in nature is photosynthesis. This is the process where sunlight, the 
energy source for the biosphere, is converted into the chemical energy so vital for life on 
earth. The light-harvesting, transfer, and conversion processes in various natural systems 
might look different, but the key mechanisms stay the same – the optical energy is harvested 
in a light harvesting antenna complex, composed of a set of pigments, then the excitation 
energy is transferred down a cascade of chromophores to the reaction center where it is used 
for charge separation needed for the biochemical reactions. Although in general terms the 
process sounds rather simple, the detailed understanding of the whole picture is quite 
complicated. This is primarily due to the complexity of natural photosynthetic units. For a 
“proof of principle”, however, it suffices to mimic certain parts of the photosynthesis process 
in an artificial device. This does not require using the same components and arrangements as 
found in natural systems. Much simpler model systems can be used to explore or to employ a 
very specific function, which would be difficult to access in for example a living cell. 
Processes as complicated as self-replication in biological systems can, for instance, be 
replaced with self-assembly in artificial molecule-based devices. However, these simplified 
systems sacrifice versatility and robustness, and generally have a more limited functionality. 

This thesis focuses on artificial bio-inspired model systems for energy harvesting, energy 
transport, and energy conversion. The first system discussed is a dendrimer consisting of 
several donor chromophores covalently linked to a single acceptor chromophore. Such 
dendrimer could be considered as a simple model of a biological light-harvesting unit, as an 
artificial light-harvester for organic solar-cells, or as a model system to study fundamental 
excitations, their interactions and their energy transport properties [7-14]. The main 
advantage of these structures is that they are relatively simple, and completely chemically 
synthesized, which makes it easier to control their properties than in for instance self-
assembled supramolecular systems. However, the complexity of the synthesis increases with 
the size of the systems synthesized. When energy has to be transferred over longer distances, 
self-assembly of large structures from many smaller constituents becomes the most viable 
construction method. In such, so called supramolecular, systems the chromophores are held 
together by non-covalent interactions, i.e., hydrogen bonds, van der Waals forces or 
electrostatic forces. Therefore, the second type of systems, explored in this thesis, is 
molecular aggregates. The term aggregate is used to characterize a, usually self-assembled, 
highly ordered collection of molecules. Aggregates are of fundamental interest as model 
materials to study the nature of excitons in molecular systems of reduced dimensionality. The 
extraordinary optical properties of these molecular aggregates are to a large extent governed 
by exciton delocalization, transport and relaxation phenomena [15-21]. Moreover, the 
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aggregates resemble natural light harvesting and, in particular, energy transporting units. This 
makes them also attractive as model materials for studies of photo-physical processes 
occurring in biological systems as well as for practical applications as molecular wires for 
artificial light energy harvesting and transport systems [22-24]. The third type of structures, 
discussed in this thesis, is molecular motors. There are many examples of linear and rotary 
molecular motors in biological systems, such as kinesin-microtubule or myosin-actin 
systems, ATP-synthase, and bacterial flagellum motors [25-28]. The last couple of decades 
showed strong developments in the field of artificial molecular motors.[29-39] Synthesis of 
efficient, high speed full-rotary molecular motors proved to be the one of the most difficult 
goals. However, since the synthesis of the first light-driven rotary molecular motor [29] quite 
some progress was made in optimization of speed and efficiency. The understanding of the 
rotation mechanism, necessary for further improvements eventually enabling practical 
applications of the motors in nanotechnology, is still rather limited. 

II. THESIS OVERVIEW 

The outline of this thesis is as follows. In chapter 2 the energy transfer (ET) properties in 
first-generation coumarin-perylene bisimide dendrimer are discussed [40, 41]. Time-resolved 
fluorescence and transient absorption techniques are used for determination of ET timescales 
and mechanisms. Creating multiple excitations offers the possibility to study interactions of 
excitations residing on the same dendrimer. For this purpose, high excitation density 
experiments are performed to explore the distinctive features of ET dynamics in the non-
linear regime. The experimental data are compared with the results of numerical simulations, 
which are based on a simple Förster energy transfer model with a certain degree of disorder 
in the dendrimer geometry. Finally, more sophisticated pre-pump – pump – probe 
experiments not only reveal the peculiarities of the ET mechanism, but also allow for the 
optical control of ET rate in the dendrimer [41]. 

Chapter 3 focuses on the general characterization of optical properties of cyanine 
derivative based tubular double-wall molecular aggregates [42], which are also used in the 
more detailed studies presented in chapters 4 and 5. The linear dichroism and absorption 
spectra have the same basic structure for all aggregates investigated essentially showing a set 
of narrow and highly polarized bands, though the exact positions and strengths of absorption 
bands are influenced by the choice of side groups and various additives. Absorption bands 
observed are assigned to certain excitonic transitions in the inner and outer tubules of the 
aggregate. Assignments are made by combining CW and time-resolved spectroscopy data. 
Finally, energy transfer form outer-to-inner tubule is observed on a sub-picosecond timescale.  
Inner-to-outer tubule ET is present as well, but in this case the transfer rate is slow – up to 
several picoseconds at room temperature. 

The exploration of energy transfer and relaxation processes in double-wall cylindrical 
aggregates is continued in chapter 4 [43]. The experiments presented here are performed at 
cryogenic temperatures, allowing observation of excitation relaxation within the excitonic 
manifold of mainly the inner cylinder. Time and spectrally resolved fluorescence data is 
nearly a straightforward indicator of the occupation of certain excitonic states at the given 
instance of time after the excitation. The experimental data reveals a fast (within several 
picoseconds) energy transfer and relaxation to the low lying states of the excitonic manifold 
of the inner tubule followed by a relatively slow (tens of picoseconds) relaxation within the 
tail of density of states. The observed relaxation dynamics closely matches the spectral 
dynamics data obtained by solving a Pauli master equation for the exciton populations. 
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Earlier studies of this type of aggregates by Didraga et al. significantly contribute to the 
understanding of the underlying processes [44-47]. 

Chapter 5 revisits the relaxation and energy transport phenomena discussed in chapter 4, 
using time and spectrally resolved transient absorption techniques to resolve the energy 
transport and relaxation steps within the very first picoseconds after excitation: outer-to-inner 
tubule ET within hundreds of femtoseconds, relaxation within the excitonic manifold of the 
inner tubule in a couple of picoseconds, and finally, relaxation to the ground state within tens 
of picoseconds [48]. 

After the extended discussion of the properties of the cyanine-derivative aggregates, 
chapters 6 and 7 discuss some of the properties of two other self-aggregated macromolecular 
systems. Chapter 6 is dedicated to an experimental study of the level statistics in pseudo-
isocyanine aggregates (PIC). The low-temperature aggregate fluorescence spectra obtained 
by selective excitation reveal a sharp intensive peak at the excitation energy and a red-shifted 
feature resulting from the exciton band relaxation which contains relevant information about 
the level statistics [49]. The experimental data is discussed in terms of a recent theoretical 
model, strongly indicating that level spacing has a Wigner-Dyson type distribution [50]. 

The last chapter on molecular aggregates, chapter 7, is devoted to the microscopic 
structure of the well known tubular single-wall porphyrin derivative (TPPS4) aggregates [51-
54] as determined by a combining of cryo-electron microscopy, linear spectroscopy, and 
theoretical modeling of the spectra [55]. 

After the extended discussion on the properties of model systems relevant to energy 
harvesting and transport, the last chapter of this thesis touches upon another important bio-
inspired research area: the intriguing world of molecular motors [29-35]. Chapter 8 presents 
optical pump-probe experiments on chiral molecular motors, which are discussed in terms of 
potential energy landscapes for the ground and excited states of the motor molecules, leading 
to the proposal of a detailed model of rotation mechanism [56, 57]. 
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Chapter 2  
 

Optical energy transport and interactions 
between the excitations in a coumarin – 
perylene bisimide dendrimer* 

ABSTRACT 

Energy transfer properties of novel coumarin – perylene bisimide dendrimer are studied 
by means of steady state and time-resolved UV/VIS spectroscopy. At low donor excitation 
density fast (transfer rate ~10 ps-1) and efficient (quantum yield ~99.5%) donor-acceptor 
energy transfer is observed. The random distributions of donor-acceptor orientations and 
distances result in non-exponential energy transfer kinetics. The energy transfer remains 
independent of excitation density up to densities corresponding to one absorbed photon per 
10 dendrimer molecules. At higher excitation densities the transfer rate is found to increase 
due to excitation of multiple donors per dendrimer. Control of the donor-acceptor energy 
transfer rate is achieved by pre-excitation of the acceptor and monitored by pre-pump – pump 
– probe experiments, which show that the energy transfer rate can be decreased by a factor of 
two. The relative orientations of transition dipole moments in the donor and acceptor 
molecules are found to be one of the key factors determining the energy transfer dynamics at 
high excitation densities. 

I. INTRODUCTION 

Dendrimers are well-defined branched macromolecules with a high degree of order. The 
distinctive structure of dendrimers allows encapsulation of active components [1-4] which is 
an important issue in drug delivery [5, 6], catalysis of chemical reactions [7-10], surface 
modification [11-14], and molecular opto-electronics [15-17]. Over the last decade extensive 
studies of the optical properties and applications of dendrimers have been carried out. Kawa 
et al. [18, 19] have employed dendrimeric encapsulation to isolate lanthanide ions from the 
solvent, leading to a significant suppression of vibrational quenching of the lanthanide 
luminescence. Dendritic systems are considered as promising candidates for light harvesting 
and excitation energy transport [17, 20-29]. Efficient light harvesting in dendrimers is 
realized through a large number of donors branching around a single or a few acceptors. The 
distances between the donors and acceptors can be optimized for efficient dipole-dipole 
interaction and Förster energy transfer. In such systems a high UV/VIS absorptivity of a large 
number of donors is potentially beneficial for light harvesting when efficient energy transport 
takes place. This assures a high energy flux to the acceptor (or the core of the dendrimer) [17, 
                                                 
* This chapter is based on: R. Augulis, A. Pugžlys, J. H. Hurenkamp, B. L. Feringa, J. H. van Esch, 
and P. H. M. van Loosdrecht, J. Phys. Chem. A 111, 12944 (2007). 
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29, 31, 32-34]. A detailed model of donor-acceptor population dynamics based on a system 
of differential rate equations for a first generation dendrimer has been presented in [31]. For 
higher generation dendrimers, the light harvesting can be improved through the use of 
cascade systems containing several different chromophores [35-38]. Recently, novel energy 
harvesting and transfer related phenomena in dendrimers, such as photocatalysis [39, 40] and 
energy upconversion [41, 42], have been reported, highlighting the importance of a 
fundamental understanding of the ET mechanisms that take place in dendrimeric systems. 

Due to the presence of multiple donors per dendrimer, more than one donor per 
dendrimer can be excited already at moderate excitation densities. This leads to interactions 
between the excitations, which potentially can either increase or decrease the ET efficiency. 
For example Neuwahl et al. [43], while measuring pump-probe spectra in a donor-acceptor 
type system at relatively high irradiation intensities, observed residual emission from the 
donor at delays, which are long compared to the energy transfer time. The phenomenon was 
explained by proposing, that once the acceptor is excited via excitation transfer from one 
donor molecule, ET from the other donors is prohibited. Later on, the effect of donor-
acceptor ET restriction when the acceptor is excited was extensively studied by the group of 
De Schryver [29, 36, 37], attributing the phenomena to “exciton blockade”. In contrast, no 
change in the ET rate upon increasing excitation density was observed by Hania et al. in a 
coumarin-porphyrin dendrimer [31]. It was demonstrated that both the difference between the 
energy transfer rate constants to a singly and doubly excited acceptor states, and the rate of 
radiationless decay from such doubly excited states are the key parameters determining the 
overall ET dynamics at high excitation density conditions. A recent paper by Melnikov et al. 
[28] studies the phenomena of simultaneous emission from both donor, and acceptor 
chromophores in a peryleneimide-tetrylenediimide dendrimer at the single-molecule level. 
Though the “exciton blockade” effect would be the most straightforward explanation for the 
phenomena observed, the authors conclude that additional conditions are necessary, in 
particular – unfavorable donor-acceptor transition orientation and photobleaching of the 
donors with favorable orientations.  

Here we present detailed studies of the ET properties of a first generation dendrimer 
composed of four equivalent coumarin donors surrounding a perylene bisimide based 
acceptor under both low and high excitation density conditions. Well defined properties of 
the coumarins (donor chromophores) and extensively studied perylene bisimide derivatives 
(acceptor chromophore) [44-46] as well as its high photostability, make this dendrimer an 
excellent model system for studying the interactions between the excitations. An additional 
advantage of this dendrimer as a model system for ET studies is the difference in the rates of 
various ET and energy relaxation processes, such as donor-acceptor ET, donor-donor energy 
hopping, relaxation of the acceptor from the higher excited states to the lowest excited state, 
and relaxation of both chromophores to the ground state. 

Time-resolved fluorescence and intensity dependent pump-probe techniques are 
employed to study the excitation dynamics. In addition, control of donor-acceptor energy 
transfer is achieved through pre-excitation of the acceptor using multi-color pre-pump – 
pump – probe techniques. These experiments show that the energy transfer rate can be 
reduced by a factor of two. One of the key factors determining the ET rate at high excitation 
fluence is the relative orientation of the transition dipole moments in the donors and the 
acceptor, which exceeds the influence of spectral overlap changes in the dendrimer. In 
addition, by performing molecular dynamics (MD) simulations, we have studied the 
influence of the flexible nature of the dendrimer on the ET dynamics. 

The chapter is organized as follows. After introducing the material and the experimental 
procedures in section II, we start with a discussion on the qualitative properties of the ET in 
the first generation coumarin–perylene bisimide dendrimer in section III.A. The ET dynamics 
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studied by time-resolved measurements at low excitation density are discussed in section 
III.B. Analytical considerations and experimental confirmation concerning interactions 
between excitations at high excitation densities are presented in sections III.C and III.D, 
respectively. Finally, in section III.E, the results of optical pre-pump – pump – probe 
experiments are presented, which allow distinctive investigation of the effect of an excited 
acceptor on the ET rate.  

II. MATERIALS AND METHODS 

The coumarin – perylene bisimide dendrimer (C4P) (Fig. 1c) consists of four coumarin 
subunits acting as energy donors and a single perylene bisimide core, which is connected to 
the donors via spacers. Model constituent compounds are also shown in Fig. 1 (a, b): two 
donors connected via a spacer (a) and a perylene bisimide acceptor with two spacers (b). The 
synthesis of C4P and constituent compounds was performed using an amide coupling 
methodology. The details of the synthesis are discussed in Ref. 47. Analytical data (1H and 
13C NMR, MS (MALDI-TOF)) for the C4P and constituent compounds are in agreement with 
the structures shown. All optical experiments were carried out at room temperature under 
ambient air conditions with the compounds dissolved in chloroform in a 2 mm cuvette or a 
0.1-0.5 mm flow cell. 

Energy transfer dynamics in C4P was studied by means of time-resolved fluorescence and 
transient absorption (pump-probe) spectroscopy. In order to study interactions between 
excitations, pump-probe measurements were carried out at different excitation densities. In 
addition, pre-pump – pump – probe experiments, which potentially disclose a dependence of 
the ET dynamics on the population of acceptor sites, were performed. 

Time and spectrally resolved (spectral resolution is ca. 0.6 nm) fluorescence 
measurements were performed using a streak camera system with a synchro-scan sweep unit 
(Hamamatsu). The sample was irradiated by a frequency-tripled (λ = 325 nm, τ = 120 fs) 
output of a tunable 76 MHz Ti:Sapphire laser (Mira 900, Coherent), which was pumped by 
an all-solid-state diode-pumped, frequency doubled Nd:YVO4 laser (Verdi, Coherent). A 
pulse picker was used to reduce the repetition rate to 1.9 MHz. In order to maintain low 
excitation density conditions, the pulse energy was attenuated to 1 pJ which corresponds to 
one photon absorbed per 105 donor molecules per pulse. The time resolution of the 
experiments, as determined by recording scattered light from the excitation pulse, was 7 ps. 
In order to avoid population of the acceptor triplet states by multiple laser pulses and to 
ensure photostability of the sample, a 10-4 M solution of C4P in CHCl3 was pumped along a 
0.5 mm fused silica cell by a peristaltic pump. The absorption spectra of the samples 
measured before and after the time-resolved fluorescence experiments were identical, which 
indicates the absence of photodecomposition. 

Pump-probe experiments were performed in a standard geometry using two 
independently tunable non-collinearly pumped optical parametric amplifiers (NOPAs) (Topas 
White, Light Conversion) as pump and probe sources. The NOPAs were pumped by a 
Ti:Sapphire laser / regenerative amplifier system (Hurricane, Spectra Physics) producing 
120 fs, 800 nm pulses at 1 kHz repetition rate. The sample was excited at 325 nm, 
corresponding to the absorption maximum of the donor molecule. UV pulses at 325 nm were 
obtained by frequency doubling of the 650 nm signal wave of one of the NOPAs in a 
0.15 mm BBO crystal and subsequent compression in a double-pass compressor based on two 
fused silica prisms. In addition to the pulse shortening, the compressor allows for spatial 
separation of the fundamental and second harmonic beams. The time resolution of pump-
probe experiments, as measured by monitoring two-color two-photon absorption in a 100 µm 
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glass plate, was 70 fs. For the measurements of the dynamics of the pump-probe spectrum, 
white light in a 390-800 nm spectral range was generated in a 1 cm water cell. The time 
resolution in this case was lower because of the chirped white light, though it remained in the 
sub-picosecond range. 

Pre-pump – pump – probe experiments were performed by pre-exciting acceptors with a 
high energy pre-pump pulse centered at λprep = 550 nm. Then, after a time delay, a pump 
pulse at λex = 325 nm wavelength corresponding to the maximum of the donor absorption, 
was applied. The third pulse centered at λpr = 325 nm wavelength probed the photoinduced 
optical density changes in the C4P dendrimers. The delay between the pre-pump and pump 
pulses was variable in a 1 ns time window. Polarization of the pre-pump pulse was either 
parallel or perpendicular to the polarization of the pump pulse. 

Molecular dynamic (MD) simulations were performed using the Langevin MD method 
with MM+ force field (Hyperchem 7.5) in a medium with a viscosity of chloroform (5.8·10-4 
N·s·m2) at room temperature. Simulations were performed on a single dendrimer molecule 
with no solvent molecules present. Data was collected for 10 ns with 100 fs time-steps after 
1 ns equilibration time, while atom positions were updated every 1 fs. 

III. RESULTS AND DISCUSSION 

A. Donor-acceptor ET in C4P: qualitative description 

The realization of both, efficient light energy harvesting and transport, requires a rather 
weak interaction between donors and between donor and acceptor units as well as sufficient 
spectral overlap of donor and acceptor resonances, i.e. donor fluorescence and acceptor 
absorption. In order to estimate the interactions between the constituent parts of the C4P 
dendrimer, to confirm the occurrence of donor-acceptor ET, and to examine the ET properties 
qualitatively, we measured steady state absorption and fluorescence spectra of the model 
compounds and compared them with the ones, characteristic for the whole dendrimer. 

Steady state absorption and fluorescence spectra of donor and acceptor constituents are 
presented in the top panel of Fig. 1. A simplified energy level diagram of C4P, which also 
shows a number of possible transitions, is shown in Fig. 2. The absorption spectrum of the 
donor molecule is dominated by a single band, centered at around 325 nm, which originates 
from the S0→S1 transition. The corresponding fluorescence spectrum consists of a band 
centered at 385 nm. The absorption spectrum of the acceptor molecule in the visible spectral 
region is characterized by a S0→S1 transition leading to an absorption band peaking at 
584 nm featuring a vibronic progression, as well as by a S0→S2 transition resulting in an 
absorption band with a maximum at 455 nm. The fluorescence spectrum of the acceptor has a 
maximum at 620 nm and is a mirror image of the S0→S1 absorption band. As can be seen 
from the upper panel in Fig. 1, the S0→S2 absorption band of the acceptor overlaps partially 
with the fluorescence band of the donor enabling resonant ET. The fluorescence spectrum of 
the complete dendrimer (Fig. 1, lower panel), measured while exciting at the absorption 
maximum of the donors (325 nm), clearly shows the occurrence of donor-acceptor ET: the 
fluorescence of the donors is quenched significantly, while the fluorescence intensity of the 
acceptor is increased considerably. 

The absorption spectrum of the dendrimer (lower panel of Fig. 1) is red shifted by ca. 
100 cm-1 with respect to the weighted sum of absorption spectra of donors and acceptor with 
spacer, indicating that donor-acceptor interaction is rather weak. The weakness of the 
interaction allows for a description of the ET dynamics in terms of the dipole-dipole Förster 
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energy transfer theory. A more detailed analysis of the changes in the C4P absorption 
spectrum due to attachment of different constituents is presented in Ref. [47]. 
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Figure 1. Top panel: absorption and fluorescence spectra of donor (absorption – dotted line, 
fluorescence – dashed-dotted line) and acceptor (absorption – solid line, fluorescence – dashed line) 
constituents. The chemical structure of the constituent compounds is shown in the insets: two donors 
attached to a spacer (a) and acceptor with two spacers attached (b). Bottom panel: absorption and 
fluorescence spectra of the C4P dendrimer (absorption – solid line, fluorescence – dashed line). The 
chemical structure of the C4P dendrimer is shown in inset (c). All absorption data are presented in 
absolute units of optical density. Spectra are measured in a 2 mm cell, at concentration of 10-4 M for 
all compounds. Fluorescence spectra are scaled to match the maxima of corresponding absorption 
bands. 

 
Finally, the linear donor and acceptor spectra shown in Fig. 1 overlap partially. This 

makes selective excitation of donor molecules impossible. Nevertheless, by taking into 
account that the dendrimer is composed of four donors and a single acceptor, we estimate that 
the selectivity toward donor excitation is still about 85% at 325 nm. 

For more evident verification of the ET, time-resolved fluorescence measurements were 
performed. The experiments reveal a single-exponential decay of excitations for both 
constituent parts of the dendrimer with decay time constants of 2.1 ns and 6.7 ns for the 
donor and acceptor model compounds (Fig. 1a and b), respectively (results are not shown). 
The decay time constants obtained are close to those reported for similar dyes [48, 49], 
indicating that the chemical modifications of the chromophores does not alter the 
photophysical properties of the compounds considerably. In addition, the measured 
fluorescence quantum yield for both, coumarin and side-branch model compound (Fig. 1a) is 
found to be 70%, indicating that the spacer doesn’t affect the fluorescence efficiency of the 
donors. The measured emission quantum yields for the acceptor model compound (Fig. 1b) 
and for the whole dendrimer (Fig. 1c) are 92% and 85%, respectively, showing that the 
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influence of the incorporation of the acceptor in the dendrimer on the emission efficiency of 
the acceptor is rather low. 

 
 

 
 

Figure 2. Energy transfer diagram showing the ET processes where one donor per dendrimer is 
excited (boxed part) and where two donors per dendrimer are excited (full diagram). 
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Figure 3. Normalized fluorescence dynamics observed for C4P at wavelengths λpr = 385 nm (dashed 
line) and λpr = 620 nm (solid line), corresponding to the maxima of the fluorescence spectra of the 
donor and the acceptor, respectively. Excitation wavelength is λex = 325 nm. The system response 
function is shown by the dotted line. All the signals are normalized to their maxima. 

 
The fluorescence kinetics in a 100 ps time window after excitation of the dendrimer at 

325 nm is shown in Fig. 3. The wavelengths 385 nm and 620 nm correspond to the 
fluorescence maxima of donor and acceptor units, respectively. After deconvolution of the 
instrumental response, the fluorescence of the dendrimer at 385 nm is found to decay, while 
the fluorescence at 620 nm features a delayed formation, both with the time constant of about 
10 ps. The observed precursor-successor relationship points towards rather efficient 
(estimated quantum yield is 99.5%) donor-acceptor ET. It appears that the growth of 
fluorescence of the acceptors is slightly faster than the decay of fluorescence of the donors, 
which, most likely, originates from direct excitation of ca. 15% of the acceptor molecules. 
About 4% of the fluorescence of the donor units decays with a time constant of 2.1 ns. Since 
the 2.1 ns decay time coincides with the excitation lifetime of the side-branch model 
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compounds (Fig. 1a) and the long-timescale emission spectrum matches the emission of 
donors or side-branches, it is most likely that the slow emission component originates from 
residual, disconnected, donor molecules. 

A simple, qualitative, diagram of ET in C4P at low excitation energies is depicted in the 
boxed area of Fig. 2. First, an incoming photon excites the donor from S0 to S1. Subsequently 
ET from donor to acceptor takes place resulting in a S2 excited acceptor state, which decays 
rapidly via a non-radiative S2→S1 transition to the S1 state on a ~100 fs time scale. Finally, 
the acceptor decays radiatively from S1 to S0 leading to the fluorescence observed. 

B. ET at low excitation density 

As noted in the previous section, the interaction between the donor and acceptor 
chromophores of the dendrimer is weak; therefore the donor-acceptor ET rate constant can be 
estimated using the Förster dipole-dipole ET model [50]: 

( ) ( )
6

0

11









⋅=

−−

R

R
kk DA

DET ,     (1) 

where RDA is the donor – acceptor distance, kET and kD are the rate constants for the energy 
transfer and the donor decay, respectively, and R0 is the Förster radius: 

J
nN

CR
A

D

4

2
6

0

φκ
= .     (2) 

( ) ( )∫
∞

=
0

4 λλλελ dIJ AD  in this equation represents the overlap integral of donor fluorescence 

ID(λ) and acceptor absorption denoted by the extinction coefficient εA(λ), κ2 is an orientational 
factor, φD is the fluorescence quantum yield (QY) of a separate donor, NA is Avogadro’s 
number, n is the refractive index of the medium, and C = 9000·ln(10)/(128π5) ≈ 0.53 [50]. 

MD simulations give an average distance between the donor and acceptor molecules of 
〈RDA〉 = 1.5 nm. The simulations of the dendrimer geometry show that rotation is rather free 
around the bonds adjacent to the amide carbonyls. However, the timescale of the structural 
fluctuations ranges from tens to hundreds of picoseconds. Specifically, donor-acceptor 
distance autocorrelation decay could be fitted with two exponents with time constants of 56 
and 1550 ps. Thus, even the fastest fluctuations are expected to be several times slower than 
the donor-acceptor ET. Consequently, for the present experiments, a solution of dendrimers 
can be treated as an ensemble of rigid molecules with static structural variations. Assuming a 
static random distribution of orientations [51] between the transition dipole moments of the 
donor and acceptor units leads to an orientational factor κ2

 = 0.8452·2/3 [52]. Using the bulk 
value of the refractive index of chloroform n = 1.45, the donor-acceptor distance 
〈RDA〉 = 1.5 nm, the donor fluorescence lifetime τD = 2.1 ns and the measured quantum yield 
φD = 70%, and the overlap integral J = 2.33·1014 M-1cm-1nm4, estimated from the 
experiments, we obtain an ET time constant kET

-1 = 15 ps. 
As it is evident from Eq. 1, the ET rate constant is extremely sensitive to variations of the 

distance between donor and acceptor units, which, because of the flexible nature of the 
dendrimer mentioned above, can be distributed over quite a wide range. In addition, donor-
acceptor dipole orientations are not completely random, so the estimated κ value is not 
precise. Another limiting factor for the precision of the calculated ET rate is the finite size of 
the perylene bisimide and coumarin molecules: The Förster ET model is applicable for point 
dipoles separated by a specific distance, and can substantially fail in describing energy 
transfer processes when the distance between the chromophores becomes similar to the size 
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of the chromophores [53-57]. In the case of C4P, the donor and acceptor chromophores are 
relatively large compared to the distances between them, thus an extended dipole approach in 
calculating the ET rate would be more relevant. Given these limitations the ET rate constant 
(15 ps) calculated here is in a very good agreement with that determined experimentally from 
the time resolved fluorescence measurements. 

Although the time resolved fluorescence measurements confirm efficient ET in C4P, the 
time resolution of the streak camera (ca. 7 ps) is insufficient for a detailed examination of the 
ET dynamics. Time and frequency resolved pump-probe experiments with a sub-100 fs time 
resolution were employed to characterize the ET dynamics more quantitatively. The 
dendrimers were excited at the wavelength corresponding to the maximum of the donor 
absorption. Experiments were carried out at a relatively low excitation density corresponding 
to one photon absorbed per 30 dendrimer molecules. 
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Figure 4. Pump-probe transients normalized to the long time-scale signal (|∆OD| = 1, when t > 100 
ps), measured after excitation of the C4P dendrimer at λex = 325 nm. The probe wavelengths 
λpr = 325 nm and λpr = 590 nm correspond to the maximum of photoinduced bleaching for donor and 
acceptor, respectively. 

 
The pump-probe trace measured at probe wavelengths of 325 nm, corresponding to 

bleaching of the S0→S1 donor absorption band and to S1→Sn photoinduced absorption in the 
acceptor, is presented in the lower panel of Fig. 4. The bleaching dynamics of S0→S1 
absorption band in the acceptor at 590 nm is shown in the upper panel of Fig. 4. The pump-
probe dynamics of the other bands of the acceptor (bleaching at 470 nm and photoinduced 
absorption above 680 nm) correlate well with the bleaching dynamics of the S0→S1 band. 
The band in the vicinity of 590 nm has been chosen for the monitoring the occupation of the 
acceptor S1 state in all experiments, because of its strong response, thus giving the best 
signal-to-noise ratio. Although the experiments are performed with a much higher time 
resolution, the interpretation of the dynamics observed in the pump-probe experiments is not 
as straightforward as it is for time resolved fluorescence experiments. The complexity arises 
from the spectral overlap of pump-probe signals originating from the different photoinduced 
features in the donor and acceptor units. For instance, in the case of probing at 325 nm (Fig. 
4, lower panel) bleaching of the donor band is observed directly after excitation. As a result 
of ET from the donor to the acceptor this bleaching decays, and evolves into photoinduced 
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absorption caused by excited acceptor molecules (see the following section for more details). 
From the magnitudes of the initial photoinduced bleaching and the photoinduced absorption 
measured at later times we estimate a ratio of 0.4 between the contributions of donor and 
acceptor units to the pump-probe signal. Since after ET from the donor to the acceptor the 
internal conversion S2→S1 is very fast (not quite resolvable at the time resolution available), 
the formation of the photoinduced absorption depicted in the lower panel of Fig. 4 reflects the 
ET dynamics from the donor to the acceptor. 
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Figure 5. Pump-probe signal at probe wavelength λpr = 590 nm recalculated from Fig. 4, as explained 
in the text (dots), single-exponential fit to the data (dashed line) and curve simulated by using Eq. 3 
(solid line). The inset shows the distribution of donor-acceptor distances used in Eq. 3. 

 
The analysis of pump-probe transients, such as the ones shown in Fig. 4, confirms a 

precursor-successor relationship as observed in the time resolved fluorescence experiments 
and reveals that ET proceeds on a sub-10 ps timescale. However the dynamics measured 
show a, evidently, non-exponential character resulting from the flexible nature of C4P 
molecules. In general, the orientation of a donor molecule with respect to the acceptor also 
affects the ET rate, however to a lesser extent. Taking only variations of the donor-acceptor 
distance into account, the ET dynamics N(t) can be modeled in the following way: 
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In this equation it is assumed that the donor-acceptor distances have a normal distribution 
with standard deviation σ << 1 [51], and keff is the “effective” ET rate corresponding to that 
of the mean donor-acceptor distance 〈RDA〉. We assume that for every donor-acceptor distance 
r = R/〈RDA〉 the dynamics are mono-exponential with rate constants determined by the 
distances only. The combined dynamics is then obtained by integrating over the range of 
donor-acceptor distances r. We used Eq. 3 to fit the experimental data presented in the top 
panel of Fig. 4. In order to emphasize the non-exponentiality of the dynamics, a normalized 
pump-probe signal subtracted from unity is plotted in Fig. 5 on a logarithmic scale. By fitting 
the experimental data we obtain σ = 0.105 and keff

-1 = 7 ps. The spreading, σ, of the distances 
is in agreement with the range of donor-acceptor distances determined from the molecular 
dynamics simulations. 
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C. Analytical description of ET dynamics in C4P at high 
excitation density 

Experiments at low excitation density, as presented in the previous sections, give a 
consistent picture and understanding of the ET processes in C4P. One important aspect of the 
ET dynamics, namely the consequences of multiple excitations on a single C4P dendrimer, 
has so far not been addressed. Therefore, we have performed pump-probe experiments with 
high excitation densities (more than 1 photon per dendrimer absorbed). However, before 
turning to the data, a simple rate model describing ET processes at high excitation densities 
based on the diagram shown in Fig. 2 will be considered, first taking only the effects of 
multiple donor excitation into account, and later also discussing the effects of excitation 
induced spectral changes. The diagram shown in Fig. 2 reads as follows: first the acceptor is 
excited via the process described in the previous sections (boxed area); second, before this 
excited S1 state decays, another excitation from the second donor reaches the acceptor (right 
side) and the acceptor is excited from S1 to some higher state Sn; third, rapid relaxation of the 
acceptor back to the S1 state takes place on a sub-100 fs timescale. As a result, the excitation 
energy from an additionally excited donor may easily be dissipated nonradiatively. Assuming 
that ET to an acceptor in the S0 and S1 states proceeds with rate constants kET and kET

*, 
respectively (as in Fig. 2), one can distinguish two interesting extreme cases: kET >> kET

* and 
kET << kET

*. The first case can be considered as an “ET blockade”: Only the energy of one of 
the excited donors is transferred initially to the acceptor, while the remaining excitation 
energy is temporarily stored on the other donors (assuming long radiative donor decay times 
as is the case here) until the acceptor relaxes to the S0 state. This would be a desirable 
situation for energy harvesting, since the superfluous absorbed photon energy would be 
stored until the acceptor is ready to accept a new energy packet. The second case provides 
“enhanced ET” to the excited acceptor, i.e. overall ET speed-up with increasing excitation 
density. In this case, however, the excess energy absorbed by the donors is lost through non-
radiative Sn→S1 decay on the acceptor.   

The excitation dynamics in C4P, including the interaction of multiple excitations, can be 
described by a system of differential rate equations [31]: 
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where the generation terms have been omitted. The index j = 1...4 in this set of equations 
represents the number of excited donor molecules on a single dendrimer. Nj is the number of 
dendrimers with non-excited acceptor and j excited donors, whereas N

*
j represents the 

number of dendrimers with an excited acceptor and again with j excited donors. Note that for 
C4P only four donors are attached to the acceptor which is taken into account by putting 
N5 = N*

5 = 0. kD and kA in Eq. 4 are the donor and acceptor relaxation rates, respectively. kET 
and kET

* are the rates of ET from the donor to the acceptor in the ground state and in the first 
excited state, respectively. 

By describing ET dynamics in this way, it is assumed that the Sn→S1 relaxation in this 
system is much faster than the ET itself and the donor-donor ET is negligible. The first 
assumption is based on the observation that after excitation of the S2 state, a nearly 
instantaneous formation of the S1 population of the acceptor is observed on the timescale of 
our experiments. The second assumption is reasonable since the donor-donor overlap integral 
(J in Eq. 2) is approximately two orders of magnitude smaller, while the donor-donor 
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distances are of the same order as donor-acceptor distances. In addition, the anisotropy decay 
was measured for coumarin and biscoumarin (the side-branch model compound) using 325 
nm light for pump and probe. The anisotropy in coumarin was decaying mono-exponentially, 
with a time constant of 81 ps, governed by the rotational motion of the coumarin molecules 
only. The same measurement for biscoumarin revealed a mono-exponential decay as well, 
with a 93 ps time constant. In this case the anisotropy is decaying at a slightly lower rate due 
to the restricted motion of the interconnected coumarins. If fast donor-donor ET were present 
in the biscoumarin, we would expect a faster biexponential decay of anisotropy, as it is 
observed in multichromophoric systems when donor-donor energy hopping is present [58, 
59]. 

The probability of singlet-singlet annihilation in donors when multiple donors are excited 
can not be completely excluded, although no fast (on a 100 ps timescale) pump-probe 
dynamics was observed in biscoumarin at high excitation densities (>1 photon per 
biscoumarin), so we may safely assume that on the donor-acceptor ET timescale, singlet-
singlet annihilation is negligible even at high excitation densities. Another process which we 
neglect in our model is the possibility of triplet formation in the coumarins. Since the triplet 
formation yields in coumarins usually are of the order of several percent [60], their formation 
rates are of the order of at least several nanoseconds and have therefore no influence on the 
picosecond timescale of donor-acceptor ET dynamics.   

If kA << kET and kD << kET, which is evidently the case for C4P (see section III.A), the 
dynamics of the total population of excited donors and acceptors can, according to the Eq. 4, 
be expressed as: 
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where ND and NA are the total numbers of excited donors and acceptors, respectively. 
Equation 5.2 shows that the dynamics of excitations in acceptors does not depend on kET

*, 
permitting the study of the effects caused only by the excitation of multiple donors in the 
same dendrimer. In the case of an “ideal” dendrimer, for which the donor molecules are 
selectively excited, the number of acceptor molecules contributing to the signal is 
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Equation 6 demonstrates non-linearity of the ET dynamics at high excitation densities, i.e. the 
population of dendrimers with an excited acceptor evolves in time depending on how many 
donors are excited on a single dendrimer. The right hand side of Eq. 6 is relevant to the 
acceptor population growth rate constant at t = 0. In the case of low excitation density it is 
simply equal to kET. At high excitation densities where multiple donors are excited on a 
dendrimer (N2, N3 and/or N4 > 0) the observed dynamics would, based solely on the number 
of excited donors, speed up. 
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Apart from the number of excited donors, a change of spectral properties of the acceptor 
which occurs as a consequence of the ET process may also influence the ET dynamics. 
According to Eq. 4 under high excitation density conditions, when multiple donors in the 
dendrimer are excited and when internal conversion (Sn→S1) in the acceptor is much faster 
than the ET itself, ET can be understood in a sequential way (see diagram presented in Fig. 
2). If no structural changes occur in the dendrimer during the first step of ET (static 
distribution of donor-acceptor distances), the rate constant of the second ET step would be 
determined by the spectral properties only, which in Eq. 2 are taken into account by an 
overlap integral J. Consequently, the effect of spectral changes on the ET rate can be 
accounted for by evaluating the differential overlap integral of donor fluorescence and 
photoinduced acceptor absorption: 

( ) ( ) λλλελ dFJJJ AD∫
∞

∗ ⋅⋅∆⋅=−=∆
0

4 .    (7) 

( ) ( ) λλλελ dFJ AD∫
∞

∗∗ ⋅⋅⋅=
0

4  in Eq. 7 is the overlap integral of donor fluorescence with the 

absorption of the acceptor in the S1 energy state, and εA
*(λ) is the extinction coefficient of the 

excited acceptor. As one can see from Eq. 7 the sign of ∆εA(λ) or, in other words, the sign of 
the optical density changes in the spectral region of the donor fluorescence determines the 
sign of the change of ET rate, assuming that other factors, such as donor-acceptor distance 
RDA and the geometrical factor κ, remain unchanged. The first assumption seems to hold, 
since, as discussed in the previous section, the dendrimer geometry hardly changes on the ET 
timescale. The second assumption might not be accurate since it is not guaranteed that the 
orientation of the S0→S2 and S1→Sn transition dipoles in the acceptor are the same. If these 
are different, then one has to include different geometrical factors for the different transitions 
in evaluating Eq. 7. Neglecting this point for the moment, Eq. 7 states that the ET from the 
donor to the excited acceptor is faster than to the non-excited acceptor when ∆εA(λ) > 0, and 
slower when ∆εA(λ) < 0. 

In order to estimate the ET rate from donor to excited acceptor, as it is formally described 
by Eq. 7, we measured a transient absorption spectrum of dendrimers at a delay of 30 ps 
following the excitation with 325 nm light. At this delay the majority of excitations reach the 
acceptor so the measured spectrum represents the photoinduced optical density changes upon 
population of the S1 state of the acceptor. To exclude orientational effects, the measurement 
was performed in a magic angle configuration. The pump – probe spectrum presented in Fig. 
6 is found to be in good agreement with the spectra reported in literature [24-26]. It exhibits a 
bleaching of the spectral region corresponding to the absorption bands of the acceptor, as 
well as photoinduced absorption bands on the blue (below 420 nm) and red (above 690 nm) 
sides of the spectrum. Since the spectrum of the white light used as a probe did not extend 
below 390 nm, the changes induced in the 315-405 nm spectral region were measured using a 
single wavelength probe. 

From the data in Fig. 6, we estimate a positive differential overlap integral ∆J ≈ 10-14 M-1 

cm-1nm4, which predicts an additional speed-up of the ET process. Estimating J
* to be 

3.4·1014 M-1cm-1nm4, the time constant of ET from a donor to an excited acceptor 
is kET

* = 4.9 ps, which is nearly half that of the ET time constant from donor to the non-
excited acceptor. As shown in Eq. 5.2, the dynamics of excitations in acceptors is not 
influenced by the spectral changes in excited acceptors, while the excitation decay in donors, 
according to Eq. 5.1, would experience a speed-up at high excitation density. However, as 
discussed in the previous section, the absorption bleaching of donors overlaps with the 
photoinduced absorption of acceptors, so the observations of the donor signal alone are 
impossible. In addition, the second term in Eq. 5.1 is comparable with the first one only at 
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high excitation density, so the donor population dynamics depends only partially on the 
spectral properties of the excited acceptor. 

300 400 500 600 700 800
-2

-1

0

1

 

 

∆
O

D
, F

lu
or

es
ce

nc
e

λ (nm)

 
Figure 6. Transient absorption spectrum of the C4P dendrimer at 30-ps after excitation with 
λex = 325 nm (solid line) and fluorescence spectrum of the donor molecules (dashed line, same as 
displayed in figure 1). Filled circles represent transient absorption data at 30 ps obtained using fixed 
probe wavelengths. The change in optical density, ∆OD, has been rescaled to match a concentration 
of 10-4 M excited molecules in a 2 mm cell to facilitate comparison to the absorption and fluorescence 
spectra of figure 1 (the actual concentration in the experiment was 10-6 M excited molecules in a 2 
mm cell). 

D. ET at high excitation density: experimental results 

Before performing high excitation density experiments we studied the photodegradation 
of the dendrimers in order to estimate the acceptable excitation intensities for the actual 
experiments. The photostability was tested by irradiating a stirred solution of C4P in 
chloroform at λex = 325 nm (absorption peak of the donors) or λex = 525 nm (absorption peak 
of the acceptors) while monitoring optical density changes (pump – probe signal) at 
λpr = 590 nm after 30 ps delay. This test is sensitive to photodegradation of the donors or the 
acceptors and to the detachment of the donors from the acceptors. The tests involved 
absorption of about 1000 photons per dendrimer. At low excitation density (1 photon per 30 
dendrimers per pulse absorbed) no observable photodegradation was observed, independent 
of the excitation wavelength used. At high excitation density (1 photon per dendrimer per 
pulse absorbed), excitation in the visible region did not lead to observable photodamage, 
while UV excitation (λex = 325 nm) caused photodamage of 50% of the dendrimer molecules 
after 125 photons per dendrimer were absorbed. This result implies that multiple excitations 
are responsible for photodamage of the dendrimers. In order to minimize the influence of 
photodecomposition on pump – probe data, the experiments at high excitation density 
conditions were performed while keeping the total number of absorbed photons per single 
dendrimer molecule below 5, which corresponds to ca. 3% of photodecomposed dendrimers. 

Since the determination of the excitation density in absolute units is not straightforward, 
we have checked the linearity of the dependence of number of excited donors on the number 
of photons per pulse. Since only a single excitation transferred from the donor to acceptor 
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contributes to the fluorescence, we use the measurement of the dependence of fluorescence 
quantum yield on the incoming number of photons per pulse for the verification of the 
excitation density. The ratio between the fluorescence quantum yield at any donor excitation 
density φ with the fluorescence quantum yield at the low excitation density limit φ0 can be 
expressed as: 
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where the same approach was used as in the derivation of Eq. 6. Here we define quantum 
yield of a chromophore as the number of emitted photons per absorbed photon. In Fig. 7 a 
simulation obtained by taking into account the number of dendrimers with an excited 
acceptor at various photon fluxes (8) is plotted together with the measured ratio. A very good 
match between the calculated curve and the experimental data demonstrates that effects 
originating from two-photon absorption by solvent and dendrimers and from the spatial 
distribution of light intensity do not play a crucial role, validating the absolute excitation 
densities estimated for the experiments. 
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Figure 7. Scaled fluorescence quantum yield of C4P dendrimers versus the excitation density using 
λex = 325 nm (dots). The solid line shows a simulation based on Eq. 8 (see text for details). 
 

Pump-probe transients were measured at excitation densities ranging form 1/100 to 2 
photons absorbed per pulse per C4P molecule. The dendrimers were excited at 325 nm, while 
optical density changes were probed at 590 nm. Typical examples, measured at low (1 photon 
per 30 C4P molecules absorbed) and high (1 photon per 1 C4P molecule absorbed) excitation 
density, are shown in Fig. 8. In the case of high excitation density (1 photon per C4P), the 
estimated percentage of multiply excited dendrimers with two, three, and four excited donors 
is 29%, 10%, and 2.5%, respectively. In the case of low excitation density (1 photon per 30 
C4P), less than 2% of the excited dendrimers experience multiple excitations. 

The data clearly show that the formation of the photoinduced acceptor absorption speeds 
up at high excitation density, thereby confirming the anticipated acceleration of the ET upon 
multiple donor excitations.  The solid lines in Fig. 8 are the calculated formation curves using 
the model described by Eq. 4. The modeling was carried out taking into account the effect of 
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variation of the dendrimer geometry on the ET rate. A set of pump-probe traces was 
calculated for an ensemble of various dendrimer geometries, using a set of kET and kET

* 
values, generated using the distribution of donor-acceptor distances with σ = 0.1 and the 
effective ET time keff

-1 = 7 ps calculated previously. Though kET
* is almost irrelevant in this 

case, the value estimated in the previous section (kET
*)-1 = 4.9 ps was used. The solutions 

acquired were averaged for the ensemble to achieve the dynamics of donor and acceptor 
populations in a bulk solution. Note, that no further fitting procedures were performed after 
the determination of the effective ET rate and the distribution of donor-acceptor distances. 
Very good agreement between the measured and calculated traces suggests reasonable 
relevance of the model for this system. The determining factor which leads to the increase of 
the ET rate is the occurrence of the multiple donor excitations in the dendrimer. As discussed 
in the previous section, the results are almost independent on the value kET

*, and we will 
therefore return to this rate constant using more dedicated experiments in the next section. 
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Figure 8. Pump-probe transients measured at λpr=590 nm with excitation densities corresponding to 
one photon absorbed per 1 dendrimer (open circles) and one photon absorbed per 30 dendrimers 
(filled circles). Solid lines show the simulated population dynamics obtained using Eq. 4 (for details 
see text). 

E. Control of the ET rate: pre-pump – pump – probe experiment 

From the previous section it can be seen that the effect of a high excitation density on the 
ET dynamics is complex because the ET rate is influenced by multiple factors such as the 
number of excited donors, changes in the spectral response, and the transition dipole 
orientation in the excited acceptor. As can be seen from Eq. 6, with an increase in the number 
of excited donor molecules, the ET rate should increase independent of the conditions in 
which the acceptor molecule persists. In order to separate the effects of the magnitude of the 
ET rate constant for transfer to the excited state from those due to multiple donor excitations 
we performed pre-pump – pump – probe experiments in which the acceptor is pre-excited to 
the S1 state using an intense 550 nm pulse. The delay between pre-pump and pump pulses 
should be as short as possible, to ensure a fixed orientation and geometry of the dendrimer. 
On the other hand, the solvent needs to relax after the intense pre-pump pulse, which requires 
some time. To meet both conditions satisfactory, the pre-pump – pump delay was set to 10 
ps. 
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The results of the pre-pump – pump – probe experiments are shown in Fig. 9. In all cases 
a negative signal, corresponding to photoinduced bleaching induced in the donor molecules, 
is observed directly after excitation. With an increase of the delay between the pump and 
probe pulses the signal grows and saturates at a certain positive value. These dynamics are 
due to significant photoinduced absorption at 325 nm of the S1 excited acceptor. The 
bleaching signal at 325 nm observed at low pre-pump power and in the conventional pump-
probe experiments, becomes overshadowed by the photoinduced absorption of the acceptor in 
the S1 state resulting from donor-acceptor ET. Eventually, the photoinduced absorption is 
expected to decay with a time constant of 6.7 ns (lifetime of the S1 excited state of the 
acceptor). 
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Figure 9. Pre-pump – pump – probe transients measured at λpr=325 nm for various pre-pump pulse 
energies. The pre-pump polarization is parallel to the pump polarization. The polarization of the probe 
is set at the magic angle with respect to those of the pre-pump and pump pulses. 

 
Another observation from the data sown in Fig. 9 is that the positive pump – probe signal 

at longer delays (>30 ps) decreases with increasing pre-pump pulse energy. This results from 
the fact that more acceptors are already excited upon increasing the pre-pump energy. Pre-
excited acceptors do not contribute to the pump – probe signal even if excitation from the 
donors reach these acceptors, since, as discussed above, higher lying excited states (Sn in Fig. 
2) are short lived and the acceptor returns to the S1 state on a sub-100 fs timescale. In 
contrast, the initial negative part of the pump-probe signal increases with increasing pre-
pump pulse energy. This originates from the fact that the acceptor has both, a weak linear 
(Fig. 1) and a photoinduced (Fig. 6) absorption at 325 nm. Since the pre-excitation pulse 
excites a significant fraction of acceptors, the number of acceptors which contribute to the 
photoinduced absorption in subsequent pump – probe measurements is significantly 
diminished. This leads to the larger relative contribution of the donor bleaching. 

Pre-excitation of the acceptor molecules not only changes the amplitude and sign of the 
pump – probe signal, but indeed also influences the donor-acceptor ET rate. Independent of 
pre-pump, pump, and probe pulse polarizations, the ET rate is found to decrease with 
increasing pre-pump pulse energy. In particular: kET decreases from ca. (7 ps)-1, in the 
absence of the pre-pump, to (14 ps)-1, when a pre-pump pulse is applied with an energy 
corresponding to approx. 2 photons per dendrimer per pulse. This result contradicts the 
previous estimation of the kET

* value (4.9 ps). The most likely explanation for the 
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disagreement with the excited state rate constant estimated from the overlap integral (Eq. 7) 
is the difference between the orientations of the S0→S2 (ET to the acceptor in ground state) 
and S1→Sn (ET to the pre-excited acceptor) transition dipole moments. If these are not 
parallel, then one should take the relative orientations into account when evaluating the 
integral in Eq. 7. Effects of unfavorable donor/acceptor S0→S1 orientations on the energy 
transport in dendrimers have previously been observed in single molecule experiments by 
Melnikov et al. [28]. Polarization selective pump-probe experiments indeed have shown that 
the relative orientations of the S0→S2  and S1→Sn  transition dipole moments of the acceptor 
are close to perpendicular, therefore we expect that the overlap integral is altered severely by 
the inclusion of a wavelength dependent orientational factor κ(λ), leading to a negative value, 
and hence to the observed significant “ET blockade”. One interesting consequence of this is 
that pre-excitation, at least at low excitation densities when no multiply excited dendrimers 
are present, enables substantial control for the energy transfer rate.  

IV. SUMMARY AND CONCLUSIONS 

This chapter presents a detailed study of the ET properties of a first generation coumarin-
perylene bisimide dendrimer. At low donor excitation intensity fast and efficient (quantum 
yield – ca. 99.5%) donor-acceptor energy transfer is observed. Based on a Förster dipole-
dipole resonant ET model the initial energy transfer time constant is estimated to be of the 
order of 7 ps, which is in good agreement with experimental observations. Frequency 
resolved pump-probe measurements reveal a non-exponential behavior of the ET dynamics, 
which is found to result from variations of the donor-acceptor distances due to 
conformational disorder. Taking this disorder into account gives an effective ET time 
constant of 7 ps and a distance distribution with a standard deviation of ca. 10%, consistent 
with the results of MD simulations. 

High excitation densities lead to more than one excited donor per dendrimer. The simple 
rate equation model presented here predicts speeding up of the ET with an increase in 
excitation density arising mainly from the increased number of excited donors per dendrimer. 
It has been shown by pre-pump – pump – probe experiments that the ET rate decreases 
depending on the number of pre-excited acceptors. The observed decrease is in strong 
contradiction with the behavior predicted by using the usual overlap integral approach. The 
origin of this discrepancy lies in the simplicity of calculation of the overlap integral which 
does not take the relative transition dipole moment orientations into account. This is a 
particularly bad approach for C4P dendrimers, since the relevant transition dipole moments 
(S0→S2 and S1→Sn ) are found to be nearly perpendicular to each other. This causes a sign 
change of the differential overlap integral and strongly suppresses the ET to the excited 
acceptor state, i.e. leads to “ET blockade” phenomena. 
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Chapter 3  
 

Cylindrical aggregates of 5,5',6,6'-tetra- 
chlorobenzimidacarbocyanine amphipilic 
derivatives: structure related optical 
properties and exciton dynamics*

 

ABSTRACT 

The static and time-resolved optical response of 5,5’,6,6’-tetrachlorobenzimidacarbo-
cyanine chromophore based tubular double-wall molecular aggregates are studied. The linear 
dichroism and absorption spectra have the same basic structure for all aggregates 
investigated, essentially, showing a set of narrow and highly polarized bands originating from 
inner and outer wall excitations. The exact positions and strengths of absorption bands are 
influenced by the choice of side groups and various additives. Time resolved fluorescence 
measurements show a substantial speeding of the fluorescence decay upon aggregation, 
mainly resulting from collective effects. Pump-probe experiments evidence slow inner-to-
outer and fast outer-to-inner wall energy transfer between the walls of the tubules.  

I. INTRODUCTION 

J-aggregates of organic dyes discovered in the mid-thirties by Scheibe [1, 2] and, 
independently, by Jelley [3, 4] possess unique linear and non-linear optical properties, which 
originate from their highly delocalized π-electron systems. Nowadays these molecular dye 
aggregates play an important role in many technological applications. Because of their large 
light absorption cross-section these aggregates are used as spectral sensitizers in photographic 
industry [5] and have a large potential for use in the field of opto-electronics and nonlinear 
optics [6, 7]. In addition, because of highly efficient excitation energy collection and transfer, 
molecular aggregates may also be considered as model systems for light harvesting 
complexes and energy transport units in artificial photosynthesis. Natural photosynthetic 
systems are composed of light harvesting units based on aggregates of chlorophylls and 
carotenoids and possess a variety of morphologies [8-10]. 

In order to render molecular aggregates useful in sophisticated artificial supramolecular 
transport systems, control over the aggregate morphology is required. This can be done via 
modification of amphiphilic properties arising from the hydrophobic (apolar) and hydrophilic 
(polar or ionic) substituents of the dye molecules. Amphiphiles form aggregates in water 

                                                 
* This chapter is based on: A. Pugzlys, P. R. Hania, R. Augulis, K. Duppen, and P. H. M. van 
Loosdrecht, J. Int. Photoenergy, 29623 (2006). 
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above a certain minimum concentration. It was recently shown in the group of Dähne [11, 12] 
that such modifications of the cyanine dye 5,5’,6,6’-tetrachloro-benzimidacarbocyanine 
(TBC, chemical structure is shown in Fig. 1) indeed allow control over the morphology of the 
formed aggregates. Self-assembly of various TBC aggregates is driven by the hydrophobic 
forces and hydrogen bonding determined by the hydrophobic and hydrophilic 1,1' and 3,3' 
nitrogen substituents, and, in addition, by the dispersion forces between the highly 
delocalized π-electron systems and the electrostatic forces due to the delocalized positive 
charge of the chromophore. Although the electronic structure of a single chromophore, and 
therefore its optical properties, remain unchanged [13], the nature of 1,1’ and 3,3’ nitrogen 
substituents substantially influences both morphology and optical properties of the 
aggregates. For instance in the case of 1,1’-diethyl, 3,3’-bis(4-sulfobutyl) substituents of the 
TBC chromophore linear (quasi-one-dimensional) aggregates are formed [14]. A sharp and 
intense band (J-band) centered at 587 nm dominates the linear absorption spectrum of these 
aggregates. In contrast, stacks of bilayer ribbons are formed in the case of 1,1’-dioctyl and 
3,3’-bis(4-carboxybutyl) substituents while a slight change in the 3,3’ nitrogen substituents 
from bis(4-carboxybutyl) to bis(3-carboxypropyl) (C8O3, see Fig. 1) leads to a self-
arrangement into superhelical assemblies of tubular strands [12, 13]. When instead bis(3-
sulfopropyl) (C8S3) is used in the substituents, isolated double wall tubules are formed. 
Formation of cylindrical aggregates leads to the appearance of multiple bands in the linear 
absorption spectrum, which are red shifted with respect to the monomer absorption and 
correspond to transitions with differently oriented transition dipole moments [15]. In addition 
to the choice of side groups, slight changes in local environment, induced by addition of 
various surfactants, also cause substantial changes in the morphology [15-18]. 

  

C8O3: 
R = COO– 
R' = COOH 

C8S3: 
R = SO3

– 
R' = SO3

–Na+ 

 

 
 

  

Figure 1. Molecular structure of 5,5’,6,6’-tetrachloro-benzimidacarbocyanine (TBC) chromophore. 
The right hand side lists R and R' groups relevant to C8O3 and C8S3. 

 
In addition to the large amount of experimental data on optical and structural properties of 

the C8O3 based cylindrical aggregates, there has also been a substantial theoretical and 
numerical progress in explaining the complicated absorption spectra of double-wall 
cylindrical C8S3 aggregates [19]. Each wall of the double wall cylinder can be modelled as a 
brick-layer lattice wrapped to a cylindrical surface with each unit cell of the lattice occupied 
by a single C8S3 molecule. The collective excitations of the aggregates, resulting from 
intermolecular dipole-dipole interactions, may be described within a Frenkel exciton model. 
The model leads to two dominant exciton bands for each cylinder, one polarized parallel to 
the cylinder’s long axis and one perpendicular to it. Apart from a successful interpretation of 
experimental observations, the simulations allowed determination of microscopic structural 
parameters, i.e. the geometry of packing of C8S3 molecules in the aggregate. However the 
model could not completely explain the structure and optical properties of C8O3 aggregates, 



CYLINDRICAL AGGREGATES OF TDBC: OPTICAL PROPERTIES AND EXCITON DYNAMICS  

  29 

mainly because of an additional band located on the blue side of the spectrum and governed 
by transitions having dipole moments aligned parallel to the aggregate axis. 

In this chapter we summarize some of our previous results and extend these with a study 
of morphology related optical properties of C8O3 aggregates by analyzing modification of 
the optical response of C8O3 aggregates upon using different additives. In addition we report 
on a study of the exciton transport between the inner and outer walls of C8O3 cylindrical 
aggregates using time resolved fluorescence and frequency resolved polarization selective 
pump-probe experiments. 

II. OPTICAL PROPERTIES OF CYLINDRICAL AGGREGATES 

We start the discussion on optical properties of TBC based cylindrical aggregates with a 
summary of structural modifications which appear in the presence of different additives. 
According to cryo-TEM, C8S3 aggregates represent separate double wall tubules with a 
diameter of 15-16 nm and lengths up to several micrometers [19] while C8O3 aggregates are 
linear rope-like assemblies of slightly thinner (10-12 nm) tubular strands with a total 
thickness in the order of a few tens of nanometers [12]. Addition of short chain alcohols to an 
aqueous solution of C8O3 aggregates induces formation of much thicker and longer 
superhelices as has been observed by means of cryo-TEM measurements [18]. These 
superhelices are an order of magnitude thicker than the pure C8O3 aggregates. In addition, 
the diameter of a single tubule is slightly increased from 10 ± 0.5 nm in the case of pure 
C8O3 aggregates to 11 ± 1 nm when alcohol is added [18]. Octanol is a particularly 
interesting additive because it is hardly soluble in water (<1 %) and, on the other hand, C8O3 
molecules are not soluble in octanol preventing segregation. It influences the aggregates’ 
morphology in a similar manner as methanol, only lower concentrations of octanol are 
needed in order to achieve similar spectral changes [18]. This happens due to its insolubility 
in water, which ensures that all octanol molecules stay near the aggregate-water interface. 
Polyvinyl alcohol (PVA) [15] causes dismantling of superhelical assemblies into separate 
tubular strands. Because of the large size of the PVA molecule and the relatively small inner 
channel of the single double-wall tubule, which is in the order of 2 nm, only hydrogen 
bonding assisted adsorption of PVA at the outer surface of the aggregates is possible. Cryo-
TEM studies reveal that the tubular morphology is not changed by the presence of PVA 
except for a slight increase in diameter of the tubule [15]. The anionic surfactant sodium 
dodecyl sulfate (SDS) added to a C8O3/water solution initially induces formation of single-
walled tubules, which in the course of several days are twisted into thick multilamellar tubes 
[17]. All these modifications in the morphology of the aggregates influence the optical 
properties of the aggregates by changing the number, positions and relative strength of 
absorption bands. 

Recently, it has been demonstrated that linear dichroism (LD) is a powerful tool for 
characterization of optical properties of C8O3 based aggregates in solution [15, 19]. LD 
provides information not only on spectral locations of different transitions but also on the 
orientation of their transition dipole moments. Details on methodology of LD and polarized 
absorption experiments as well as on the preparation of C8S3 and C8O3 aggregates are 
described in detail in Refs. 15 and 19. As one can see from Fig. 2, where polarized absorption 
and LD spectra of various TBC based aggregates are shown, all aggregates feature a multiple 
band absorption spectrum (bands are numbered from 1 to 4 starting from the low energy side) 
that is red shifted with respect to the absorption of single TBC molecule, which has it’s 
maximum at around 520 nm. This red shift evidences a dominating J-type interaction 
between the transition dipole moments of neighbouring TBC chromophores in the aggregate. 
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In the case of C8S3 aggregates two additional bands are found on the blue side of the 
spectrum which overlaps with the absorption spectrum of a monomer solution. For various 
C8O3 aggregates a residual absorption on the blue side of the spectrum is also present. In this 
case, however, there is no correspondence to the monomer spectrum, suggesting the presence 
of weakly allowed transitions to the higher lying states of the one-exciton band. 
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Figure 2. Polarized absorption and linear dichroism spectra of various TBC based aggregates. The 
left panels show the absorption spectra measured with light polarized parallel (dotted line) and 
perpendicular (dash-dotted line) to the flow direction; the solid line shows the isotropic spectrum. The 
absorption bands are numbered from 1 to 4 starting at the low energy side. The right panels show the 
corresponding linear dichroism spectra (solid line), together with the isotropic absorption spectrum 
(dashed line) for comparison. 

 
A common feature for all TBC-based cylindrical aggregates is the lowest energy 

absorption band (1) situated in the vicinity of 600 nm and representing a parallel polarized 
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transition. For pure C8O3 and C8O3/PVA and C8O3/SDS aggregates it has a maximum at 
600 nm while with addition of short chain alcohols it shifts by a few nanometers to the red 
and broadens. In the case of C8S3 aggregates this band has its maximum at 605 nm. 

The position and intensity of band 2, which also represents transitions oriented along the 
aggregate axis, is much more sensitive to the presence of different additives. In the case of 
pure C8O3 aggregates (bundles of double wall tubules) band 2 is centered at 583 nm. For 
isolated double-wall tubules (C8O3/PVA [15], and pure C8S3 [19]) the strong band 2 
absorption is centered near 590 nm. The fact that PVA, a large polymer molecule, acts only 
on absorption band 2 suggests that this band originates from transitions in the outer wall of 
the double-wall tubule. 

In the case of C8O3/short-chain alcohol samples, a direct, rapid decay of the 583 nm band 
has been observed, while a new band is formed at 590 nm. The 590 nm band vanishes with 
storage time of the sample. Intuitively, this could be explained by a rather rapid dismantling 
of the bundles directly after addition of alcohol. Indeed cryo-TEM measurements reveal the 
existence of separate double-wall tubules in the solution even after a few days of storage of 
the sample [17] which is followed by a slow formation of a new type of thick fiber-like 
bundles. Consequently, the 590 nm transition can be referred to as a characteristic of an 
isolated double-wall tubule. This idea is supported by the fact that pure C8S3 aggregates, 
which undergo a slow transition from a single-tubule to a bundle-like structure, feature 
spectral changes which are roughly opposite to the ones observed for C8O3 upon addition of 
PVA [15] or SDS [17]. Namely, with storage of C8S3 aggregates the 590 nm band 
diminishes while the absorption around 580 nm, as well as the absorption of the 600 nm band 
increases. 

All investigated aggregates feature a band 3 located in the spectral region of 575-580 nm. 
These transitions have dipole moments oriented perpendicular to the direction of alignment. 
The band is present both in the case of aggregates having a single strand as well as in those 
having bundle morphology. Furthermore, polarized absorption spectra indicate that the 
position of this perpendicular transition is to the some extent correlated to the position of 
band 1. 

Finally, absorption band 4, which is only observed in C8O3 samples and is caused by 
transitions oriented parallel to the aggregate axis, is very sensitive to the environment. In the 
case of the C8O3/PVA samples, where separate double-wall tubules are present, the band is 
quite pronounced, while in the case of C8O3/SDS aggregates which are also characterized as 
separate double-wall tubules [17] the band is absent. The 560-nm band is also not present in 
the case of C8O3/alcohol solutions where big bundles or even fibers of double-wall tubules 
are formed. Furthermore, the LD in the vicinity of 560 nm in the case of addition of short 
chain alcohols becomes negative with increasing storage time. This strongly suggests that 
560-nm band is not related to the interaction between double-wall tubules but instead to a 
different packing of molecules within the tubule arising from the modified environment. The 
sensitivity of the transition energies and intensities to the slightest changes in arrangement of 
C8S3 molecules in the aggregate has recently been demonstrated by Didraga et al. [19]. 

The excitonic character of the transitions determining the absorption spectra of TBC 
based cylindrical aggregates is confirmed by frequency resolved pump-probe spectroscopy 
[20-21]. Pump-probe spectra measured at zero delay between the pump and probe pulses for 
different excitation wavelengths corresponding to different absorption bands of pure C8O3 
aggregates are shown in Fig. 3. Experimental details of frequency resolved polarization 
selective pump-probe experiments are given in [20]. The energy of the excitation pulse was 
3 nJ. Experiments with excitation pulse energies down to 10 pJ revealed no changes in the 
shape of the pump-probe spectra. In the case of excitation at 600 nm (dash-dotted line) the 
pump-probe spectrum consists of one photoinduced absorption band and one bleaching – 
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stimulated emission band centered around 600 nm, i.e. in the vicinity of the lowest energy 
absorption band 1. The shape of the pump-probe spectrum is typical for one-dimensional J-
aggregates with the photoinduced absorption band blue shifted with respect to the bleaching – 
stimulated emission band [22] and is caused by the quasi-fermionic nature of the exciton. A 
similar shape of the pump-probe spectrum was predicted theoretically [23] and confirmed 
experimentally [21] for cylindrical J-aggregates as well. 

When exciting at 580 nm (band 2) the zero delay pump-probe spectrum (dashed line in 
Fig. 3) is dominated by bleaching – stimulated emission and photoinduced absorption bands, 
which are blue shifted and situated near 580 nm, i.e. in the vicinity of absorption band 2 of 
the aggregates. This clearly demonstrates that the zero delay pump-probe spectrum in this 
case is partially caused by a different exciton system than in the case of 600 nm excitation. 
The presence of optical density changes at around 600 nm in the spectrum can be explained 
either by a very fast energy transfer between these excitonic manifolds, or by insufficient 
spectral selectivity of the excitation pulse. Note that the bands 1, 2, and 3 overlap 
significantly, which makes truly selective excitation nearly impossible. 
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Figure 3. Zero delay pump-probe spectra of pure C8O3 aggregates at excitation wavelengths 600 nm 
(dash-dotted line), 580 nm (dashed line), and 560 nm (solid line) [20]. Polarization of the probe beam 
is parallel to the flow. The dotted line represents the isotropic linear absorption spectrum. 

 
We emphasize that while exciting at 600 nm, no optical density changes are observed 

around 580 nm. This means that the excitons manifested at around 600 nm and 580 nm have 
different ground states or, in other words, are only weakly coupled. Otherwise, a bleaching at 
around 580 nm should be induced instantaneously while exciting at 600 nm. By taking into 
account the double wall geometry of the cylindrical aggregates this finding can be interpreted 
as follows: first, the excitons manifesting themselves in the vicinity of the absorption bands 1 
and 2 are located on the separate walls of the double-wall cylinder, as it was implied by LD 
measurements in the case of pure C8O3 and C8O3/PVA aggregates, and second, the 
interaction between the two walls of the cylinder is small. 

In the case of excitation at around 560 nm (solid line) only a small photobleaching is 
induced around 560 nm, i.e. at the wavelength corresponding to the highest energy absorption 
band (4) of the aggregate. The largest instantaneous photoinduced optical density changes are 
observed in the vicinity of the bands 1 and 2. Despite the relatively strong linear absorption at 
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560 nm the photoinduced optical density changes are small compared to the cases of 
excitation at 580 nm and 600 nm. Furthermore, even with the better spectral selectivity of the 
excitation, ∆OD is clearly present in the entire pump-probe spectrum of the absorption bands 
1, 2, and 4 directly after excitation. This is an indication that transitions corresponding to the 
absorption band 4 on the one hand and bands 1 and 2 on the other are to a large extent 
associated i.e. excitons located on different walls of the aggregate have allowed transitions in 
the vicinity of 560 nm. 
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Figure 4. Scaled zero delay pump-probe spectra of pure C8O3 aggregates at 600 nm excitation [20], 
with the polarization of the probe beam parallel (dashed line), and perpendicular (solid line) to the 
flow. The dotted line shows the isotropic linear absorption spectrum for comparison. 

 
Figure 4 shows zero delay pump-probe spectra measured for polarizations perpendicular 

and parallel to the aggregates (to the flow) using 600 nm excitation. As one can see, in the 
case of perpendicular polarization a relatively strong bleaching around 578 nm, i.e. in the 
vicinity of the absorption band 3, is induced in addition to the OD changes around 600 nm 
discussed earlier. Photobleaching, induced at energy higher than that of the excitation, reveals 
that both, the transition situated around 600 nm and the transition situated around 578 nm, 
share the same ground state. Again, this strongly suggests that both transitions are located on 
the same wall of the double-wall cylinder. 

Zero delay pump-probe spectra of C8O3/PVA and C8S3 aggregates are analogous to the 
ones obtained for the pure C8O3 samples with the bleaching and photoinduced absorption 
bands situated at wavelengths, relevant to the absorption bands in linear absorption spectrum. 

III. EXCITON DYNAMICS 

Exciton dynamics in C8O3 molecular aggregates was recently studied by means of 
frequency resolved polarization selective pump-probe experiments [24]. Here we concentrate 
on time and frequency resolved fluorescence as well as fluorescence quantum yield (QY) 
measurements in C8O3 aggregates and monomers. Fluorescence involves the one-exciton to 
ground state transition only, and is a straightforward method to study exciton dynamics. 
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Time-resolved fluorescence measurements were performed on solutions of C8O3 flowed 
through a fused silica cell of 0.1 mm thickness at a rate of about 5 ml/s. Fluorescence decays 
were measured by using either a streak camera with a time resolution of 7 ps, or a 
fluorescence up-conversion setup with a typical time resolution of ~200 fs. In order to detect 
spectrally resolved fluorescence decay, however, the gate beam was spectrally limited to 2 
nm by use of a grating, two lenses and a slit placed between the lenses. This reduced the time 
resolution of the experiments to about 2 ps. 
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Figure 5. Normalized absorption and fluorescence spectra of C8O3 monomers (absorption – dashed 
line, fluorescence – dotted line), and aggregates (absorption – solid line, fluorescence – dash-dotted 
line). 

 
In the case of the streak camera measurements, the sample was irradiated by the 

frequency-doubled output (495 nm) of a tunable 76 MHz Ti:Sapphire laser (Mira 900, 
Coherent). A pulse picker was used to reduce the repetition rate to 1.9 MHz. In the 
fluorescence up-conversion measurements, the sample was excited with 30 fs pulses at 
560 nm by a signal wave of a non-collinearly pumped optical parametric amplifier (TOPAS 
WHITE, Light Conversion Ltd.). The excitation pulses with energies that were varied 
between 10 pJ and 15 nJ were focused onto the sample by a 10 cm lens. 

Fluorescence spectra of pure C8O3 aggregates and monomers together with the isotropic 
absorption spectra are plotted in Fig. 5. The fluorescence spectrum of C8O3 aggregates at 
room temperature consists of two bands which fully overlap with the two lower energy 
absorption bands 1 and 2. Their intensity ratio follows the Boltzmann law closely, implying 
that at room temperature thermal equilibrium is achieved on a time scale much shorter than 
the fluorescence lifetime [25]. 

The  fluorescence quantum yield of C8O3 monomers in ethanol and that of C8O3 
aggregates in 10-2 M NaOH aqueous solution is determined by using rhodamine 6G dissolved 
in ethanol (Φ = 0.95 [26]) as a reference and is found to be 0.085 ± 0.02 (8.5%) and 
0.035 ± 0.01 (3.5%) for the monomers and aggregates respectively. 

Time resolved fluorescence measurements (Fig. 6) reveal that the fluorescence of C8O3 
monomers dissolved in methanol decays two-exponentially with time constants of 30 ps 
(relative weight 30%) and 115 ps. At present, the origin of this two-exponential decay of 
monomers of C8O3 derivatives, and of the 30 ps decay component is unclear. The 
fluorescence decay of C8O3 aggregates also shows a two-exponential decay. The decay rate 
is substantially increased yielding time constants of 5 ps (relative weight ~93%) and 105 ps. 
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No fluorescence spectral dynamics is observed at room temperature within the 7 ps streak 
camera time resolution. 
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Figure 6. Normalized fluorescence decay dynamics of C8O3 monomers (crosses) and aggregates 
(dots) as detected with a streak camera. Solid lines represent two-exponential fits (see text for details). 
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Figure 7. Initial normalized fluorescence decay in C8O3 aggregates detected by fluorescence up-
conversion (dots). Solid line: two-exponential fit with time constants of 5.5 and 105 ps. The response 
function is given by the dashed line. 

 
Despite the deconvolution procedure applied, the precision of the determination of the 

5 ps decay time constant is quite poor. In order to verify the obtained results, fluorescence up-
conversion experiments were performed. They show (data are presented in Fig. 7) that the 
fluorescence at 605 nm of the C8O3 aggregates decays with a 5.5 ps decay time constant. 
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Using the fluorescence QY and the weight-averaged fluorescence decay time, the 
radiative lifetime τrad = (QY/τFL)-1 can be estimated to be 1.2 ns and 285 ps for C8O3 
monomers and aggregates, respectively. Collective effects such as superradiance can explain 
the fact that the radiative lifetime decreases upon aggregation. On the other hand, the reduced 
fluorescence QY indicates that additional non-radiative decay channels are opened when 
C8O3 molecules self organize into aggregates. 
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Figure 8. Dynamics of the pump-probe spectrum of pure C8O3 aggregates during the first 500 fs 
after excitation at 580 nm. 
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Figure 9. Decay of pump-probe transients during the first 5 ps following excitation measured at probe 
wavelengths of 600 nm (open circles) and 578 nm (filled circles), which corresponds to the bleaching 
– stimulated emission of band 1 and to the photoinduced absorption in the vicinity of band 2, 
respectively. The dynamics on a 50 ps timescale are shown in the inset. Dashed lines represent three-
exponential fits with time constants 275 fs, 5.5 ps and 105 ps (see text for details). 
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The observed fluorescence decay does not depend on the excitation pulse energy up to 
10 pJ. By taking into account the irradiated volume (π(30µm)2 × 1.4 mm) and concentration 
of C8O3 molecules (10-4 M) an excitation energy of 10 pJ corresponds to approximately one 
photon absorbed per 12 000 molecules. According to cryo-TEM data the physical size of the 
cylindrical aggregates is about 10 nm in diameter and on average 300 nm in length. They 
therefore contain approximately 10 000 monomer molecules. Consequently, an excitation 
density of one photon absorbed per 12 000 monomer units implies that on average about one 
photon per aggregate is absorbed. This, i.e. the independence of the fluorescence decay time 
on excitation density, explains the absence of features hinting toward exciton-exciton 
annihilation. 

The time constants of 5.5 ps and 105 ps as measured by monitoring fluorescence 
dynamics are also characteristic for the decay of the pump-probe signal. Additional dynamics 
of the pump-probe spectrum on a sub-picosecond time scale are observed in the case of 
excitation at 580 nm (band 2) (Fig. 8). A rapid decay at around 580 nm (vicinity of band 2) 
and delayed formation of the spectrum located at around 600 nm (band 1) is observed. 
Analysis of the pump-probe transients (Fig. 9) gives a single time constant of 275 ± 10 fs for 
both, the sub-picosecond decay and the formation, which points towards a precursor-
successor relation implying rather fast energy transfer (ET) from the outer to the inner tubule. 
The kinetics shown in Fig. 9 was fitted three-exponentially with time constants 275 fs, 5 ps 
and 105 ps. Given the weak interaction between the C8O3 molecules located in the inner and 
outer tubules, as discussed above, and an energy transfer time constant of 275 fs, which is 
more than an order of magnitude slower than the dephasing time at room temperature [14], an 
incoherent energy transfer, characterized by Förster theory can be suggested. The decay of 
the signal at 578 nm, corresponding to the exciton located on the outer tubule, is independent 
of the excitation intensity up to a quite high excitation pulse energies reaching 1.5 nJ. This 
corresponds to one photon absorbed per ca. 100 monomer molecules. This strongly suggests 
that the exciton delocalization length does not exceed this number. 
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Figure 10. Dynamics of the pump-probe spectrum of pure C8O3 aggregates during the first 20 ps 
after excitation at 600 nm (left panel). The right panel shows the dynamics in the vicinity of 580 nm 
(band 2), the range is marked by the dashed rectangle in the left panel. 
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When PVA is added to the solution, the “donor” band 2 shifts about 7 nm towards the 
“acceptor” band 1. The Förster model predicts faster energy transfer when the spectral 
overlap increases. Instead, it is observed that the ET time constant increases to 450 ± 20 fs. 
This is probably the result of an increase of the distance between both walls of the cylinder. 
Indeed, cryogenic electron transmission microscopy shows that the diameter of the cylinders 
increases from 10 ± 1 nm to 11.5 ± 1 nm upon addition of PVA. The energy transfer rate thus 
provides detailed information on the microscopic structure. 

The dynamics of the pump-probe spectrum during the first 20 ps after excitation at 
600 nm is shown in Fig. 10. The right panel shows an expanded view of the dynamics in the 
565-590 nm spectral region. The excitation of the lowest energy exciton is followed not only 
by the usual decay, but also by a matched growth of the pump-probe spectrum around 
580 nm. This precursor-successor relation reveals an energy transfer from the inner to the 
outer wall of the double-wall tubule. The energy transfer rate from the lower to the higher 
energy exciton was measured to be intensity dependent. It speeds up with increasing 
excitation density, and shows a distinct non-exponential behavior at higher excitation 
densities. Most probably, exciton migration makes it possible for two excitons to interact and 
thereby populate a two-exciton state, which in turn contributes to the energy transfer process 
between the inner and outer walls. 

At low excitation density (1 absorbed photon per 10000 monomer molecules) the transfer 
dynamics from the low energy to the high energy exciton takes place with a time constant of 
3.5 ± 2 ps. The relatively large error in the time constant is caused by a rather small increase 
of the signal around 585 nm at low excitation density. Furthermore, the obtained time 
constant can be compared to the short fluorescence lifetime in C8O3 aggregates (5.5 ± 1 ps), 
making an independent determination of the energy transfer time constant rather inaccurate. 

IV. CONCLUSIONS 

The optical properties and exciton dynamics of double-walled cylindrical aggregates of 
carbocyanine dyes have been discussed. Linear dichroism measurements on oriented samples 
revealed that the absorption spectra of such cylindrical structures consist of a set of relatively 
narrow and strongly polarized bands. The morphology and spectral properties of the 
substituted 5,5’,6,6’-tetrachlorobenzimidacarbocyanine aggregates depend on the particular 
side groups attached as well as possible additives. Within the class of tubular aggregates, 
however, generic features seem to exist, in particular the occurrence of two lowest-energy J 
bands polarized parallel to the cylinder axis and one higher-energy band polarized 
perpendicular to it. Exact positions and strengths of these transitions are influenced by the 
choice of side groups and solvent. This suggests that all of these aggregates have the same 
basic structure, even though the precise values of the structural parameters may vary. Spectral 
changes occurring upon addition of PVA suggest that the lowest-energy band originates from 
excitations on the inner wall of the cylinder. 

The absorption spectra of pure C8O3 and C8O3/PVA aggregates feature a fourth 
(parallel) band at higher energy (~560 nm) that is currently unexplained. However, time-
resolved pump-probe and fluorescence studies shine some light on its nature. The zero delay 
pump-probe spectrum first reveals that the two parallel, lowest-energy excitons (at 600 and 
583 nm, respectively) possess different ground states; this confirms the idea that the 
excitations are on the different walls of the tubule. Furthermore, the time dependence of the 
pump-probe signal shows that energy transfer occurs between the walls with a time constant 
of ca. 275 fs. Therefore the inner and outer walls of the tubule must be weakly coupled. 
Finally, when the unaccounted-for 563 nm parallel band is excited, ground-state bleaching is 
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observed within the overlap of the pump and probe at both the positions of the inner-wall and 
outer-wall exciton manifolds. From this we conclude that both exciton manifolds contribute 
to the oscillator strength at 560 nm. 

The time resolved fluorescence measurements reveal a substantial speeding-up of the 
fluorescence decay with aggregation. Considering the fluorescence QY and weight-averaged 
fluorescence decay time, radiative lifetimes of 1.2 ns and 285 ps are found for C8O3 
monomers and aggregates, respectively. Collective effects such as superradiance can explain 
the fact that the radiative lifetime decreases upon aggregation. On the other hand, a reduced 
fluorescence QY indicates that additional nonradiative decay channels are opened when 
C8O3 molecules self organize into aggregates. 

Finally, an uphill energy transfer (that is, from the ‘600 nm’ to the ‘583 nm’ exciton 
band) is observed on a picosecond timescale. Strong dependence of the energy transfer on the 
excitation density points towards an annihilation-assisted process. Observed increase of the 
energy transfer rate may result from direct transitions from two-exciton states as well as from 
a local temperature increase as a result of excitation annihilation. 
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Chapter 4  
 

Temperature-Dependent Relaxation of 
Excitons in Tubular Molecular 
Aggregates: Fluorescence Decay and 
Stokes Shift*

 

ABSTRACT 

We report temperature-dependent steady-state and time-resolved fluorescence studies to 
probe the exciton dynamics in double-wall tubular J-aggregates formed by self-assembly of 
the dye 3,3´-bis(3-sulfopropyl)-5,5´,6,6´-tetrachloro-1,1´-dioctybenzimida-carbocyanine. We 
focus on the lowest energy fluorescence band, originating from the inner cylindrical wall. At 
low temperatures, the experiments reveal a non-exponential decay of the fluorescence, with a 
typical time scale that depends on the emission wavelength. At these temperatures we also 
find a dynamic Stokes shift of the fluorescence spectrum and its nonmonotonic dependence 
on temperature under steady-state conditions. All these data indicate that below about 20 K 
the excitons in the lowest fluorescence band do not reach thermal equilibrium before 
emission occurs, while above about 60 K thermalization on this time scale is complete. By 
comparing the two lowest fluorescence bands, we also find indications for fast energy 
transfer from the outer to the inner wall. We show that the Frenkel exciton model with 
diagonal disorder, which previously has been proposed to explain the absorption and linear 
dichroism spectra of these aggregates, yields a quantitative explanation to the observed 
dynamics. To this end, we extend the model to account for weak phonon-induced scattering 
of the localized exciton states; the spectral dynamics are then described by solving a Pauli 
master equation for the exciton populations. 

I. INTRODUCTION 

The study of the optical properties and the dynamics of Frenkel excitons in self-
assembled aggregates of organic molecules has a long history already [1, 2]. Among these 
systems, J-aggregates of cyanine dyes have been studied most abundantly [3, 4], but also 
bioorganic aggregates, in particular chlorophyll antennae in photosynthetic systems [5], have 
received much attention. The key aspects that determine the optical response of these systems 
are the degree of exciton localization, imposed by energy or interaction disorder, the 
occurrence of superradiant and dark states, intra-band relaxation, and energy transport. 

                                                 
* This chapter is based on: A. Pugžlys, R. Augulis, P. H. M. van Loosdrecht, C. Didraga, V. A. 
Malyshev, and J. Knoester, J. Phys. Chem. B 110, 20268-20276 (2006). 
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Molecular aggregates may occur in a variety of geometries. Nevertheless, most studies 
have been performed on linear molecular chains (the standard model for cyanine J-
aggregates) [3, 4] and molecular rings (in particular, the light-harvesting systems LH2 of 
purple bacteria) [5-8]. An interesting alternative geometry, that has received growing 
attention lately, is the tubular one. Much work on such aggregates has been done in the 
context of chlorosomes of green bacteria [9-15]. Although their cylindrical geometry has 
been disputed recently [16], a model of self-assembled tubes with a diameter of the order of 
10 nm and a length of 100s of nanometers has been the basis of many investigations of these 
photosynthetic antenna systems. In addition, tubular aggregates have been prepared 
synthetically by self-assembly of several types of dye molecules [17-22]. These synthetic 
cylindrical aggregates are considered of interest as artificial light-harvesting systems, 
possible energy transport wires, and backbones for organic charge transport systems. As a 
result of a helical structure, they often show a circular dichroism that strongly depends on 
wavelength and solvent used [23-26]. 

The synthesis of carbocyanine dyes with amphiphilic substituents [27, 28] has led to a 
particularly interesting new type of self-assembled J-aggregates with a tubular geometry [17-
19] (see also chapter 3 of this thesis). The morphology and absorption spectrum of these 
aggregates can be influenced strongly by changing the side groups of the monomers or by 
adding surfactants or alcohols to the solvent [17, 19, 29, and 30]. In Ref. 31 it was shown that 
a representative of this family of dyes, namely 3,3´-bis(3-sulfopropyl)-5,5´,6,6´-tetrachloro-
1,1´-dioctylbenzimidacarbocyanine, also referred to as C8S3, in water forms aggregates with 
three polarized J-bands. Cryo-TEM experiments revealed that these aggregates possess a 
double-wall tubular morphology with an outer diameter of 15.6 ± 0.5 nm and a double-wall 
thickness of 2.4 ± 0.5 nm. In Ref. 31 this geometrical information was used in the analysis of 
measured isotropic and polarized absorption spectra in terms of a Frenkel exciton model 
which included localization of the excitons due to weak diagonal disorder. This allowed for 
construction of a model for the molecular structure of the two concentric cylindrical walls 
that make up the C8S3 aggregates.  

In the current chapter, we extend the previous work by addressing the temperature-
dependent dynamical properties of localized excitons in the double-wall C8S3 aggregates. 
Understanding and controlling these properties is of fundamental interest as well as of crucial 
importance for prospective light-harvesting and energy-transport applications. Recently, 
much progress has been made in modeling the exciton dynamics for one-dimensional J-
aggregates [32-34]. It is of interest to investigate whether in the case of tubular aggregates 
similar phenomena are observed and to what extent the models developed can be applied to 
these systems as well. 

To study the exciton dynamics, we have performed time-resolved and steady-state 
fluorescence experiments, which uncovered ultrafast energy transfer between different J-
bands as well as relaxation within each band. The fluorescence related to the lowest energy J-
band is studied in most detail. The time-resolved spectrum reveals a dynamic Stokes shift, 
while the decay of the fluorescence at each frequency is non-exponential. The steady-state 
spectrum displays a Stokes shift with nonmonotonic temperature dependence. We will show 
that if we add a weak coupling between the localized excitons and a phonon bath, the model 
constructed previously for the double-wall molecular structure gives good fits to the 
measurements. To this end, we will treat the dynamics at the level of a Pauli master equation 
for the exciton populations, with relaxation rates calculated through Fermi’s golden rule. This 
method recently has been proven to give excellent agreement with experiments on a variety 
of linear cyanine aggregates [33, 34]. 

The outline of this chapter is as follows. In section II we briefly address the sample 
preparation and the experimental setup. The results of the steady-state and time-resolved 
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fluorescence experiments are presented in section III, where also a first interpretation is 
offered. In section IV, a more detailed analysis and discussion are given, based on numerical 
simulations of the Frenkel exciton model with weak exciton-phonon coupling. Finally, we 
present our conclusions in section V. 

II. SAMPLE PREPARATION AND EXPERIMENTAL SETUP 

Stock solutions of 6.2 × 10-3 M C8S3 (FEW Chemical; see inset of Fig. 1 for structure) 
were prepared by dissolving the dye in doubly distilled water and stirring at room 
temperature for at least 24 h. At these concentrations, the double-wall tubular aggregates 
mentioned in the introduction are formed through self-assembly. A droplet of the solution 
was squeezed between two 0.12 mm thick microscope cover slips and quenched to 77 K in 
liquid nitrogen. Subsequently the sample was transported into a He continuous-flow cryostat 
(CF1204SEG, Oxford Instruments). 

The sample was irradiated by the frequency-doubled output (495 nm) of a frequency 
tunable Ti:Sapphire laser (Mira 900, Coherent) generating 120 fs pulses at a repetition rate of 
76 MHz. To avoid heating of the sample, a pulse picker was used to reduce the repetition rate 
to 1.9 MHz. After attenuation to pulse energies of about 0.3 pJ, the beam was focused into 
the sample with a lens of 10 cm focal length. The resulting excitation density corresponded to 
the absorption of one photon per 106 monomers, thus ensuring absence of exciton-exciton 
annihilation. Time-resolved fluorescence experiments on the aggregates were performed in 
the temperature range from 5 to 100 K, using a streak camera system with a synchro-scan 
sweep unit (Hamamatsu). The time resolution of the experimental setup was 8 ps, as 
determined by recording the scattered light of the excitation pulse. 

III. EXPERIMENTAL RESULTS 

A. Steady-state spectra 

The solid line in Fig. 1a displays the absorption spectrum of C8S3 aggregates measured at 
room temperature. Its structure has been explained in Ref. 31 already: the spectrum is 
dominated by optical transitions to states in the two weakly coupled exciton bands that are 
associated with the inner and the outer walls of the tubular aggregates. More specifically, the 
J-band labeled 1 (2) arises from transitions to lower band-edge exciton states on the inner 
(outer) wall, polarized parallel to the cylinder axis, while band 3 results from higher exciton 
transitions polarized perpendicular to this axis. Peak 3 has contributions from both, the inner 
and the outer wall, which cannot be separated due to their large spectral overlap [31, 35, and 
36]. Finally, the absorption features in the spectral region 450-550 nm are found to be non-
polarized; they are dominated by non-aggregated molecules. Upon decreasing the 
temperature, the absorption spectrum is shifted to the blue, while keeping the same basic 
structure with a slight narrowing of the three exciton J-bands. At 5 K the blue-shift amounts 
to 6-7 nm (not shown) [37]. 

The dashed curve in Fig. 1a displays the room temperature steady-state fluorescence 
spectrum of the aggregates; the same spectrum is shown in more detail in Fig. 1b (dashed), 
together with the fluorescence spectrum at 5 K (dotted). The room temperature spectrum is 
dominated by two bands, which fully overlap with the two lowest energy absorption bands 1 
and 2. The ratio of measured intensities of the fluorescence bands is I2/I1 = 0.65 ± 0.05. 
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Figure 1. (a) Room temperature absorption (solid line) and fluorescence (dashed line) spectra of 
C8S3 aggregates. The inset shows the chemical structure of C8S3. (b) Fluorescence spectra of C8S3 
aggregates measured at T = 293 K (dashed line) and 5 K (dotted line). The peak labels are explained 
in the text. 

 
If one assumes that at room temperature phonon-assisted relaxation leads to thermal 

equilibration of the complete exciton population (within as well as between walls) before 
emission occurs [38 and chapter 3], one has 
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where A1(E) and A2(E) denote the absorption in the J-bands 1 and 2, respectively, and kB is 
the Boltzmann constant. If both bands have approximately the same shape, Eq. 1 reduces to 
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where D1 (D2) is the diameter of the inner (outer) tubular wall, θ1 (θ2) is the angle between 
the molecular transition dipoles and the tube axis for the inner (outer) wall, and E1 and E2 are 
the peak frequencies of bands 1 and 2, respectively. Here we invoked the sum rule stating that 
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the integral over the total absorption spectrum of each wall is proportional to the number of 
molecules in the wall, i.e., proportional to its diameter. Eq. 1 yields I2/I1 = 0.4 ± 0.1, with the 
large error deriving from the uncertainty in determining the separate contributions from bands 
1 and 2 in the observed absorption spectrum. The simplified expression Eq. 2 gives I2/I1 = 
0.43 ± 0.05, where we use E2 – E1 = 280 ± 5 cm-1, and the values for Di and θi are taken from 
Ref. 31 (also see section IV.A). These results show that at room temperature equilibration 
between bands 1 and 2 is almost (but not completely) reached on the time scale for emission. 

As is observed in Fig. 1b, the fluorescence spectrum at 5 K is blue shifted by about 7 nm 
relative to the room temperature spectrum, while its peaks are about twice as narrow. Since in 
the experiments the fluorescence was excited via high-lying states (λex = 495 nm), the two 
observed fluorescence bands are formed after intra-band relaxation from the initially excited 
states to the optically dominant ones at the band edges. If the inner and outer walls were not 
coupled, the ratio of excitation in both bands would simply reflect the ratio of the number of 
molecules in the two cylinders, i.e., their diameters. Hence, the fluorescence intensities would 
be of the same order. However, the intensity of band 2 is much smaller than that of band 1. 
This is a clear indication that efficient energy transfer occurs between the cylinders, even at 
low temperature. This point will be discussed in more detail in the following chapter. At the 
same time, the fact that band 2 (in energy scale – lying 280 cm-1 above band 1) still exhibits 
any fluorescence at 5 K also demonstrates that the populations of both bands do not reach 
thermal equilibrium during the exciton lifetime. Apparently, the residual inter-wall excitation 
transfer, which takes place after the relaxation to the band edges, occurs at roughly the same 
time scale as the decay to the ground state. This suggests that transfer of exciton population 
between both walls mostly takes place during the fast initial relaxation. This transfer may be 
expedited by the possibility that the higher energy exciton states (well above the optically 
dominant ones) of both walls are mixed. Thus far, experiments have only shown clear 
evidence that for the optically dominant states such mixing does not occur [35, 36]; in the 
high-energy region, the degree of mixing is unknown. 

B. Spectrally resolved fluorescence decay 

More detailed information on the thermalization and decay of the excitons may be 
obtained from a chrono-spectroscopic analysis of the fluorescence. Fig. 2 shows streak 
camera images (upper panels) as well as the spectrally integrated fluorescence decay (lower 
panels) of bands 1 and 2, recorded at 5 and 100 K, following pulsed excitation at λex = 495 
nm. As is seen from the streak camera data, already at early times the intensity ratio of bands 
1 and 2 is strongly in favor of band 1. This supports our conclusion, based on the steady-state 
spectra that the energy transfer from the outer to the inner wall predominantly occurs during 
the fast downward intra-band relaxation from the initially excited high-energy states to the 
optically dominant band-edge ones. The streak camera images also show that at 5 K the 
fluorescence peaks exhibit a dynamic Stokes shift, i.e., they shift to higher wavelength during 
the decay. We will investigate this in more detail in section III.C. 

We now turn to the spectrally integrated decay curves in the lower panels of Fig. 2. 
Clearly, this decay is non-exponential and band dependent. In fact, as will be seen from Fig. 3 
below, even for fluorescence collected within a narrow spectral range the decay remains non-
exponential. This originates from the fact that the rates of intra- and inter-band relaxation as 
well as the rate of spontaneous emission are distributed over a broad range of values (see 
section IV). 

At 5 K, the integrated fluorescence of the blue band 2 decays with 27 ps as the typical 
time constant (defined as the time it takes until the intensity decays to 1/e of its peak value). 
This time constant decreases to 19 ps at 100 K. The observed delayed formation of the 
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fluorescence from the red band 1 (in particular at 5 K) indicates that the decay of band 2 
partially results from residual energy transfer from the low-energy exciton states of the outer 
wall to those of the inner one. The fact that the integrated fluorescence of band 1 decays more 
slowly (with time constants of 74 and 64 ps at 5 and 100 K, respectively) is consistent with 
this picture. 
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Figure 2. Time-resolved fluorescence dynamics at T = 5 K (left) and 100 K (right). Upper panels: 
streak camera fluorescence signals (logarithmic intensity scale). Lower panels: spectrally integrated 
fluorescence decay of band 1 (solid line) and band 2 (dashed line). In the insets, the decays are plotted 
on a logarithmic scale to demonstrate their non-exponential nature. 

 
Figure 3 shows the fluorescence kinetics for the blue, central, and red parts of band 1 

(inner wall) at 5 and 100 K. These curves were obtained by integrating the fluorescence 
emission over the spectral intervals 590-594, 594-598, and 598-602 nm, respectively. To 
emphasize the differences in the kinetics for these intervals, the peak intensity for each curve 
was normalized to unity. It should be noted that the experimental time resolution does not 
allow for the detection of the fast intra- and inter-band relaxation processes from the initially 
excited states at 495 nm to the optically active band-edge states. Thus, the curves in Fig. 3 
reflect the kinetics after this initial relaxation has been completed. 

At 5 K, the decay time constants for the three spectral intervals clearly differ; they take 
the values 27, 74, and 97 ps for the blue, the central, and the red part of the band, 
respectively. These differences arise from the fact that after the fast initial relaxation to the 
band-edge region, further downward intra-band relaxation processes still successfully 
compete with the radiative emission. Similar behavior has been observed and modeled for 
one-dimensional exciton systems [39-41]. 
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Figure 3. Fluorescence decay of band 1 in different spectral intervals measured at 5 (a) and 100 K 
(b). All curves were normalized to the same peak intensity. 

 
Upon increasing the temperature, the fluorescence decay at the blue side of band 1 

gradually slows down, while the decay of the red side becomes faster. The reason is that the 
rates for upward energy transfer between the low-lying states become more and more 
comparable to the downward rates. From the lower panel of Fig. 3, it is evident that at 100 K 
the fluorescence kinetics are equal for all parts of band 1, indicating that at this temperature 
the thermalization of the excitons in band 1 is a much faster process than the fluorescence 
emission. The decay time of 64 ps, common to the three spectral intervals at 100 K, indeed 
nicely agrees with the time constant obtained upon full integration over band 1 (see above). 
We finally note that qualitatively similar effects are observed for the fluorescence within 
band 2. However, due to the low fluorescence intensity and the fast decay in this band, a 
quantitative characterization of the kinetics is rather limited. 

C. Dynamic stokes shift of the fluorescence spectrum 

In this section we turn to the dynamic Stokes shift in more detail. Figure 4 presents time-
dependent fluorescence spectra at 5 K, obtained by integrating the spectrum over subsequent 



CHAPTER 4 

 48 

intervals of 20 ps. On the left-hand side, the development of band 1 (inner wall) is presented, 
while on the right-hand side, band 2 (outer wall) is followed. It is clearly seen that both bands 
shift to lower energy as a function of time (dynamic Stokes shift). This confirms the 
conclusion reached in section III.B that after the fast initial relaxation to the band-edge 
region, the excitons still have a chance to relax to even lower energy states. The spectral 
dynamics is observed for both fluorescence bands; however, from now on we will focus on 
band 1, because the dynamics of band 2 is hardly resolved, as noted before. As is seen from 
Fig. 4, the shape of band 1 exhibits a decay of the blue side on a sub-100 ps time scale, 
followed by a somewhat slower broadening on the red side. 
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Figure 4. Fluorescence spectra integrated over subsequent time intervals of 20 ps for the inner wall 
(left) and the outer wall (right) of tubular C8S3 aggregates. All spectra were normalized to have the 
same peak intensity. 

 
Upon increasing the temperature, the spectral dynamics of band 1 gradually diminishes; 

above 60 K it is very hard to distinguish any dynamic Stokes shift. This is shown in Fig. 5, 
where we display the streak camera fluorescence signals for six temperatures, ranging from 5 
to 80 K. To enhance the visualization of the spectral dynamics, in each time step the spectra 
were normalized to have identical maximum intensity. The disappearance of spectral 
dynamics above 60 K reflects the fact that the thermalization in band 1 then occurs much 
faster than the radiative decay. We already concluded in section III.B that this happens at 
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elevated temperatures, but the data in Fig. 5 give a more refined picture of this temperature 
dependence. 
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Figure 5. Spectral dynamics in band 1 (inner wall) of C8S3 aggregates. At each time step the 
fluorescence spectra are normalized to the same peak intensity. The observed broadening of the 
spectra at higher temperatures and at long delay times is an artifact caused by weak fluorescence. 

 
To end this section, we present the temperature dependence of the center-of-mass position 

of the steady-state fluorescence associated with band 1, after excitation at λex = 495 nm in Fig 
6. As is observed, the fluorescence first shifts to the red upon increasing the temperature from 
5 to 15 K and then shifts to the blue when increasing the temperature further. Below 100 K, 
the absorption spectrum hardly changes at all, so that the shift of the fluorescence band 
directly reflects changes in the Stokes shift. While for individual molecules the Stokes shift 
usually decreases monotonically with growing temperature, a nonmonotonic behavior is well-
known for exciton systems and has been observed in quantum wells [42, 43] and linear J-
aggregates [39].  The phenomenon finds its explanation in the fact that at low temperatures 
the relaxation rates are too small for the exciton system to reach thermal equilibrium within 
the exciton lifetime [33, 41, and 42]. Specifically, at very low temperatures the excitons do 
not reach the lowest possible exciton state: the energy relaxation of excitons is stopped after a 
few downward-energy jumps because of the low density of the DOS tail states and the small 
wavefunction overlap between these states. When slightly increasing the temperature, the 
probability to populate yet lower states is favored via relaxation over higher states which 
overlap with several DOS tail states. More details of the underlying mechanism can be found 
in Refs. 32, 33, and 41. It is noteworthy that the temperature, at which the maximal red shift 
occurs, and the value of the maximum shift are practically the same as observed in the one-
dimensional J-aggregates of the dye 3,3´-bis(sulfopropyl)-5,5´-dichloro-9-ethylcarbocyanine 
(known as THIATS): about 15 K and 5-10 cm-1, respectively [33, 39]. It should be noted, 
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however, that the experimental error bars are large, which makes it hard to unambiguously 
decide on the range of the nonmonotonic behavior. We will return to this in section IV.B. 
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Figure 6. Temperature dependence of the center-of-mass position of the fluorescence band 1. 

IV. MODEL CALCULATIONS 

Α. Aggregate structure and absorption spectrum 

With use of data from cryo-TEM as well as the isotropic absorption and linear dichroism 
spectra, a structural and electronic model for the double-wall J-aggregates of C8S3 has been 
proposed [31] previously. Here we briefly describe this model and present numerical results 
for the absorption spectrum, the density of states, and the oscillator strength per state. In 
section IV.B, we will extend the model to account for exciton-phonon scattering and compare 
the resulting temperature-dependent spectral dynamics to experiment. 

The structural model proposed for the double-wall aggregates in Ref. 31 consists of two 
concentric cylinders of diameters D1 = 10.9 nm and D2 = 15.6 nm. To define the molecular 
positions on these cylinders, each of them is constructed by wrapping a two-dimensional 
brick-layer lattice on a cylinder of the proper diameter. Each brick represents a C8S3 
molecule and has a length a = 2 nm and a width d = 0.4 nm, to conform to the known size of 
the molecule [44]. Adjacent bricks are shifted relatively to each other along their long axis 
over a distance s. The direction in which the lattice is rolled on the cylinder distinguishes 
different tubular aggregates. This direction is uniquely defined by the angle θ that the long 
axis of each brick (i.e., the transition dipole of each C8S3 molecule) makes with the cylinder 
axis. The parameters s and θ are not known a priori; they have been used as free parameters 
to fit the positions and the intensities of the exciton peaks in the room temperature absorption 
and linear dichroism spectra in Ref. 31. This gave s = 0.24a and θ = 43.0° for the outer 
cylinder and s = 0.25a and θ = 47.4° for the inner one. 

The electronic excitations of the tubular aggregates are modeled by a Frenkel exciton 
Hamiltonian in which each molecule (located at one of the brick positions) is considered a 
two-level system and dipole-dipole transfer interactions give rise to delocalized excited 
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states. In the model, the exciton bands of both walls are considered as decoupled. In the 
optically dominant band-edge region this simplification is justified because pump-probe 
spectroscopy reveals that the excitons in the absorption bands 1 and 2 do not have a common 
ground state [35, 36]. Of course, inter-wall electronic interactions exist, but in the band-edge 
region, instead of mixing of the exciton states of both walls, they give rise to incoherent 
energy transfer from the outer wall to the inner one. In section III.A, we found indications for 
such transfer; more detailed insight, revealing a transfer time of 275 fs at room temperature, 
has been obtained in the previous chapter and in Ref. 36. Thus, each of the walls is described 
by a Hamitonian [45, 46] 
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where |n〉 denotes the state in which the molecule n is excited and all the other molecules are 
in their ground state. Furthermore, ωn denotes the transition energy of molecule n (we set ħ = 
1) and Jnm is the excitation transfer interaction between molecules n and m (the prime on the 
summation excludes the term with m = n). We model static disorder by treating the ωn as 
stochastic variables, while for the Jnm we use the extended dipole model 
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here C = 5.04 cm-1 nm3/D2, µ = Ql is the molecular transition dipole moment formed by two 
point charges Q and -Q separated by a distance l, and ++

nmr , −+
nmr , +−

nmr , and −−
nmr  are the distances 

between the effective charges of molecules n and m [31]. From semi-empirical calculations it 
is found that l = 0.7 nm and Q = 0.34e [47], with e the electron charge; this gives µ = 11.4 D. 

The absorption spectrum of the double-wall tubular aggregates is now obtained by adding 
the spectra of the two decoupled exciton systems. Denoting by Eν and φνn the eigenvalues and 
eigenvectors, respectively, of the Hamiltonian Eq. 3, the spectrum of one cylinder reads 

( )∑ −=
ν

ννδ EEFEA )( ,     (5) 

where Fν = (∑nφνn)
2
 is the dimensionless oscillator strength of the νth exciton state and the 

angular brackets denote the average over the disorder realizations. By taking the ωn 

uncorrelated from a Gaussian distribution with mean ω0 = 19194 cm-1 (λ = 521 nm) and a 
standard deviation σ = 670 cm-1, and by using the other model parameters given above, good 
fits are obtained to the room temperature absorption and linear dichroism spectra of the 
double-wall aggregates [31]. 

In Ref. 31 the spectra were calculated by using the coherent potential approximation 
(CPA), instead of the nowadays more customary brute-force numerical simulations. The 
reason for using the CPA is the sheer size of the aggregates. The inner (outer) wall contains 
43 (62) molecules per nanometer length. Thus, to model a tube of a length that is larger than 
its circumference, one has to handle systems of at least few thousands of coupled molecules. 
Brute-force simulations for such systems (with long-range interactions) are demanding. 
Fortunately, it is well-known that to calculate absorption spectra, the CPA provides an 
excellent method. 

In the current chapter, however, we will be interested in modeling the exciton dynamics, 
which is considerably more involved than the absorption spectrum and cannot be done with 
the CPA. Therefore, we resort to numerical simulations after all. To keep the problem at least 
reasonably tractable, we will focus entirely on the spectral dynamics in the frequency region 
of band 1. As this is the lowest excitonic band, which results from the inner cylinder and lies 
about 280 cm-1 below band 2 of the outer cylinder, one expects that up to about 100 K (kBT ≈ 
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70 cm-1) the spectral dynamics in band 1 may be well described by considering just the inner 
cylinder. Under these conditions, upward energy transfer to band 2 may be neglected safely. 

Figure 7 gives our results for the density of states ρ(Ε) = 〈∑νδ(E – En)〉 (solid line), the 
absorption spectrum A(E) (dotted line), and the average oscillator strength per state F(E) = 
A(E)/ρ(E) (dashed line), obtained by numerically simulating the above model for the inner 
cylinder. The data shown were obtained for a system of 4000 molecules, which corresponds 
to a cylinder length of about 93 nm. All results have converged as a function of this length. 
The DOS reveals tails that extend outside the exciton band that exists for the system without 
disorder (not shown). These tails result from disorder-induced localization. The states which 
dominate the absorption and fluorescence spectra are located in the low-energy tail. Two 
absorption peaks can be distinguished. The one at 600 nm is polarized along the tube axis and 
is responsible for the measured absorption band 1. The peak at about 582 nm is polarized 
perpendicular to the axis and contributes to the measured band 3. We note that the simulated 
absorption spectrum agrees with the spectrum for the inner tube obtained in Ref. 31 using the 
coherent potential approximation. 
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Figure 7. Density of states (solid line), absorption spectrum (dotted line), and oscillator strength per 
state (dashed line), calculated for the inner cylinder within the model described in section IV.A. 

 
From Fig. 7 it appears that over the absorption bands the average oscillator strength per 

state varies quite strongly. In fact, a more detailed analysis reveals that at each given 
frequency the oscillator strength per state shows strong fluctuations, as a consequence of the 
disorder [41]. This gives rise to strong variations in the spontaneous emission rates, which 
explains qualitatively the non-exponential character of the decay of the integrated 
fluorescence intensity reported in section III.B. The observed frequency-dependent 
fluorescence kinetics, as well as the (dynamic) Stokes shift of the fluorescence spectra, 
originates from the relaxation of excitons within the tail of the DOS. The model for this 
relaxation will be presented in the next section. 
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Β. Modeling the spectral dynamics 

We model the exciton dynamics in the inner wall, with a special interest in the spectral 
dynamics in band 1, by using the Pauli master equation for the populations Pν of the exciton 
states: 

( )∑
=

−+−=
N

PWPWPRP
1µ

νµνµνµνννν γ&     (6) 

here, Rν is a source term that models the excitation of the system (to be specified later on) and 
γν = γ0Fν is the spontaneous emission rate of the νth exciton state, where γ0 is the spontaneous 
emission rate of a monomer. Due to the strong tendency of the dye molecules to form 
aggregates in water, it is close to impossible to determine γ0 in this solvent. We will therefore 
treat it as a fit parameter. Finally, Wµν is the scattering rate from the localized exciton state |ν〉 
to the state |µ〉, resulting from weak exciton-vibration coupling. 

By restricting ourselves to one-phonon-assisted exciton scattering, we obtain [34, 40, 48] 
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where ωµν = Eµ – Eν and G(ω) = 2π∑q|Vq|

2
δ(ω – ωq) is the one-phonon spectral density of the 

bath (ωq is the energy of a phonon in mode q and Vq characterizes the coupling of this mode 
to the excitons). Furthermore, Iµν = ∑nφµν

2
φνµ

2 is the overlap integral of the exciton site 
probabilities in the states µ and ν, and n(ω) = [exp(ħω/kBT) – 1]-1 is the mean occupation 
number of a phonon with energy ω. By construction, these transition rates meet the principle 
of detailed balance: Wνµ = Wµν exp(ħωµν/kBT). Thus, if the intra-band relaxation dominates 
over the radiative decay, the excitons will thermalize to the Boltzmann distribution prior to 
emission. 

Lacking detailed knowledge of the density of states of the vibrations in the solvent as well 
as the energy dependence of their coupling to the excitons, we will resort to using a model 
function of the one-phonon spectral density, 
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This reflects Ohmic (linear) behavior for small energies [49], with quadratic corrections at 
higher energies and a cutoff beyond ωc. The parameter W0 (characterizing the overall 
scattering strength) is treated as a free parameter and used to fit the experiments, while we 
have fixed η = 1 and ωc = 100 cm-1 [50]. A spectral function of this form has been applied 
successfully to fit the optical dynamics in photosynthetic antenna complexes [50-53] and to 
model ultrafast electron-transfer processes [54-56]. Other power laws have been considered 
as well. Specifically, an ω3 scaling of G(ω), characteristic for scattering on long wavelength 
acoustic phonons, has been shown to yield excellent fits of the observed temperature-
dependent spectral dynamics of linear J-aggregates of pseudoisocyanine [34]. 

By making use of the Pauli master equation, we have simulated the dynamics of the 
exciton populations on the inner wall, taking as input the exciton energies and eigenfunctions 
obtained from the simulations described in section IV.A. In accordance with the excitation 
conditions in the fluorescence experiments, we set Rν(t) = FνS(t) for Eν in a narrow window 
centered at λex = 495 nm; outside this window we took Rν = 0. Here, S(t) = S = constant for 
steady-state response, while S(t) = Sδ(t) to simulate the pulsed experiments. From the solution 
of the Pauli master Eq. 6, the time-dependent fluorescence intensity at energy E is calculated 
according to the definition 
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( ) ( ) ( )∑ −=
ν

ννν δγ EEtPtEI , .    (9) 

For steady-state response, the Pν(t) are simply replaced by the steady-state solutions. 
The results presented in Figs. 8-10 were obtained by using a scattering strength of W0 = 

5200 cm-1 and a monomer emission rate of γ0 = 2.95 × 108 s-1, which generated good fits of 
the measurements. The average was calculated over 1000 disorder realizations. We stress that 
W0 and γ0 are the only fit parameters in the current work; all other model parameters have 
been taken from analyzing the linear spectra and the cryo-TEM experiments [31]. The value 
for γ0 is of the same order of magnitude as its measured value in methanol (8 × 108 s-1) and 
similar to the emission rate of the related dye molecule pseudoisocyanine in water (2.7 × 108 
s-1). The value of W0, seemingly high, should not be taken as a typical transfer rate; the latter 
is strongly reduced compared to W0 due to the probability overlap Iµν, which is of the order of 
the inverse localization size of the excitons [33]. It turns out that for our model parameters, 
the typical rates between spatially overlapping optically active states is of the same order of 
magnitude as their energy difference (~100 cm-1). This implies that we are just at the limit of 
the applicability of our approach, which assumes that a perturbative treatment of the exciton-
phonon coupling is valid. 
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Figure 8. Comparison between the simulated (solid line) and measured (dots) integrated fluorescence 
decay of band 1 at T ) 5 K (solid line in Fig. 2a). 

 
Figure 8 shows the decay of the calculated fluorescence intensity integrated over the 

lowest absorption band for T = 5 K (solid line), compared against the experimental data for 5 
K (dots). In the calculated curve, we accounted for the finite response time of the streak 
camera (~8 ps) by convoluting with its response function. We see that the model reproduces 
the non-exponential decay in an excellent way. As discussed above, the wide distribution of 
the oscillator strength per state is the underlying reason for the non-exponentiality. Figure 9 
(upper panels) shows the time evolution of the fluorescence spectrum, calculated for T = 5 
and 80 K. For comparison, the experimental data for these temperatures are plotted directly 
below. Clearly, the simulated spectra follow the same tendency as the measured ones, with a 
marked dynamic Stokes shift at low temperatures, which vanishes when increasing T. The 
explanation is that at low temperatures the excitons continue to relax downward in the tail of 
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the DOS during the emission process, while upon heating the exciton population equilibrates 
over the J-band 1 on the time scale of emission. 
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Figure 9.  Simulated (upper panels) and measured (lower panels) time-dependent fluorescence 
spectra at low temperature and elevated temperature. The spectra are normalized to the same peak 
intensity at each time step. 

 
To demonstrate quantitatively the similarity of the simulated and the measured spectra, 

we have also calculated the temperature dependence of the center-of-mass position ωCOM of 
the steady-state fluorescence band 1. As stated in section III.C, below 100 K the changes in 
this position directly reflect changes in the Stokes shift. In Fig. 10 the results are compared to 
the measurements of Fig. 6, by plotting ω0 – ωCOM, with ω0 the monomer transition 
frequency. We see that the theory reproduces the nonmonotonic temperature dependence 
originating from a lack of equilibration at low temperatures (see section III.C) and until about 
80 K follows the trend of the experimental data rather well. The nonmonotonic range, 
however, seems rather weak – almost plateau-like – as compared to the experiment. For the 
one-dimensional aggregates of the dye THIATS, simulations revealed a much stronger 
nonmonotonic range [33, 41]. This may be due to the fact that the long-range interactions in 
the locally two-dimensional cylinders give rise to different localization properties of 
eigenstates than in one dimension. In particular, long tails may exist in these states, as has 
been shown by a study of the autocorrelation function of the wave function in Ref. 57. We 
note that beyond 80 K, the agreement between theory and experiment fails, even 
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qualitatively, possibly as a result of the fact that our Master equation approach does not 
account for the vibration-induced loss of coherence within exciton localization domains [34]. 
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Figure 10. Temperature dependence of the center-of-mass frequency of the lowest energy J-band in 
the simulated steady-state fluorescence spectrum (solid line), compared to experiment (dots). 

V. SUMMARY AND CONCLUDING REMARKS 

We have performed steady-state and time-resolved fluorescence experiments to unravel 
the temperature-dependent spectral dynamics of Frenkel excitons in the double-wall 
cylindrical J-aggregates of the dye C8S3. The experiments have been analyzed by making use 
of the aggregate structure and model Hamiltonian that had been proposed in Ref. 31 to fit the 
absorption and linear dichroism spectra. To describe the exciton dynamics, we extended the 
model to account for weak exciton-phonon scattering. Two new free parameters were 
introduced: the overall scattering strength W0 and the monomer spontaneous emission rate γ0. 
The model yields good fits to the experiments. Each cylindrical wall gives rise to one narrow 
fluorescence J-band. The lowest energy one of these (band 1) results from radiative decay of 
excitons from the inner wall; band 2, which is about 280 cm-1 higher in energy, is due to 
excitons on the outer wall. At room temperature, the steady-state fluorescence of these bands 
has an intensity ratio close to unity. As we have shown, at this temperature equilibration 
between the excitons in band 1 and band 2 is almost, but not completely, reached on the time 
scale of spontaneous emission. At low temperatures, band 2 undergoes strong quenching due 
to fast energy transfer to band 1. Still band 2 is visible, even at temperatures as low as 5 K, 
which demonstrates that at these temperatures, on the time scale of emission, the system stays 
far from thermal equilibrium between both bands. The time-resolved experiments revealed 
that the fluorescence decay is non-exponential. This results from the fact that disorder 
generates a wide spread in the oscillator strength per state. Band 2 always decays faster than 
band 1, while within band 1 the blue part of the fluorescence decays faster than the red part. 
These differences find their origin in inter- and intra-band relaxation. Above 60 K, the 
differences in decay times within band 1 disappear, reflecting thermalization of the excitons 
within this band on a time scale faster than the emission time. In agreement with this, we also 
found a dynamic Stokes shift of band 1, which gradually diminishes when increasing T and 
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has completely vanished above about 60 K. The crossover from a nonequilibrium to a 
thermalized distribution of exciton populations within band 1 on the time scale of 
spontaneous emission is also reflected in a nonmonotonic temperature dependence of its 
steady-state Stokes shift. At low temperatures, the Stokes shift grows with temperature and 
reaches a maximum at about 15 K, before it decreases again. Such a nonmonotonic behavior 
arises from the fact that at low temperature, blockage of the downward-energy diffusion 
prevents the excitons to reach thermal equilibrium before emission. A further study of the 
exciton dynamics in these aggregates should focus on the energy transfer from the outer wall 
to the inner wall as well as the transport within the walls. Indications for fast inter-wall 
transfer have been reported in this chapter already; a more detailed quantitative analysis, 
based on pump-probe spectroscopy, is presented in the next chapter. 
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Chapter 5  
 

Relaxation of Excitons in Tubular 
Molecular Aggregates at Low 
Temperatures: Time-resolved Transient 
Absorption Dynamics* 

ABSTRACT 

The fundamental aspects of exciton dynamics in double-wall cylindrical aggregates of 
cyanine dyes are studied by means of frequency resolved femtosecond pump-probe 
spectroscopy. The collective excitations of the aggregates, resulting from intermolecular 
dipole-dipole interactions show, as one of their characteristic properties, localization of the 
lowest lying exciton states. As a result, the experimentally observed outer-to-inner tubule 
excitonic energy transfer dynamics and the internal energy relaxation at low temperatures 
reveal a non-equilibrium population of the excitonic subsystem. In addition, the analysis of 
the measured dynamics reveals a very fast picosecond timescale energy relaxation to the 
optically active energy states.  

I. INTRODUCTION 

Molecular aggregates of organic dyes are attention-grabbing supra-molecular structures 
with a unique linear and non-linear optical response as well as intriguing optical energy 
transport properties. They are of fundamental interest as model materials to study the nature 
of excitons in systems of reduced dimensionality. Self-assembled cyanine dye J-aggregates 
were first reported by Jelley [1] and Scheibe [2] in the mid-thirties of the last century. The 
characteristic feature of J-aggregates is a narrow excitonic absorption band which is red-
shifted with respect to the absorption of monomers and originates from an important 
interaction between the transition dipoles of neighbouring chromophores. During the last 
decades J-aggregates were studied extensively [3, 4]. Their large absorption cross-section in 
certain spectral region led to applications in the photographic industry [5] and potential use in 
the field of opto-electronics [3, 6]. Since natural light harvesting antennas are based on 
molecular aggregates, synthetic J-aggregates are considered as prospective building blocks 
for artificial light harvesting systems [7-9]. 

Self-aggregation of various cyanine and porphyrin dyes leads to a large variety of 
morphologies of J-aggregates ranging form quasi-linear molecular chains [3, 4] and 

                                                 
* This chapter is based on: R. Augulis, A. Pugžlys, and P. H. M. van Loosdrecht, Phys. Stat. Sol. (c) 3, 
3400 (2006). 
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molecular rings [9, 10] to single-, double- and multi-wall tubules [7, 11-13]. In this chapter 
we focus on the exciton dynamics of double-wall tubular aggregates of the 3,3’-bis(3-
sulfopropyl)-5,5’,6,6’-tetrachloro-1,1’-dioctylbenzimidacarbocyanine dye (C8S3) (chemical 
structure is shown in Fig. 1). Cryo-TEM experiments reveal a double wall tubular 
morphology of C8S3 aggregates with diameters of (15.6 ± 0.5) and (10.8 ± 0.5) nm for the 
outer and inner tubules respectively [12]. The collective excitations of the aggregates, 
resulting from the dipole-dipole interactions between the transition dipole moments of 
neighbouring chromophores are described using a Frenkel exciton model [12, 14]. The model 
features two excitonic absorption bands for each tubule (inner and outer) of the aggregate. 
The two bands are caused by transitions polarized parallel and perpendicular to the 
aggregate’s main axis. The different diameters of the inner and outer tubules lead to a slightly 
different arrangement of C8S3 chromophores. Since the energies of optical transitions are 
highly sensitive to the microscopic structure of cylindrical aggregates, the spectral positions 
of the absorption bands are different [12]. This allows for the selective optical study of each 
tubule. Exciton dynamics in multiple double-wall cylinders twisted into helices (C8O3 
aggregates) were extensively studied at room temperature. The studies revealed a weak 
coupling between the inner and outer walls of the aggregate and ultrafast (on a sub-
picosecond timescale) outer-to-inner tubule excitonic energy transfer (ET) [15-17 and 
chapters 2 and 3 of this thesis]. In this chapter we examine exciton dynamics in C8S3 
aggregates at cryogenic temperature by means of femtosecond frequency-resolved 
pump-probe spectroscopy. The studies were inspired by time-resolved fluorescence 
measurements at low temperatures which disclosed a complicated optical behaviour based on 
inter tubule ET and restrained excitonic energy relaxation within the excitonic manifolds of 
the aggregate [18 and chapter 4]. However, the time resolution of the fluorescence 
measurements was limited to 8 ps, which obscured observation of fast initial processes. 

 

 
 

Figure 1. Chemical structure of C8S3 chromophore. 

II. EXPERIMENT 

The C8S3 dyes were purchased from FEW Chemical and used without further 
purification. 6.2×10-3 M solutions were prepared by dissolving the dye in MilliQ-grade water 
and stirring at room temperature for at least 24 hours for aggregation to take place. A droplet 
of the aggregate solution was squeezed between 0.12-mm microscope cover slips, rapidly 
cooled to 77 K in liquid nitrogen and transferred into a He continuous-flow cryostat 
(CF1204SEG, Oxford Instruments). Details on experimental facilities and frequency-resolved 
pump-probe experiments are given elsewhere [16]. The excitation wavelength was 585 nm to 
selectively excite the outer tubule, while the spectrum of the probe light covered the spectral 
range of 570-630 nm, sufficient for simultaneous observation of the response from both 
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tubules. The excitation density was attenuated to about 1 photon absorbed per 2000 
chromophores to prevent exciton-exciton annihilation. Experiments were performed at a 
temperature of 7 Κ. 

III. RESULTS AND DISCUSSION 

The measured pump-probe spectra (see Fig. 2) exhibit the dispersive shape typical for J-
aggregates, with photoinduced absorption blue shifted with respect to the bleaching – 
stimulated emission bands. The two pairs of photoinduced absorption and bleaching – 
stimulated emission bands correspond to the linear absorption bands 1 and 2 centred at 
596 nm and 586 nm characteristic for the inner and outer tubules respectively [12]. The 
measured pump-probe spectra agree qualitatively with the ones modelled theoretically for 
cylindrical aggregates [19]. As one can see from Fig. 2 and 3, after the excitation at 585 nm, 
the signal in the vicinity of band 2 decays rapidly, while the signal in the vicinity of band 1 
features delayed formation on a timescale of a few picoseconds. Note that the instantaneously 
induced pump-probe signal around 596 nm is caused by the limited spectral selectivity of the 
excitation. The precursor-successor relation clearly seen in Fig. 3 evidences the presence of 
outer-to-inner tubule ET. 
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Figure 2. Absorption spectrum of C8S3 aggregates at 7 K (only the two lowest energy bands, scaled 
down by a factor of 30) and pump-probe dynamics during the first 2 ps after the excitation at 585 nm. 
 

The dynamics of the pump-probe spectra were characterized by analyzing the pump-
probe transients at different probe wavelengths corresponding to different transitions. In view 
of the fact that all the bands of the pump-probe spectra largely overlap and influence the 
amplitude and positions of each other, the data was deconvoluted prior to further analysis. To 
deconvolute the data, the relative contributions of the bands to the amplitudes of their 
neighbours were estimated and a set of linear equations was solved to extract undistorted 
band peak amplitudes. The pump-probe signal in the vicinity of band 2 (Fig. 4) decays two 
exponentially with decay time constants of (334 ± 50) fs and (21 ± 5) ps. The 21 ps decay 
time constant agrees with the fluorescence lifetime of C8S3 aggregates reported earlier [18 
and chapter 4]. As one can see from the Fig. 4, the formation of the signal in the vicinity of 
band 1, however, is substantially slower than the decay of the signal in the vicinity of band 2. 
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The different decay and delayed formation rates for the bands 1 and 2 (334 fs and about 2 ps, 
respectively) strongly suggest that intermediate states are involved in the ET process. These 
intermediate states are not observed in the transient spectra because they are optically 
inactive. As it was recently demonstrated for two closely spaced linear aggregates, the 
excitation ET may occur from or toward a low transition dipole moment (optically dark) 
exciton state, implying that overlap of optical spectra is not a requirement for ET [20]. Since 
a double-wall tubular aggregate is qualitatively equivalent to a system of two closely spaced 
linear aggregates, similar ET pathways can be considered. First, the excitation energy from 
the outer tubule is transferred to the higher-lying optically inactive states of the excitonic 
manifold of the inner tubule. Second, the intra-band relaxation takes place and excitations 
reach the low lying optically active energy states which contribute to the pump-probe signal. 
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Figure 3. Chrono-spectroscopic dynamics of the pump-probe signal after the excitation at 585 nm. 
Red regions show photoinduced absorption; blue regions show bleaching and stimulated emission. 
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Figure 4. Dynamics of the pump-probe signal amplitudes for the 586 nm and 596 nm bands. The 
solid curve represents a two exponential fit for the signal of band 2, the dashed curve – a three 
exponential fit for the signal of band 1. 
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On the basis of such two-step ET model, in order to characterize the dynamics in the 
vicinity of band 1, the data were fitted with three exponents. The first time constant was fixed 
to 334 fs, the fitting revealed two additional time constants: (2 ± 0.7) ps for formation and 
(11 ± 2) ps for decay. Although the error bars on the time constants are significant, they differ 
from each other by nearly an order of magnitude. This allows for a straightforward 
assignment of the time constants to different relaxation steps with an adequate accuracy. In 
particular, the obtained time constant of (2 ± 0.7) ps is characteristic for the intra-band 
relaxation from optically inactive to optically active energy states. Because of its rather fast 
relaxation, the process was not observed in time-resolved fluorescence experiments in the 
previous chapter (see also Ref. [18]). 
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Figure 5. Spectral dynamics of the inner tubule pump-probe signal. Peak positions of induced 
absorption and bleaching – stimulated emission bands are displayed as squares; two exponential fits, 
as solid curves. 

 
Apart from the ET related decay and delayed formation of the signal in the vicinity of 

bands 2 and 1 respectively, a dynamic Stokes-shift for all induced absorption and bleaching –
stimulated emission bands is observed (Fig. 2, 3). The time-dependent maxima positions of 
the photoinduced absorption and bleaching – stimulated emission bands corresponding to the 
exciton located on the inner wall are shown in Fig. 5. The dynamics of the spectral shifts are 
characterized by time constants of 900 fs and 10 ps, which, in analogy with the analysis of 
pump-probe transients discussed above and time-resolved fluorescence data, can be attributed 
to initial fast population of optically active states and to substantially slower intra-band 
relaxation in between optically active states respectively. As discussed in chapter 4 and in 
Ref. [18], the substantially slower intra-band relaxation between the optically active states is 
caused by a disorder induced localization of the excitonic wavefunctions, which tend to be 
most pronounced in the lowest energy states of the excitonic manifold. 
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IV. CONCLUSIONS 

Exciton dynamics in the double-wall cylindrical aggregates of the C8S3 cyanine dye have 
been examined by means of femtosecond pump-probe spectroscopy at cryogenic temperature. 
Both inter-tubule ET and intra-tubule energy relaxation were observed. On the basis of the 
experimental evidence, a two-step outer-to-inner tubule ET model is proposed. First, the 
excitation energy from the outer tubule is transferred to the dark states of the inner tubule 
with a time constant of (334 ± 50) fs. Second, relaxation to the optically active states within 
the excitonic manifold of the inner cylinder takes place with a time constant of (2 ± 0.7) ps. 
In addition, spectral dynamics on a picosecond timescale is observed. This spectral dynamics 
is attributed to the energy relaxation between optically active states in the excitonic manifold, 
in accordance with the time-resolved fluorescence observations. The measured intra-band 
relaxation rate from the dark to the optically active states supplements the work presented 
previously [18 and chapter 4] and comprehensively contributes to the general understanding 
of ET dynamics in double-wall cylindrical aggregates. 
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Chapter 6  
 

Level repulsion in linear molecular 
J-aggregates* 

ABSTRACT 

The eigenvalues of disordered quantum mechanical systems, intuitively, seem to be 
randomly distributed. A more accurate analysis reveals that small energetic distances between 
two neighbouring states occur extremely seldom. This effect is known as quantum-
mechanical level repulsion. To demonstrate this phenomenon, we report an experimental 
study of the level statistics in linear molecular J-aggregates in the neighbourhood of the lower 
exciton band edge. For this goal, we analyze the low-temperature aggregate fluorescence 
spectra obtained by selective excitation. The spectra feature a sharp intensive peak at the 
excitation energy and a red-shifted band resulting from the exciton energy relaxation; this 
latter feature contains the relevant information about the level statistics. To model the 
aggregate and to simulate the J-band we use a Frenkel exciton Hamiltonian with diagonal 
disorder. A Pauli master equation for the exciton populations is employed to describe the 
exciton spectral dynamics induced by a weak exciton-phonon interaction. Combining the 
experimental data with theoretical fits, we extract the level spacing distribution and find that 
it is of a Wigner-Dyson type. This is a clear indication of level repulsion, characteristic of a 
hidden local energy structure of the density of states. 

I. INTRODUCTION 

The optical response and excitation energy transport properties of a large variety of low-
dimensional nanosystems are dominated by excitonic excitations. Examples of such 
nanosystems are found in conjugated oligomer aggregates [1] and polymers [2], molecular J-
aggregates [3-5], semiconductor quantum wells and quantum dots [6], semiconductor 
quantum wires [7, 8], as well as in photosynthetic light harvesting complexes [9-11] and 
proteins [12, 13] (see Refs. 14 and 15 for recent overviews). In all these systems, the excitons 
are confined within a nanometer scale at least in one dimension. The properties of confined 
excitons differ drastically from those in bulk materials [16-18], in particular, limiting the 
degrees of freedom gradually transforms the continuum of states in 3D bulk materials to a 
discrete spectrum in 0D quantum dots. Another salient feature of low-dimensional 
nanosystems is the enhanced role played by disorder. The disorder itself is a consequence of 
static and dynamic fluctuations of the host material, growth conditions, as well as 
imperfections and fluctuations of the systems themselves. Generally, disorder localizes 

                                                 
* This chapter is based on: R. Augulis, A. Pugžlys, A. V. Malyshev, V. A. Malyshev, P. H. M. van 
Loosdrecht, and J. Knoester (in preparation). 
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excitonic states, leading for instance to the presence of tails in the density of states (DOS) 
outside of the bare exciton band, usually referred to as Lifshits tails [19-21]. At low 
temperature, excitons reside in the neighbourhood of the lower band edge, i.e., just in the 
Lifshits tail. Thus, this part of the DOS is of primary importance for transport phenomena. 
Also, for many of the systems mentioned above, the optically dominant exciton states are 
typically found in this energy region. This gives us a unique opportunity to probe the exciton 
states of the Lifshits tail by optical techniques.  

In this chapter we will be dealing with the level statistics of exciton states within the 
Lifshits tail for disordered molecular J-aggregates. Two types of localized states can be 
distinguished within the tail: those overlapping significantly with other states, and those 
having a negligible overlap. The former repel each other, while the latter can be 
infinitesimally close in energy [22, 23]. Here we will focus on the repelling states. Although 
hidden in the integrated quantities, such as the linear absorption spectrum and the DOS, these 
states affect nonlinear optical response [24-31] and exciton transport [32-34]. 

Level repulsion phenomena have previously been studied in connection with localized 
Wannier excitons in disordered quantum wells [35-39] and wires [40-42] using time-resolved 
resonant Rayleigh scattering [35-37] and near-field spectroscopy [38-42]. In Ref. 43, an 
alternative method has been suggested for studying the level statistics in the Lifshits tail – 
low-temperature time-resolved selectively excited exciton fluorescence, widely known as 
fluorescence line narrowing (FLN). Exciting systems with a narrow (in molecular aggregates: 
compared to the J-band width) excitation band leads to a fluorescence spectrum consisting of 
a sharp intense peak at the excitation energy, observable immediately upon excitation, and a 
red-shifted band, resulting from the exciton energy relaxation, featuring a delayed formation. 
This latter feature contains the information about the level statistics of the spatially 
overlapping states. We apply this method to study the repulsive level statistics of the Lifshits 
tail in the pseudoisocyanine dye (PIC) J-aggregates. We extract the conditional probability 
distribution of the overlapping states from the selectively excited fluorescence data and show 
that the distribution is of a Wigner-Dyson type, i.e. demonstrate the absence of overlapping 
states with zero energy spacing. 

The outline of the chapter is as follows. In the next section, the sample preparation 
procedure and the experimental setup are described. In section III, we present our model for 
calculating the exciton energy spectrum and wave functions based on a Frenkel Hamiltonian 
with uncorrelated diagonal disorder as well as an exciton relaxation model, employing a Pauli 
master equation for the exciton populations. Section IV contains the experimental results on 
the FLN of PIC J-aggregates and their comparison with the theory. In the same section the 
description of the procedure used to extract the relevant information about the nearest-
neighbour level distribution from the red feature of the fluorescence spectrum is described. 
Finally, in the section V the results are summarized and the conclusions are drawn. 

II. SAMPLE PREPARATION AND EXPERIMENTAL SETUPS 

Stock solutions of 1 × 10-2 M pseudoisocyanine chloride (PIC-Cl) (Hayoshibara) were 
prepared by dissolving the dye in doubly distilled water and stirring at 80°C for 30 min. At 
this concentration, PIC J-aggregates form while the solution cools down to room temperature. 
A droplet of warm solution was squeezed between two 0.12 mm thick glass microscope cover 
slips or between a copper plate and a microscope slip, first cooled to room temperature and 
then quenched to 77 K in liquid nitrogen. Subsequently, the sample was transported into a 
4He continuous-flow cryostat (CF1204SEG, Oxford Instruments). All the experiments on the 
aggregates were performed at cryogenic temperatures (4-4.5 K). 
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Continuous-wave (CW) fluorescence measurements were performed by using a Xe-arc 
lamp as an excitation source. The excitation spectrum was narrowed down to 0.1 nm by 
means of a double additive monochromator. The emission spectra were recorded by using a 
triple grating monochromator in the subtractive mode equipped with a liquid-nitrogen-cooled 
CCD detector (spectral resolution ~0.05 nm). 

High spectral resolution time-resolved fluorescence measurements were performed using 
Ti:Sapphire amplified laser (Hurricane, Spectra Physics) based system. The amplified laser 
produced 800 nm, 150 fs pulses at a repetition rate of 1 kHz. A portion of the laser output 
was directed into a non-collinearly pumped optical parametric amplifier (NOPA, Topas 
White, Light Conversion), tuneable in a range of 480-800 nm, with spectral width of 
approximately 10 nm. The output of the NOPA was used for a coarse wavelength selection 
around 570 nm, and after that spectrally filtered by a 0.85 m double grating monochromator 
using a subtractive geometry to compensate for pulse tilt. The monochromator was used for 
fine tuning of the excitation wavelength and line-width, with a smallest achievable line-width 
of about 0.02 nm. For most of the experiments a line-width of approximately 0.1 nm was 
chosen in order to keep the pulse duration below 30 ps. The output of the monochromator 
was attenuated to approximately 100 pJ per pulse and focused into the sample. The pulse 
energy was kept as high as possible, while still having a negligible exciton-exciton 
annihilation probability. Clear exciton-exciton annihilation effects were observed for pulse 
energies of about 1 nJ and above. The fluorescence from the sample was detected by a streak 
camera system with a dump-mode sweep unit (Hamamatsu). The time resolution of the whole 
system was about 100 ps, mainly limited by pulse tilt in the detection system arising from the 
usage of a single grating monochromator in the streak camera part.  

For higher time-resolution resolution experiments with no spectral selectivity the sample 
was irradiated by the frequency-doubled output (480 nm, 120 fs) of a tuneable 76 MHz 
Ti:Sapphire laser (Mira 900, Coherent), which was pumped by an all-solid-state diode-
pumped, frequency doubled Nd:YVO4 laser (Verdi, Coherent). To minimize heating of the 
sample, a pulse picker was used to reduce the repetition rate to 1.9 MHz. After attenuation to 
pulse energies of about 1 pJ, the beam was focused into the sample. In this case, the resulting 
excitation density corresponded to the absorption of less than one photon per 105 monomers, 
thus ensuring the absence of exciton-exciton annihilation processes. 

III. THEORETICAL BACKGROUND 

A. Hidden structure of the Lifshits tail 

A single aggregate can be modelled as an open linear chain of N optically active two-
level units (monomers) with parallel transition dipoles which are coupled to each other by 
dipole-dipole transfer interactions. The interactions delocalize the monomer excitations. The 
chain's optical excitations are Frenkel excitons which may be described by the Hamiltonian 

∑∑ +=
=

N

mn

nm

N

n

n mnJnnH
,1

ωex ,    (1) 

where |n〉 denotes the state in which only the nth monomer is excited with excitation energy 
ωn. The random ωn values are taken from an uncorrelated Gaussian distribution with mean ω0 
(the excitation energy of an isolated monomer) and standard deviation σ – the diagonal 
disorder strength of the system. The dipolar transfer interactions Jnm = -J/|n – m|3, (Jnn = 0) are 
considered to be non fluctuating. The parameter J represents the magnitude of the nearest-
neighbour transfer interaction. Typically, for pseudoisocyanine aggregates with Cl 
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counterion, one has 5σ ≈ J ≈ ω0/30. A negative sign of Jnm is appropriate for J-aggregates. 
The exciton energies εν (ν = 1, … , Ν) and wave functions  φν(n) (taken to be real) are 
obtained by diagonalization of the N × N Hamilton matrix Hnm = 〈n|H|m〉. 

Figure 1 shows a typical wave function arrangement in the neighbourhood of the lower 
excitonic band edge. The disorder localizes the exciton wave functions and leads to the 
appearance of states below the bare energy band edge εb = -2.404J, forming the Lifshits tail 
of the DOS [19-21], the energy region of primary interest here. The tail states result from the 
localization in well-like fluctuations of the site potential ωn. The optically dominant states of 
the Lifshits tail resemble s-like wave functions (red filled curves in Fig. 1) and have no nodes 
within their localization segments [23]. The s-like states lying deep in the tail usually appear 
as singlets. They are localized by the so-called optimal fluctuations of the site potential ω 
[19-21]. However, close to the band edge the s-like states often have partners localized on the 
same segment, i.e. within the same delocalization length. These partners look like p states 
(blue filled curves in Fig. 1), having one node within the localization segment. Sometimes, 
even d-like states occur on a segment but this is a very rare event. These manifolds form the 
local (hidden) structure of the DOS tail [22, 23]. Because such manifolds are localized at the 
same site potential fluctuations, their levels undergo repulsion. States from different distant 
(non-overlapping) manifolds do not interact, and can therefore be arbitrarily close in energy 
[23]. 

 
 

Figure 1. Exciton wave functions φν(n) (ν = 1…17) in the neighbourhood of the bare exciton band 
edge εb/J = -2.404 obtained by diagonalizing the Hamiltonian (1) with static disorder σ = 0.1J. The 
total number of sites in the simulation N = 1000, which is effectively equivalent to an infinite chain.  
The Lifshits tail of the DOS (ε < εb) is shaded. The origin of the energy is chosen at ω0, the baseline of 
each wave function represents its energy in the units of J. Wave functions are in arbitrary units. N* 
denotes the typical delocalization length or the segment size of the tail states. The filled red curves are 
s-like states which overlap weakly. Some of them appear even slightly above the bare band edge. The 
filled blue curves are p-like states which overlap well with their s-like partner states lying below. The 
typical distance between s and p-like partners is εsp. Higher grey-shaded states are band states. They 
are delocalized to a larger extent as compared to the tail states. 
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The transition dipole moment from the ground state to the s-like states is given by 

( )∑=
n

Nn
*~νν ϕµ , where N* is the typical localization size of the s-like states; the effect 

known as superradiant enhancement (see, e.g., Ref. 44). Typically, the transition dipole 
moments of the p-like states are several times smaller than the ones of the s-like states [43]. 
Nevertheless, since the p-like states are not perfectly antisymmetric, their transition dipole 
moments are non-zero, so these states can be optically excited too. The level repulsion within 
the local manifolds can therefore be probed optically by studying the exciton relaxation 
between the s and the p-like levels [43] as clarified in the next sections. 

B. Relaxation model 

The model of excitation relaxation in quasi one-dimensional PIC J-aggregates applied 
here is essentially the same as the one used for the tubular aggregates discussed in chapter 4. 
The model is based on the observation that the exciton-vibration coupling in J-aggregates is 
weak. This is corroborated by at least two facts: first, the narrowness of the J-band, which is 
only a few tens of cm-1 at liquid helium temperature and becomes several times broader at 
room temperature, and second, the smallness of the fluorescence Stokes shift of the J-band 
(see, e.g., Refs. 45-47) in comparison to that of the monomer fluorescence. This is a clear 
signature demonstrating that the extended nature of the exciton states reduces both the static 
and dynamic fluctuations, effects known as exchange [48] and motional [49, 50] narrowing, 
respectively. 

The weakness of the exciton-vibration coupling allows one to calculate the exciton 
scattering rates using perturbation theory. Within the model of a glassy host, which ignores 
correlations in the energy fluctuations of the different sites on the chain, the scattering rates 
are given by (for details see Refs. 51-54): 
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Here, the constant W0 is a parameter that characterizes the overall strength of the phonon-
assisted exciton scattering rates. The phonon spectral density S(Eν – Εµ) is exciton-phonon 
coupling weighted one-phonon density of states. Specifically, within the Debye model for the 
density of phonon states, the spectral density is given by S(Eν – Eµ) = (|Eν – Eµ |/J)3, here 
division by J is used to obtain S(Eν – Eµ) in dimensionless units. The sum over sites in Eq. 2 
represents the overlap integral of exciton probabilities for the states |µ〉 and |ν〉. Finally, n(Ω) 
= [exp(Ω/T) – 1]-1 is the mean occupation number of the phonon state with energy Ω (the 
Boltzmann constant is set to unity). Due to the presence of the factors n(Ω) and 1 + n(Ω), the 
transition rates meet the principle of detailed balance, Wνµ = Wµνexp[(Eµ – Eν)/T], leading to 
the Boltzmann equilibrium distribution of excitons in the absence of decay. This model of the 
exciton scattering has been successfully applied to describe a number of experiments on the 
spectral and radiative dynamics of molecular J-aggregates [47, 55, 56].  

To describe the exciton relaxation, we use the Pauli master equation for the populations 
Pν of the exciton states: 

( )∑
=

−+−=
N

PWPWPFRP
1µ

νµνµνµννννν γ& ,   (3) 

where Rν is a source term, ( )( )2
1∑ =

=
N

n
nF νν ϕ  is the dimensionless oscillator strength of the νth 

exciton state, and γν = γ0Fν is its spontaneous emission rate, where γ0 is the spontaneous 
emission rate of a monomer. 
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C. Inter-segment vs. intra-segment relaxation 

We focus on an experiment in which a narrow-band continuous wave (CW) laser 
excitation is used to selectively excite states in a narrow part of the J-band and set the source 
term Rν(t) = R0δ(Eex –  Eν), Eex being the laser excitation energy. The fluorescence spectrum is 
given by 

( ) ( ) ( )∫ ∑
∞

=

−=
0 1

1
dtEEtP

N
EF

N

ν
ννν δγ .     (4) 

At low temperatures, the case we are mostly interested in, only states with Eν ≤ Eex are 
relevant. In this case the fluorescence spectrum consists of a narrow peak (resonance 
fluorescence), resulting from the emission from the initially excited states and a red-shifted 
feature arising from the states that are populated by the relaxation from the initially excited 
ones [43, 57, 58]. If the laser frequency lies in the main part of the absorption band, not too 
far in the blue wing, the initially excited states are either of s or p-type. To illustrate this, the 
energy distributions of p and s states (Ps(E) and Pp(E), respectively) together with the 
absorption spectrum are shown in Fig. 2. The s-like states form the red tail of the absorption 
spectrum, while the p-states appear preferably on the blue tail of the J-band. This is an 
important observation for our further analysis. 
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Figure 2. Energy distributions of s- and p-like states, Ps(E) and Pp(E), respectively, together with the 
absorption spectrum A(E) calculated for the disordered Frenkel chain of 1000 sites at the disorder 
strength σ = 0.2 J. See Ref. 43 for the details of the calculation. 

 
The radiative relaxation of both s- and p-like states contributes to the resonance 

fluorescence with the relative weights γs(Eex)Ps(Eex) and γp(Eex)Pp(Eex), respectively, where 
γs(Eex) and γp(Eex) are the corresponding radiative rate constants (for the moment we neglect 
the phonon-assisted relaxation channel). Therefore, in spite of the fact that typically γp/γs ≈ 
0.1 [43], the contribution of the "dark" p-like states to the resonance peak can match or even 
exceed the one coming from the optically dominant s-like states, provided that one excites the 
aggregates at the blue tail of the absorption spectrum where Ps(E) << Pp(E). Furthermore, the 
phonon-assisted transition of a p-like state to its s partner is much faster than that between 
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two distant s states; the probability overlap ( ) ( )∑ =
=

N

n
nnI

1

22
νµµν ϕϕ  even for two adjacent s-

like states is typically about two orders of magnitude smaller than that within sp doublets 
[23], i.e. Wsp>>Ws′s. 

 

 
Figure 3. Cartoon of the local DOS tail states, illustrating the possible channels of the exciton 
relaxation at zero temperature after excitation within a narrow window. The solid (dashed) arrow 
shows the intra (inter) segment relaxation with the rate Wsp (Ws′s), while the wavy arrows denote the 
radiative decays with the typical rates γs = γ0Ν

* and γp ≈ 0.1γ0Ν
* (N* is the typical segment length). 

 
A typical relaxation scenario is illustrated in Fig. 3. The two states to the right form a 

local manifold consisting of a p-like (the upper one) and an s-like (the lower one). The two 
left states represent s-like states localized on the different segments of the aggregate.  The 
excitations from the initially excited p-like states relax to their s-like partners. Further, the 
relaxation from the s-like states (including the initially excited ones) can only continue to the 
s-like states localized on the other segments (s′ in Fig. 3). As the result of both relaxation 
pathways, a red-shifted feature arises in the fluorescence spectrum. If the aggregates are 
excited in the blue tail of the absorption J-band, i.e., in the region where predominantly the p-
like states are located, and the inter-segment relaxation rate Ws′s is much lower than the 
excitation decay rate from the s-like states γs, then the red-shifted band is mostly formed due 
to the relaxation within sp doublets. Its spectral shape is determined by the product S(Eex – 
E)Psp(Eex – E), where Psp(Eex – E) is the conditional probability distribution of the sp level 
spacing [43]. Thus, Psp(Eex – E) can be extracted from the red-sifted feature if the spectral 
density S(Eex – E) is known. 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

A. Continuous wave experiments 

Figure 4 shows the absorption and fluorescence spectra of PIC-Cl J-aggregates. The 
fluorescence spectrum is measured after excitation at 480 nm. Both spectra exhibit intense 
peaks at 570.3 nm and 571.1 nm for absorption and fluorescence, respectively, which 
originate from the dominant exciton transitions. The inset displays the absorption spectrum in 
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a wider spectral range. The origin of several broad absorption bands in the range of 450 – 550 
nm is not clearly known, but they might arise due to the fact that the structure of the PIC 
aggregates is more complex than the model used here, e.g. there is more than one monomer 
per unit cell or the aggregates are not purely one-dimensional. In addition, a weak somewhat 
broader than the J-band shoulder is located on the red side of the J-band. A pump-probe study 
of this shoulder (not presented here) revealed that it has an excitonic nature. We relate this 
feature to aggregates in the neighbourhood of substrates, because the relative strength of the 
shoulder gets weaker upon increasing thickness of the aggregate film: the contribution from 
the bulk aggregates increases while the contribution from the surfaces bound aggregates 
remains constant. 
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Figure 4. The steady-state normalized absorption (solid line) and fluorescence (dotted line) spectra of 
PIC-Cl J-aggregates in the neighbourhood of the J-band. The fluorescence spectrum was measured 
after off-resonance excitation far in the blue tail of the absorption spectrum (λex = 480 nm) at T = 3 K 
temperature. The inset shows the absorption spectrum in a wider spectral range. 

 
As it was already discussed above, the zero-temperature fluorescence spectrum of J-

aggregates, selectively excited within the blue tail of the J-band, is expected to feature an 
emission peak at the excitation wavelength and a red-shifted band, mainly caused by the 
relaxation within sp pairs. Moreover, the red-sifted band shape should be excitation 
wavelength dependent because of energy difference restrictions between the states within the 
sp pairs (εsp in Fig. 1). In Fig. 5, a series of steady-state resonance fluorescence spectra 
measured after selective excitation at various wavelengths within the J-band are plotted. Each 
spectrum exhibits a narrow peak at the excitation wavelength and a broad red-shifted feature 
separated from the peak by a well pronounced dip. The position of the maximum of the 
feature is nearly independent of the excitation wavelength as long as it is on the blue side of 
the main absorption peak (lower four spectra in Fig. 5). For the red-side excitation, the peak 
position of the feature moves to the red, the lineshape changes considerably, and the dip 
washes out (upper four spectra). It is the dip close to the excitation energy that is of primary 
interest, since this is the feature which may be indicative of level repulsion of closely spaced 
levels, i.e. of non-trivial level statistics. The sheer existence of the dip, however, is not 
enough to conclude on the level statistics because the lineshape is determined by the product 
of the level spacing distribution function and the phonon spectral density. The latter tends to 
zero at zero energy. 
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One should also bear in mind that together with the fluorescence of the relaxed excitons 
[43, 57, 58], being of our primary interest, two more processes contribute to the red feature 
and affect its lineshape: the phonon side-band fluorescence [43], and the fluorescence from 
aggregates near the surfaces mentioned above. All three contributions are spectrally 
superimposed and must be separated in order to extract the signal we are interested in. 
Careful analysis of the spectra is therefore needed to uncover the level repulsion. 
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Figure 5. Low temperature (T = 4 K) steady-state fluorescence spectra of PIC-Cl J-aggregates 
measured while selectively exciting within the J-band. Each spectrum is normalized to the maximum 
of the red-shifted feature; the spectra are offset with respect to each other for clarity. The vertical 
dashed lines show the positions of the red feature maxima. The excitation wavelengths are indicated 
by dotted lines along the right vertical axis. 

 
The temperature, at which the measurements are performed is T = 4 K, which corresponds 

to about 0.1 nm in the wavelength scale at 570 nm, comparable with the excitation line-width 
used and the overall spectral resolution of the detection system. Thus, the influence of 
temperature for the results of the experiments is not negligible, e.g. transitions upwards 
between closely spaced states are possible. Nevertheless, since the temperature is not the 
main factor determining the accuracy of the results, zero-temperature simulation data is used 
for further analysis and theory versus experiment comparisons. 

B. Time-resolved experiments 

The conditional sp level spacing probability distribution can be extracted from the CW 
data described above only if the red-shifted band is formed solely due to intra-segment 
relaxation within the sp pairs. The inter-segment relaxation, contributes to the CW 
fluorescence spectrum negligibly only when it is much slower than the intra-segment 
relaxation and the radiative decay of the s-like states, i.e. Ws′s << Wsp and Ws′s << γs. To check 
whether this condition holds for the PIC-Cl aggregates, time and spectrally resolved 
fluorescence experiments with selective excitation are performed. In addition, the comparison 
of experimentally measured intra-segment relaxation rate Wsp with its theoretical value is a 
good criterion for the validation of the relaxation model used.   
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The main results of the time-resolved high spectral resolution experiments are shown in 
Fig. 6. The sample is excited at 570.2 nm – slightly above the peak of the absorption band. 
The total time and spectrally resolved dynamics in the upper panel features an intense 
excitation peak, traces of which are visible even at rather late times (t > 1 ns) and a red-
shifted band which appears together with the excitation pulse with no significant delayed 
formation. To analyse the dynamics in more detail, the spectrally integrated decay traces of 
the excitation peak, red-shifted band, and the total intensity are plotted in the lower left panel. 
It is clear that during the first 100 – 200 ps the total fluorescence intensity decays very 
rapidly (τ < 100 ps), then, at later times, about 1% of the signal decays much slower (the 
decay time constant for the tail above 300 ps is about 200 ps).  
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Figure 6. High spectral resolution fluorescence dynamics at T = 4.5 K, excitation wavelength λex = 
570.2 nm. Upper panel: the chrono-spectroscopic fluorescence dynamics. Lower left panel: spectrally 
integrated fluorescence decay dynamics of the peak at the excitation wavelength (dashed line), red-
shifted band (solid line), and the total emission (dotted line). Lower right panel: time integrated 
fluorescence spectra at zero (dotted line), early (dashed line), and late (solid line) times of the 
dynamics. The intervals of spectral and time integration are shown in the legends of the panels. 

 
The estimated fraction of the scattered excitation light in the peak is only about 30%, 

which means that the majority of the fast decaying signal is indeed fluorescence. In the case 
when the excitation energy is slightly above the J-peak the densities of p- and s-like states are 
nearly equal and γs ≈ 10γp, so the majority of the photons absorbed, contribute to the 
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population of the s-like states (Ns*/Np ≈ γs/γp ≈ 10). Moreover, the emission probability is 
proportional to the oscillator strength, so at early times after the excitation, the contribution of 
the p-like states to the fluorescence intensity at the excitation wavelength is (γp/γs)

2 ≈ 0.01. 
This means that the rapid decay of fluorescence at the excitation wavelength is mainly caused 
by the relaxation of the s-like states. Low time resolution of the experiment doesn’t allow 
extraction of γs with high precision, though it is possible to estimate its lower limit (γs ≥ (50 
ps)-1). 

To describe the remaining part of the fluorescence dynamics, we consider a simplified 
model with populations of three different states: Np and Ns* – p-like states and s-like states at 
the excitation wavelength, respectively and Ns – s-like states in the red-shifted band. All the 
populations, Np, Ns, and Ns*, decay radiatively. When Ws’s is much lower than all the other 
rate constants involved, then it has no influence the other populations (Np and Ns), while 
excitations form the Np are transferred to Ns with the rate constant Wsp: 
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where, the fluorescence intensity dynamics (Is*, Ip, and Is) is derived using the initial 
conditions Ns = 0, Np = 1, and Ns* = γs/γp at t = 0. When γs > γp + Wsp (which, in our case, is 
relevant), several values, observable even in the low resolution data, can be obtained from the 
rate equations: 
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Eqs. 6.1 and 6.2 show, that at late times t >> γs, fluorescence from both, the peak at the 
excitation wavelength (Ip + Is*) and the red-shifted band (Is), decay with the same rate, which 
is also clear form the experimental data in Fig. 6. Moreover, this rate and the intensity ratio 
can be used to estimate the rates Wsp and γp. In Fig. 7, a comparison of the experimental data 
and the simulated dynamics (Eq. 5) is shown. The parameters for the simulations are 
estimated using Eqs. 6.1 and 6.2. The match of the results is quite reasonable, having in mind 
that several important details are omitted in the model: first, within any time-scale the 
dynamics is non-exponential, indicating a spread in the values of the rate constants, second, 
the rate equations (Eq. 5) do not take into account any non-radiative relaxation pathways to 
the ground state, thus the radiative decay rate constants might be somewhat overestimated. 

On the right panel of Fig. 6 the time integrated spectra of the fluorescence are shown. It is 
quite clear that the peak position of the red shifted band (λ ≈ 570.9 nm), doesn’t differ 
significantly between zero-time and later time spectra. The dip between the excitation peak 
and the red-shifted band remains intact as well, indicating that almost no inter-segment 
transitions take place within at least one nanosecond (Ws′s < (1 ns)-1). To summarize, despite 
the low time-resolution of the experiment, several useful facts are obtained from the time-
resolved data: γs = (40 ps)-1, γp = (1 ns)-1, Wsp = (250 ps)-1, also Ws′s > (1 ns)-1.  Though the 
relaxation rates are estimated rather approximately, the accuracy is sufficient to see that the 
conditions Ws′s << Wsp and Ws′s << γs are satisfied to an acceptable degree, consequently the 
CW data is applicable for the analysis of level statistics. 



CHAPTER 6 

 80 

0.0 0.5 1.0 1.5

10
1

10
2

10
3

10
4

10
5

F
lu

o
re

s
c
e

n
c
e

 (
a

rb
. 
u

.)

t (ns)

Excitation peak:

 experiment

 model

Red-shifted band:

 experiment

 model

 
Figure 7. High spectral resolution fluorescence dynamics at T = 4.5 K, excitation wavelength λex = 
570.2 nm. Comparison of the experimental data and the modelling results. Parameters used: 
γs = (40 ps)-1, γp = (1 ns)-1, Wsp = (250 ps)-1. For clearer comparison, the modelling data is convoluted 
with σ = 50 ps Gaussian distribution, which approximately matches the response function of the 
experimental setup. 

 
For additional verification of the abovementioned conditions, higher resolution time-

resolved fluorescence measurements are performed, though in this case selective excitation is 
not possible. The aggregates are excited at 480 nm, far from the J-band. Since the relaxation 
from the delocalized high lying states in the excitonic manifold to the optically active states 
in the DOS tail is very fast (2 ps for tubular cyanine aggregates [59] and chapter 4), for the 
timescales above several picoseconds, the situation when the aggregates are excited far above 
the J-band can be considered as an equivalent to the one when the J-band is excited directly, 
but non-selectively. The fluorescence spectrum in this situation is still dominated by the 
emission from the p and s-like states. The higher lying states can also contribute to the 
spectrum, although their contribution is negligible because of their low transition dipole 
moments. 

In Fig. 8, the main results of time-resolved fluorescence experiments with non-selective 
excitation are shown. The decay is non-exponential, as can be seen in the lower left panel. In 
addition to this, a quite pronounced spectral dynamics is observed – the red tail of the J-band 
decays considerably slower then the blue tail. The spectral shift dynamics is displayed on the 
lower left panel, here the centre of mass of the fluorescence band is used as a parameter 
denoting the peak position. A rather fast initial spectral shift is, most likely, due to dissipation 
of the excess energy, since the excitation energy is significantly above the J-band 
(λex = 480 nm).   

The fluorescence dynamics in the case of non-selective excitation can be also described 
by the rate equations discussed above (Eq. 5), though with unknown initial populations of 
various states. Despite this, the fluorescence decay rate at late times should approach Wsp + γp 
(Eq. 6.1) and the fastest decay component, dominant at early times, should be emission from 
initially populated s-like states, thus, revealing γs. 

Fitting the total fluorescence intensity (Fig. 8) with three exponential decay reveals two 
decay components of 15 ps and 45ps of nearly equal relative weights (approx. 0.45 and 0.48 
respectively) and a slower (160 ps) component, with lower relative weight (0.07). 
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Considering the fast components as relaxation rates from the s-like states, γs values are 
distributed in the range of 15-45 ps. From the slowest decay component, assuming that 
γp ≈ (1 ns)-1, the intra-segment relaxation can be estimated Wsp ≈ (200 ps)-1. 

The rate constants obtained by means of higher time-resolution experiments match 
closely the ones obtained by low time-resolution selective excitation experiments, proving the 
suitability of the relaxation model used and, once more, showing that conditions Ws′s<<Wsp 
and Ws′s<<γs are satisfied. 
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Figure 8. High time resolution fluorescence dynamics at T = 4.5 K, excitation wavelength λex = 480 
nm. Upper panel: the chrono-spectroscopic fluorescence dynamics (left) and the same dynamics 
normalized at every time-step, so that the decay is eliminated and spectral dynamics revealed (right). 
Lower left panel: spectrally integrated fluorescence decay dynamics of the total J-band (dotted line), 
its red tail (solid line), and its blue tail (dashed line). The intervals of spectral integration are shown in 
the legend. Lower right panel: the time-dependence of the centre of mass of the fluorescence band. 

C. Data extraction procedure 

First, we note that if the red feature is mostly due to the phonon-side band, its lineshape 
would be almost independent of the excitation energy, which contradicts the experimental 
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results: Fig. 5 demonstrates that the fluorescence lineshape, not only position, is excitation 
wavelength dependent.  Figure 9 provides further (indirect) proof of the fact that the red-
shifted feature of the fluorescence spectrum is not dominated by the phonon side-band or by 
emission from aggregates near the surface. In this figure, we show the result of elimination of 
the contribution of the phonon side-band and surface-influenced fluorescence to the red 
feature, which is represented by the solid curve. The curve was obtained as a difference of 
two experimental fluorescence spectra measured for different, but close excitation 
frequencies λ2 > λ1 according to the rule 

( ) ( ) ( )121221 ,,,, λλλλβλλλλλ +−−=∆ FFF ,   (7) 
where β is a parameter that is adjusted to eliminate the red tail (λ > 573 nm). The meaning of 
this transformation is straightforward: the F(λ1, λ) spectrum is shifted to match its excitation 
peak position with that of the F(λ2, λ) spectrum and rescaled to cancel the long red 
fluorescence tail. Note that in the differential spectrum, the red tail is suppressed almost 
completely. In Fig. 9 the adjustable parameter β = 1.06, i.e., close to unity, and will always 
retain a similar value due to the proximity of the excitation peak wavelengths λl and λ2 to 
each other. Because of that, we assume that the contribution of the phonon sideband to ∆F(λ1, 
λ2, λ), is also suppressed. 

If the lineshape of the red feature was independent of the excitation energy, the feature 
would be completely cancelled in the difference spectrum. However, after applying the above 
procedure, a narrow line in the vicinity of the J-band maximum survives, suggesting that it is 
mostly of relaxation nature. Nevertheless, the shape of the obtained narrow band is not that of 
the relaxation-mediated fluoresce (RMF), the signal we are looking for; it is distorted by such 
a straightforward subtraction and should be corrected. 
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Figure 9. The blue curve represents the red-shifted feature after eliminating the contribution of the 
phonon side-band and the fluorescence from the surface-influenced aggregates (broad read tail). It is 
obtained as a difference of two fluorescence spectra for different, but close excitation wavelengths (λ1 
≈ 568.5 nm and λ2 ≈ 569 nm, dashed (red) and dash-dotted (purple) curves, respectively) after shifting 
of the first one to overlay the excitation peak positions and rescaling its intensity to cancel out the 
contribution of the red tail. The dotted curve denotes the absorption spectrum. 

 
Arguments for making the correction are as follows. On the basis of the time-resolved 

fluorescence data discussed previously we conclude that the majority of excitons make only 
one step of relaxation, moreover, the major contribution to this process comes from the intra-
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segment hops. Furthermore, bearing in mind the theoretical (denoted by prime symbol) RMF 
lineshape R′(λ, λex) ~ S(λ – λex)×Psp(λ – λex), where λex is the excitation wavelength  (see Ref. 
43), we can relate two RMF spectra for different (close) excitation wavelength λ2 > λ1 as: 

( ) ( )
( )

( )λλ
λλ

λλ
λλ ,',' 1

1

2
2 R

S

S
R

−

−
≈ ,    (8) 

where it is assumed that the energy spacing distribution function varies much slower than the 
spectral density of phonons. As will be shown later, this assumption is consistent with the 
final results. Consequently: 

( ) ( ) ( )
( )

( )λλ
λλ

λλ
βλλβλλ ,'1,, 2

2

1
12 R

S

S
RR 









−

−
−≈− ,   (9) 

i.e., the lineshape of the RMF spectrum can be extracted from the lineshape of the differential 
RMF spectrum by dividing it by the known correction function: 

( ) ( )
( )2

11
λλ

λλ
βλ
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−
−=

S

S
g  .    (10) 

It is important that the correction function is almost constant for wavelengths that are far 
from the excitation wavelengths (λ – λ1,2 >> |λ2 – λ1|). Thus, g(λ) does not change the shape of 
the distant features in the long red tail of the experimental fluorescence spectra. Such features 
will therefore be cancelled in the differential spectrum which will contain only the 
contribution of the RMF. Finally, applying the above reasoning and formulae to the 
experimental FLN spectra, we can recover the RMF lineshape R(λex, λ) according to the 
formula: 

( ) ( ) ( )
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λλβλλ
λλ

g

RR
R

−−
= 12

2

,
,'     (11) 

where β is adjusted to cancel the long red tail. 

D. Discussion 

In Figs. 10 and 11, the main experimental results are shown. The data extraction 
procedure, described in the preceding section, is applied to obtain the RMF signal from the 
steady state FLN spectra. The theoretical fits are based on the model described in Sec. III. 
The details of the simulations are described in Ref. 43. The strength of Gaussian disorder σ in 
the Hamiltonian (1) is adjusted by fitting the PIC-Cl absorption spectrum and is found to be σ 
= 0.2J. 

In Fig. 10 we plotted the RMF spectrum R(λ, λex) obtained from the experimental spectra 
of Fig. 5 according to the procedure given by Eq. 11 (open circles) together with the 
theoretical RMF spectra calculated for various phonon spectral densities, S(∆Ε) ∝ ∆Εα with α 
= 1, 2, and 3 (dash-dotted, dashed, and solid curves). It is clear that the best agreement of 
experimental and theoretical spectra is obtained for the Debye model of the phonon spectral 
density, S(∆Ε) ∝ ∆Ε3 (open circles compared with the solid curve), while the other powers of 
λ-dependence give a much worse agreement. This corroborates the results of Ref. 56, where 
the Debye model of S(∆Ε) has been successfully used to explain the temperature dependence 
of the J-band width and the radiative lifetime of pseudoisocyanine aggregates. In fact, the 
data presented in Fig. 10 is very important for our purpose because they allow us to 
discriminate the shape of the phonon spectral density: it should be of the Debye nature to 
correctly describe the experiment. As was already mentioned before, this function is needed 
to extract the nearest-neighbour level spacing distribution from the RMF signal. 
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Figure 10. Open circles represent the experimental red-shifted feature obtained after applying the 
subtraction procedure (described in the text) to eliminate the contribution of the long red tail resulting 
from other transitions. The solid curve (red) is the theoretical RMF spectrum calculated for the Debye 
phonon spectral density S(∆Ε) ∝ ∆Ε3, while the dashed-dotted (black) and dashed (blue) curves are 
the FRE spectra for S(∆Ε) ∝ ∆Ε, and S(∆Ε) ∝ ∆Ε2, respectively. The dotted curve denotes the 
absorption spectrum. 
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Figure 11. Open circles, full and dotted curves denote the same as in Fig. 9. Open diamonds represent 
the conditional probability of the nearest-level spacing distribution Psp obtained by dividing the 
experimental curve (open circles) by the Debye phonon spectral density S(∆Ε) ∝ ∆Ε3. The black 
curve shows Psp calculated numerically. 

 
 Figure 11 shows the principal result of the present study: the conditional distribution of 

the nearest-neighbour level spacing, Psp (diamonds), obtained after dividing the extracted 
RMF spectrum presented in Fig. 10 (open circles) by the phonon spectral density S(∆Ε) 
∝ ∆Ε3. We see that Psp(∆Ε) tends to zero upon ∆Ε → 0. This is a clear signature of the 
repulsive statistics of the nearest level spacing, i.e., it is of a Wigner-Dyson-type. From our 
data, unfortunately, we can not judge that the statistics is exactly of that type, for which Psp 
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would diminish linearly. We finally note that the data satisfies our assumption made when 
deriving Eq. 8 that the energy spacing distribution function varies with λ slower than the 
phonon spectral density. 

V. SUMMARY AND CONCLUDING REMARKS 

The energy level statistics in PIC-Cl J-aggregates is studied near the exciton band bottom, 
the region which dominates the aggregate optical response and low-temperature transport. 
The low-temperature fluorescence spectra obtained after a narrow selective excitation within 
the J-band are used. A typical fluorescence spectrum, obtained in this manner, consists of a 
narrow peak at the excitation wavelength and a less intense red-shifted feature. The latter 
may result from the phonon sideband emission as well as from the exciton fluorescence after 
downward intra-band relaxation.  

In our case, the absorption and fluorescence spectra exhibit a long red tail originating 
from the aggregates in the neighbourhood of the substrates. We developed a procedure based 
on the analysis of differential spectra for two close excitation wavelengths, which allows us 
to eliminate the contribution of the phonon sideband as well as significantly diminish the 
contributions of the surface bound aggregates. The spectrum extracted in this way is mostly 
due to relaxation-mediated fluorescence. Moreover, this signal mainly is driven the intra-
segment exciton transitions, i.e., by transitions of excitons within p-s doublets of states, 
localized on the same segment of the aggregate. Its shape is determined by a product of the 
phonon spectral density and the conditional probability distribution of the nearest-level 
spacing; the latter therefore can be recovered from the relaxation-mediated spectrum, if the 
phonon spectral density is known. 

It turned out that the Debye model of the phonon spectral density (~∆Ε3) fits the 
experimental data in the best way. With this in mind, we recovered the conditional 
probability of the exciton nearest-level spacing distribution from the relaxation-mediated 
fluorescence spectrum and found that it is of the Wigner-Dyson type, which is a clear 
signature of level repulsion. 

Finally, it should be stressed that the method used here for studying the statistics in the 
Lifshits tail of the DOS, based on FLN spectra, has a wider applicability than the simple 1D 
Frenkel exciton system considered here. The reason is that the key ingredients – the nature of 
the states in the Lifshits tail and the scenario of phonon-induced relaxation of excitons are 
shared by a large variety of systems, including quantum wells and wires [60-62]. 
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Chapter 7  
 

Exciton spectra and microscopic structure 
of self-assembled porphyrin nanotubes* 

ABSTRACT 

The optical properties of tubular aggregates formed by zwitterionic tetra(4-
sulphonatophenyl)porphyrin (TPPS4) are studied through a combination of experimental and 
theoretical techniques. The interest in these systems, with diameters of 18 nm and lengths 
extending up to microns, derives from their strong interaction with light and their similarity 
to natural light-harvesting systems for photosynthesis. The absorption and linear dichroism 
spectra are obtained in the spectral region from 300 to 750 nm, which includes the exciton 
bands deriving from the molecular B (Soret) as well as the Q transitions. We demonstrate that 
a Frenkel exciton model which takes into account the four dominant molecular excited states 
(Bx, By, Qx, and Qy) provides a good global fit to the experimental spectra. From comparison 
between theory and experiment the detailed molecular organization within the nanotube is 
determined. 

I. INTRODUCTION 

Self-assembled aggregates of organic dye molecules possess unique linear and non-linear 
optical properties and display intriguing excitation energy transport phenomena. They are of 
fundamental interest as model materials to study the nature and the dynamics of excitons in 
systems of reduced dimensionality. The extraordinary optical properties of molecular 
aggregates are to a large extent governed by exciton delocalization, transport, and relaxation 
phenomena. Moreover, molecular aggregates, in particular those of porphyrin derivatives, 
resemble light-harvesting complexes found in natural photosynthetic systems [1-5], making 
them attractive as model materials for studies of fundamental photo-physical processes 
occurring in biological systems as well as for practical applications as building blocks for 
artificial light energy harvesting and transport systems. Reaching a better understanding of 
the structural and functional properties of aggregates plays a central role in tuning the self-
assembly process and finding desired structures with specific functions. 

Among the most prominent examples of aggregates occurring in nature are the 
chlorosomes of green bacteria [3, 6, 7], the structure and properties of which can be closely 
simulated in artificial model systems – tubular aggregates obtained through self-assembly of, 
for example, synthetic bacteriochlorophyll derivatives [5, 8] or carbocyanine chromophores 
with amphiphilic sidegroups [9-13]. A number of other porphyrin derivatives, such as TPPS2 
(bi(4-sulphonatophenyl)diphenylporphyrin) and TPPS3 (tri(4-sulphonatophenyl) phenyl-

                                                 
* This chapter is based on: S. M. Vlaming, R. Augulis, M. C. A. Stuart, J. Knoester, and P. H. M. van 
Loosdrecht (submitted to J. Phys. Chem. B). 
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porphyrin) [14], TCPP (tetra(4-carboxyphenyl) porphyrin) [15], TPPS4 (tetra(4-sulphonato-
phenyl)porphyrin) [16, 17], or a mixture of TPPS4 and SnTPyP (Sn(IV) tetra(4-pyridyl)-
porphyrin) [18] form aggregates of tubular morphology as well. However, in this chapter we 
will focus solely on the TPPS4 aggregates, because of their high stability and reproducibility 
of their structural and optical properties. 

Because of their unique structural and functional characteristics, TPPS4 nanotubes are 
promising candidates for various applications in molecular nanotechnology. For example, 
TPPS4 tubules may serve as templates for the formation of composite metallic nanostructures 
[19]. Recently, photoconductivity and light-induced current generation in TPPS4 aggregates 
were reported [20], which may lead to aggregate-based light systems for light sensing or 
harvesting. 

 

 
 

Figure 1. Structure of TPPS4. a. In pH 7 aqueous solution; b. zwitterionic form in pH 1 aqueous 
solution. Bx, By, Qx, and Qy transition dipole orientations are indicated by arrows. 

 
TPPS4 is a water-soluble tetrapyrrolic dye (Fig. 1a). In neutral to basic aqueous solutions, 

TPPS4 has four negatively charged sulphonate groups. The resulting electrostatic repulsion 
limits the possibilities of the molecules to self-assemble. With increasing acidity (starting 
from pH ≈ 4) two additional protons bind to nitrogen atoms at the center of the porphyrin 
macrocycle, inducing a positive charge density in this region. At even higher acidity (pH 1-
2), two additional protons bind to two of the SO3

- groups and screen their negative charge. 
The resulting new zwitterionic species (Fig. 1b) form J-aggregates, as is evident from the 
appearance of new absorption bands in the optical spectra [21-23]. Specifically, the 
monomeric absorption peak at around 434 nm (B, or so called, Soret band) and peaks in the 
range of 500 – 650 nm (Q bands) transform into much narrower red-shifted peaks at 490 nm 
and 709 nm, respectively, which has been attributed to the appearance of extended excited 
states [21-23] shared by a number of TPPS4 monomers. The aggregates have been suggested 
to form rod-like or planar structures of a tiled nature [24-26], such that the negatively charged 
sulphonatophenyl side groups of each monomer are positioned on top of the positively 
charged centers of their neighbors. The resulting ionic interactions and the π-π interactions 
between the porphyrin rings stabilize the structure, leading to the formation of relatively large 
tubular aggregates [16, 17]. 

Small angle X-ray scattering and atomic force microscopy (AFM) observations have been 
applied to determine the morphology of the TPPS4 aggregates. Both techniques reveal that 
TPPS4 monomers, at sufficiently high acidity (pH ≈ 1-2), aggregate into long (up to several 
micrometers) cylindrical structures, with a radius of approximately 9 nm [16, 17]. While 
these techniques allow for a good estimate of the dimensions of the tubules, they lack the 
spatial resolution to determine the microscopic arrangement of the monomers on the 
cylindrical surface. The fact that the wall thickness of the tubules, estimated by AFM [17, 27] 
and cryo-electron microscopy (cryo-EM) experiments reported later in this chapter, is 2-2.5 
nm, strongly suggests that the tube walls contain no more than a single layer of monomers. A 
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single-walled nanotubule model is also supported by ab-initio and molecular dynamics 
simulations [28]. These simulations revealed that the monomers in the aggregate are non-
planar and asymmetrical, namely, two adjacent pyrrole rings are nearly in plane with the 
porphyrin macrocycle, while the other two are tilted out of plane in opposite directions by a 
considerable degree. The asymmetry of the monomers leads to the formation of curved 
molecular threads, which form helices of approximately 20 nm in diameter. Although the 
molecular dynamics simulations were performed taking into account only interactions within 
one-dimensional threads, the estimated diameter matches the experimental data quite closely 
[16, 17, 27]. 

In spite of the considerable understanding of the morphology reported above, a more 
precise assessment of the molecular arrangement of the TPPS4 nanotubes and its relation to 
their optical properties remains an issue that needs further investigation. In this chapter we 
address these issues by combining the data of cryo-electron microscopy and steady state 
polarization-resolved spectroscopy with numerical simulations of absorption and linear 
dichroism spectra. We show that a Frenkel exciton model that takes into account the four 
dominant monomeric transitions (Bx, By, Qx, and Qy) with appropriate parameters yields a 
good global fit of the experimental spectra, allowing us to pinpoint the molecular structure of 
the nanotubes with greater precision than available hitherto. 

This chapter is organized as follows. After introducing the experimental methods in 
section II, the experimental data are presented in section III. In section IV, the structural 
model is introduced, as well as the Frenkel exciton Hamiltonian used to simulate the 
experimental spectra. The generic results of this type of model for the exciton states and the 
spectra are discussed and the incorporation of disorder is addressed. In section V, the full 
numerical results and the comparison between theory and experiment are presented. Finally, 
the results are summarized and conclusions are drawn in section VI. Several details of the 
theory are addressed in the Appendix. 

II. MATERIALS AND METHODS 

A. Preparation of TPPS4 aggregates 

Solutions of meso-tetra(4-sulphonatophenyl)porphine tetrasodium salt (TPPS4) were 
prepared by dissolving TPPS4 (Frontier Scientific, Logan, UT, USA) in Milli-Q grade water 
with an addition of NaOH to keep the pH above 7, which greatly improves solubility. 
Afterwards, the stock solutions, containing 10-2 M of TPPS4, were diluted down to 10-5 – 10-3 
M by adding a pH=1 aqueous solution of HCl, inducing aggregation. The aggregation process 
occurs on a timescale of hours to even days for low concentration solutions (10-5 M or less), 
whereas for high concentration solutions (10-3 M) it occurs on a timescale of seconds. The 
samples were left to aggregate at room temperature for at least 24 hours, ample amount of 
time for the concentrations used in our experiments. No notable spectroscopic differences 
were observed between solutions in the range of 2·10-5 – 10-3 M, which strongly indicates that 
the microscopic structure of the aggregates does not change in this concentration range. 

B. Cryo-electron microscopy 

A few microliters of aggregate suspension (5·10-4 M TPPS4) were placed on a quantifoil 
3.5/1 holey carbon-coated grid (Quantifoil micro tools GmbH, Jena, Germany). The grids 
were automatically blotted and vitrified using the vitrobot (FEI, Eindhoven, The 
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Netherlands). Frozen hydrated specimens were investigated with a Gatan cryo-stage (Model 
626, Gatan, Pleasanton, CA) in a Philips CM120 cryo-electron microscope (Philips, 
Eindhoven, The Netherlands) operating at 120 keV and in a Tecnai G2 Polara electron 
microscope (FEI, Eindhoven, The Netherlands) equipped with a Gatan energy filter. Images 
were recorded in the zero-loss imaging mode at 300 keV under low-dose conditions with a 
slow scan CCD camera (Gatan, Pleasanton, CA) [29]. 

C. Absorption and linear dichroism spectroscopy 

Absorption spectroscopy of TPPS4 aggregates was performed using a Lambda 900 
UV/VIS/NIR spectrometer (PerkinElmer). Orientation of the aggregates for the linear 
dichroism (LD) measurements was achieved by means of circulation of the solution through a 
0.1 mm thick quartz flow-cell (Starna) at approximately 2 m/s velocity. Since at flow 
velocities above 30 cm/s the LD signal amplitude reaches its saturation value and remains 
constant at flow velocities up to 2.5 m/s, we assume that in this velocity range nearly-perfect 
alignment of the aggregates along the cell is maintained. In case of partial alignment one 
would expect a noticeable LD signal dependence on the flow speed. 

Absorption spectra of oriented aggregates were measured both with light polarized 
parallel (Apar) and perpendicular (Aperp) to the axes of the aggregates. The LD values are given 
by the difference of the two: LD = Apar - Aperp. 

Isotropic absorption spectra were recorded in the same setup with unpolarized light and 
with no flow in the cell; a 2 mm quartz cell (Starna) was used for low concentration solutions. 

All spectroscopy experiments were performed at room temperature. 

III. EXPERIMENTAL RESULTS 

The absorption spectrum of TPPS4 monomers (protonated form at pH=4) is shown by the 
dashed line in Fig. 2. It shows a number of peaks: the B band at 434 nm, which originates 
from degenerate Bx and By transitions, and a number of Q band related peaks at 505, 555, 595, 
and 645 nm, which originate from non degenerate Qy(0 –  1), Qy(0 – 0), Qx(0 – 1), and Qx(0 – 

0) transitions, respectively [30]. Here x and y refer to the orientations of the various electronic 
transition dipoles within the molecule, see Fig. 1b. The lower panel of Fig. 2 shows the Q 
band region in more detail. 

Fig. 2 also presents the absorption spectrum of the aggregated species (pH=1, solid line). 
The same spectrum, together with the linear dichroism spectrum of the aggregates is shown 
in Fig. 3. The signature of aggregate formation can be observed especially clearly in the 
vicinity of the B band, in particular through the appearance of the narrow red-shifted peak at 
490 nm [31, 32], polarized parallel to the axis of the aggregates. The sharpness of this band is 
characteristic for J-aggregation. The other, somewhat less pronounced, B band related peak, 
polarized perpendicularly to the axis of the aggregate, is located at 423 nm. The Q band 
region shows one polarized transition (parallel to the axis of the aggregates) at 709 nm and a 
number of minor peaks around 670, 640, and 570 nm which show no significant polarization. 

It should be noted that experiments at very low dye concentrations (below 10-7 M), for 
which the TPPS4 molecules remain unaggregated, reveal that the TPPS4 monomeric spectra 
remain virtually unchanged in a wide range of acidity (pH= -1 – 4) [33]. This strongly 
suggests that the electronic structure of the monomers at pH=1 is the same as at pH=4 and 
implies that the shifts when changing from pH=4 to pH=1 are really due to aggregation, i.e., 
due to excitonic interactions between the molecules. 
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Figure 2. Normalized absorption spectra of various forms of TPPS4 protonated monomers at pH = 4 
(dashed line), and aggregates at pH=1. Measurements were performed with 2·10-5 M TPPS4 solutions. 

 
The cryo-electron microscopy images displayed in Fig. 4 clearly confirm the tubular 

structure of the TPPS4 aggregates. In particular, the circular cross-section of the quasi-one-
dimensional features is evident from the two short cylindrical fragments (indicated by 
arrows) that are oriented perpendicular to the plane of the image. The lengths of the tubules 
vary over a broad range and reach up to several microns. Their average diameter (distance 
between the centers of the walls) is 17.9 nm, though the diameters are not monodispersed in 
contrast to the data reported in Ref. 17. A detailed statistical analysis of the diameter 
distribution was not performed, since this distribution appears rather condition dependent: it 
is very narrow (on the order of the resolution - 0.6 nm) when the aggregation proceeds in 
solutions of low concentration (10-5 M), while it is much broader (standard deviation 1.5 nm) 
when the aggregates are prepared from high-concentration solutions (10-3 M). The effect of 
aggregation rate on the structure of aggregates was not studied quantitatively, but, not 
surprisingly, slower aggregation leads to aggregates which correspond to the most 
energetically favorable structure. It is likely that other conditions, such as temperature or pH 
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value, have some influence on the diameter distribution as well. In all observed cases, 
however, the average and the most probable diameter of the tubules remains 17.9±0.5 nm. 
Given the fact that the radius of the cylindrical aggregates is much larger than the dimensions 
of a single TPPS4 molecule, it is natural to assume that the molecular arrangement of the 
cylindrical aggregates locally does not deviate significantly from its planar counterpart and 
that the absorption and LD spectra are rather insensitive to the diameter variations. 
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Figure 3. Absorption and LD spectra of 10-4 M pH1 aqueous solution of TPPS4 aggregates. 
Measurements performed in a 0.1 mm flow-cell. Both spectra are plotted in optical density units. 

 
 

100 nm100 nm

 
 

Figure 4. Cryo-EM image of TPPS4 tubules. Two fragments of tubules, perpendicular to the plain of 
the image, are visible (marked with arrows). 

IV. MODEL 

Our formalism is an extension of previous work by Knoester and coworkers on exciton 
models for cylindrical aggregates, which has been applied successfully to model the optical 
properties of tubular aggregates of carbocyanine molecules [12] and chlorosomes of green 
bacteria [6, 34]. In this model, the molecular arrangement in the tubular structure is thought 
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of as originating from a planar aggregate wrapped onto a cylindrical surface in a seamless 
way. A Frenkel exciton model, which accounts for the resonance dipole-dipole interactions 
between the various molecules in the aggregate, is then used to describe the relevant 
collective excited states. 

For an ordered long aggregate, the cylindrical symmetry restricts the optically allowed 
transitions from the ground state to three superradiant contributions: one that is polarized 
along the axis of the cylinder and two that are degenerate and which are polarized 
perpendicular to this axis. The model thus predicts two main absorption bands with different 
LD signs, a feature that survives moderate disorder. The main extension which we apply to 
this model is that we account for four optical transitions per molecule, instead of just one. We 
allow for mixing of the Bx and the By transitions due to the intermolecular interactions, as 
well as mixing of the Qx and the Qy transitions. The incorporation of these different 
transitions also forces us to be more careful when generating the orientations of the molecular 
transitions dipoles within the cylinder. The latter will be done in section IV A, while the 
Hamiltonian is introduced in section IV B. The calculation of the optical properties for long 
ordered aggregates is addressed in section IV C, and the incorporation of disorder in this 
calculation is explained in section IV D. 

A. The cylindrical geometry 

We generate the molecular organization by rolling a planar aggregate onto a cylindrical 
surface, a method that is justified by the fact that the cylinder radius is large compared to the 
molecule. We start from a square planar lattice, with lattice vectors 'ˆ1 xa a=  and 'ˆ2 za a= , as 
displayed in Fig. 5. Each lattice point marks the center position of a TPPS4 molecule; the 
molecules are tilted out of the plane, such that negatively charged SO3- groups lie above and 
below the positive nitrogen atoms. The symmetry of the molecule in its zwitterionic form 
suggests that indeed we deal with a square lattice. The primed coordinate system should not 
be confused with the molecular x and y axes, which, as indicated in Fig. 1, are oriented along 
the lines between opposite nitrogen atoms. These molecular axes mark the directions of the 
molecular transition dipoles, which all lie in the plane of the porphyrin ring. Specifically, 
before tilting the Bx and Qx transitions have dipoles that make an angle of -45° with a1, while 
the By and Qy transition dipoles make an angle of +45° with a1 [30, 35]. 

The tilting is described by rotating the molecular coordinate system with respect to the 
lattice coordinate system. This is done by first rotating each molecular coordinate system 
over an angle θ 

+ around the x'-axis, or equivalently, around the vector yx ˆˆ +  in the molecular 
plane. Subsequently, we rotate the plane over an angle θ 

– around the vector xy ˆˆ − . Motivated 
by the symmetry of the porphyrin, we restrict ourselves to tilt angles of equal magnitude. The 
signs, corresponding to counterclockwise (positive) or clockwise (negative) rotations when 
looking towards the origin, are allowed to differ. The sequence of these rotations is described 
by a rotation matrix A given by 

















−

−=
++

+−+−−

+−+−−

θθ

θθθθθ

θθθθθ

cossin0

sincoscoscossin

sinsincossincos

A .   (1) 

Of course, the tilting will also rotate the molecular transition dipole vectors specified above. 
The cylindrical configuration is obtained by rolling the above planar structure over the 

chiral vector C, such that the end point of C coincides with its origin, see also Fig. 5. The 
length of C is equal to the circumference of the cylinder, |C| = 2πR. The axis of the cylinder 
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is oriented perpendicular to C. The orientation of C is characterized by the so-called rolling 
angle θ it makes with the x'-direction. 

 
Figure 5. A schematic representation of the planar geometry of the aggregate wall. The TPPS4 
monomers have been drawn schematically, charged parts of the monomers are indicated, see also Fig. 
1. The darker parts lie below the x’z’ plane, while the lighter parts lie above. The square lattice and 
the perpendicular lattice vectors a1 and a2, oriented respectively in the direction of x' and z', have been 
drawn on the top right. Also, an example of a chiral vector C = (n, m) = (4, 3) has been drawn, and to 
emphasize the tilted orientation of the monomers, the tilting angles θ + and θ – over which each 
monomer should be rotated have been indicated as well. The lattice parameter a is of the order of 1 
nm. The side views on the left and the bottom illustrate the tiled structure of these TPPS4 monomers, 
with tilting angles µx and µz in the order of 15-25°. 

 
It has been shown in Ref. 6 that the cylindrical aggregate may always be regarded as a 

stack of N1 rings (labeled n1), each containing N2 molecules (labeled n2); each monomer is 
now denoted by n = (n1, n2) (see Fig. 6). This representation is useful, because it allows one 
to exploit the cylindrical symmetry to determine optical selection rules [6, 36]. In this 
representation, neighboring rings are separated by a distance h and rotated relative to each 
other over a helical angle γ. The rings are stacked in the direction of the cylinder axis, 
oriented perpendicular to C. We will refer to this as the z''-axis. The plane perpendicular to 
the axis is the x''y''-plane. Using geometrical arguments it is straightforward to determine the 
parameters N1, N2, h, and γ from the original lattice structure and the vector C; we refer to 
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Ref. 6 for details. Finally, it is useful to specify the orientation of each molecular transition 
dipole µnj by the angle βj which it makes with the cylinder axis and the angle αj between the 
projection of µnj on the ring plane and the local tangent of the ring. These angles, which do 
not depend on n, can be found in a straightforward way from the three-dimensional 
orientation of the transition dipole moments after application of the tilting (operator A) and 
the orientation of C in the plane of the lattice. 

 

 
 

Figure 6. The stack-of-rings-geometry, taken from Ref. 6. Note that for clarity's sake only one 
monomer transition j has been drawn. 

 
Using the stack-of-rings representation and the notation introduced above, the position 

vector of the molecule at site n = (n1, n2) and the dipole moment of its jth transition are, 
within the x"y''z'' coordinate system, given by 

( ) ( )( )hnnnRnnR 1122122 ,sin,cos γφγφ ++=nr ,    (2) 

( ) ( )( )
jjjjjjjjj nnµnnµ βµαγφβαγφβ cos,sinsin,cossin 122122 −+−+−=nµ , (3) 

with φ2 = 2π/Ν2 and µj, the magnitude of the dipole transition j. 

B. Hamiltonian and spectra 

The optically active electronic states of the TPPS4 aggregates are modeled by a Frenkel 
exciton Hamiltonian, accounting for the fact that TPPS4 has four transitions per molecule. 
Given the large energy separation between the optically relevant exciton states caused by the 
B and Q transitions, we will neglect their coupling and perform the calculations for these two 
bands separately. For systems where the optically active Q band exciton states occur much 
closer in energy to the B band exciton states, effects such as intensity borrowing and 
additional shifts may become important. We refer to Refs. 37-39 for the effects of mixing B 
and Q type transitions in two related systems, β-tetraethyl-tetrapyridinyl-porphyrin 
aggregates [37] and chlorophylls/bacterio-chlorophylls [38, 39]. 
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The Hamiltonian we use thus reads (ћ = 1) 
( )∑ ∑ ′−+=

j jj

jjj jjJjjH
, ',,

''
n mn,

n nnmnnnω .    (4) 

where |nj〉 denotes the state of the aggregate in which transition j of molecule n has been 
excited, while all other molecules are in their ground state. As we deal with the B and the Q 
transitions separately, we will from now on assume that the transition label j takes only two 
values (j = x, y), which distinguish between the x and y polarized transitions in both bands. 

The first term in Eq. 4 accounts for the energy ωnj of the molecular transitions. In general, 
we will allow for energy disorder and choose random and uncorrelated values for  ωnj from a 
Gaussian distribution with a given standard deviation σj and mean value ωj. In the case of the 
B band, the x and y transitions are degenerate, implying that ωx = ωy; for the Q band, this 
degeneracy is lifted [30] (also see Fig. 2). The second term in Eq. 4 represents the 
interactions between the various molecular transitions. Here the prime on the summation 
excludes the term with n = m. Because the distances between nearest-neighbor molecules are 
similar (~ 0.5 nm) [35, 40] to their dimensions, [41] we cannot use a point-dipole 
approximation for these interactions. Rather, we model them as interactions between the 
extended dipoles associated with the molecular transitions. Thus, we model each dipole as 
two point charges (q and -q) separated by a distance L, such that the corresponding transition 
dipole moment qL has the correct magnitude, orientation, and position. The interaction 
between two transition dipole moments is then given by the Coulomb interaction between the 
four charges (see, e. g., Ref. 12). 

For a particular realization of the disorder, the (exciton) eigenstates of Eq. 4 may be 
written |q〉 = ∑njφqnj|nj〉 where φqnj denotes the (nj)th component of eigenvector referred to by 
the quantum label q; the corresponding eigenvalue gives the energy Eq of this eigenstate. In 
terms of these quantities, the isotropic absorption spectrum reads 

( ) ( )∑ −=
q

qq EOA ωδω      (5) 

with the oscillator strengths 

∑∑ ∗=⋅=
',,,

''

2

, jj

jjjj

j

jj OO
mn

mnqmqn

n

nqnq eµ ϕϕϕ ,    (6) 

where the coefficients Onjmj′ are given by 
( )( )eµeµ mnmn ⋅⋅= '' jjjjO .     (7) 

The double angular brackets 〈〈…〉〉 in Eq. 5 indicate an average over the disorder 
realizations, while the single angular brackets 〈…〉 in Eqs. 6 and 7 signify an orientational 
average over the orientations of the cylinder relative to the polarization vector e of the 
incoming linearly polarized light. The absorption spectrum is thus a series of peaks at the 
exciton energies, where the oscillator strengths determine the weight of each contribution.  

The linear dichroism is taken in a sample where all cylinders are oriented along their 
symmetry axis, and is defined as the difference in absorption between light polarized parallel 
and perpendicular to this axis. It is given by 

( ) ( )∑ −=
q

qq ELDLD ωδω     (8) 

with 

∑=
',,,

'
*

'
jj

jjjj LDLD
mn

mnqmqnq ϕϕ .     (9) 
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Where the coefficients LDnjmj' are given by 
( )( ) ( )( )⊥⊥ ⋅⋅−⋅⋅= eeLD jjjjjj ''' mnmnmn µµz"µz"µ .    (10) 

The double angular brackets 〈〈…〉〉 in Eq. 8 again imply an average over disorder realizations, 
while 〈…〉 in Eq. 10 denote an average over rotations of the cylinder around its axis, relative 
to the polarization vector e⊥ of the light in the x"y"-plane. 

Due to the simple cylindrical geometry it is possible to derive the orientational averages 
introduced above analytically; the resulting expressions for Onjmj' and LDnjmj' are given in the 
Appendix. 

C. Ordered aggregate and optical selection rules 

It is useful to consider the case without disorder. Then, the cylindrical symmetry dictates 
Bloch character for the exciton wave functions in the n2 direction. If we assume that the 
cylinders are long, we may also impose Bloch wave functions in the n1 direction. We thus 

introduce states of the form ( ) ( )[ ]∑ +−== −

21 , 222111
2/1

21 exp,
nn

jnknkiNjkkj nk φφ , with 

φi = 2π/Νi, ki = 0, ±1, …, ±Ni/2 and N = N1N2. Due to the fact that we deal with two coupled 
molecular transitions (either in the B band or in the Q band), these new states do not fully 
diagonalize the Hamiltonian. Similar to the situation with two molecules per unit cell [43], 
the problem is reduced to a 2 × 2 problem for every wave vector k. The matrix that still needs 
to be diagonalized for a given k reads 

( )
( ) ( )

( ) ( )









+

+
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kk

kk
k

yyyyx

xyxxx

JJ

JJ
H

ω

ω
,    (11) 

with ( ) ( ) ( )[ ]222111'' exp' nknkiJJ jjjj φφ +−=∑ nk
n

, where the summation should be taken 

consistent with the periodic boundary conditions. The eigenvalues of this matrix are denoted 
Ekl and represent the energies of the two eigenstates with wave vector k, distinguished by the 
branch label l = 1, 2. The corresponding eigenvectors are denoted ( )kljϕ~ . With this notation, 

the total eigenvectors introduced in section IV B take the form 
( ) ( )knk lj

nknki

jl e
N

ϕϕ φϕ ~1
222111 += ,    (12) 

where the general quantum label q has been replaced by the the composite label kl. We note 
that generally the splitting within the ''Davydov'' doublets is not only due to the interaction 
Jxy(k) = Jyx(k)* between the two underlying transitions, but also because Jxx(k) and Jyy(k) may 
differ considerably, due to the fact that the two relevant transition dipole moments are 
oriented differently relative to the intermolecular separations. 

For the ordered aggregate, the absorption and linear dichroism spectra take the generic 
form 

( ) ∑
+−

ℑ−=
l l

l
iE

XS
k k

k
ηωπ

ω
11

.    (13) 

Here, ℑ denotes taking the imaginary part, η is introduced to account for homogeneous 
broadening, and Xkl equals the oscillator strength Okl or the dichroism strength LDkl for the 
absorption and LD spectrum, respectively, which are obtained from Eqs. 6 and 9. Due to the 
Bloch nature of the eigenfunctions, it is possible to further evaluate the latter expressions. 
The results are direct extensions of earlier results where only one transition per molecule was 
considered [6, 36, 44]. Specifically, we find two peaks in the spectrum associated with the 
Davydov split states with k = 0; these peaks correspond to transitions that are polarized 
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parallel to the cylinder axis and thus yield a positive LD signal. We also find two peaks due 
to the transitions with k = ±kh, where kh = (γ/φ1, 1), the helical wave vector (in the case of 
incommensurate parameters, k1 is replaced by the integer closest to γ/φ1 [6]). Due to the fact 
that we have two transitions per molecule, this involves in total four transitions, which are all 
polarized perpendicular to the cylinder axis and thus contribute negative peaks to the LD 
spectrum. Because the energy does not depend on the sign of the wave vector, these four 
transitions only contribute two peaks to the absorption and the LD spectrum. We thus find in 
total four peaks in the absorption spectrum, two with positive LD and two with negative LD 
[45]. 

The areas of these peaks are given in the Appendix; characteristic for the superradiant 
nature of the underlying states, they all scale proportionally to N, the number of molecules in 
the cylinder. However, the ratios of the peak areas within and between Davydov doublets 
may vary strongly with system parameters, in particular with the rolling and tilting angles. 
The same is true for the energy separations between the peaks. As a consequence, under 
certain circumstances not all of the above predicted peaks may be visible in the spectrum, 
either because energies are too close or because the area of a particular peak becomes too 
small. An illustration will be given at the end of the next subsection. As we will see later, 
these dependencies are responsible for the fact that in the B band region of TPPS4 aggregates 
only two and not four major peaks are discerned. 

D. Effects of disorder 

Effects of disorder in molecular aggregates are often investigated using numerical 
simulations [46, 47]. While in principle this offers a straightforward technique, the number of 
molecules in TPPS4 aggregates of even moderate lengths is too large (around 65 molecules 
per nm of length) to make this a viable option. However, it is well-known [34, 48] that linear 
optical spectra of disordered molecular aggregates may be calculated with high accuracy 
using the Coherent Potential Approximation (CPA) [49-51]. In the CPA the disordered 
system is replaced by an effective ordered system in which a complex self-energy ∑(ω) is 
added to every transition energy. Thus, the resulting spectra take the same form as Eq. 13, 
except that the denominator ω – Ekl + iη is replaced by ω – Ekl – ∑(ω) + iη. 

The self-energy ∑(ω) follows from the self-consistency condition 

( )

( )( ) ( )
0

ˆ1
=

Σ−−

Σ−

jj
j

j

G
nn

n

n

ωωω

ωω
,     (14) 

where the averaging is performed over the distribution of the site energy ωnj and the site 
diagonal matrix element of the averaged Green's function is given by 

( )
( )∑

+Σ−−
=

l l

jl

jj iE
G

k k

nk

nn ηωω

ϕ
ω

2

ˆ .    (15) 

The self-energy can be obtained numerically from Eq. 14 by an iterative procedure [34, 48]. 
Once the self-energy ∑(ω) has been calculated [52], the spectra follow directly from Eq. 13 
with the denominator replacement mentioned above and the oscillator and dichroism strength 
given in the Appendix. 

As an illustration of some typical results, Fig. 7 shows the LD spectrum in the B band 
region obtained by using the CPA for three different rolling angles θ, taking the 
homogeneous width η = 100 cm-1, and disorder width σ = 60 cm-1. All other parameters are 
chosen identical to the ones that we will find in section V as the parameters that apply to the 
TPPS4 aggregates; the linewidths have deliberately been chosen rather small in order to give 
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more insight into the details of the spectrum. Clearly, even the qualitative shape of the 
spectrum depends on the rolling angle, as was already anticipated in section IV C. For a 
rolling angle of θ = 6°, we can clearly distinguish three of the four peaks predicted in section 
IV C, in addition to a small secondary peak with a negative LD signal [45]. They originate 
from two pairs of states, one of each pair having a positive LD signal and the other one 
having a negative LD. The two peaks at around 500 nm coincide to a large degree, leading to 
a considerable cancellation of the LD signal and producing the small, positive LD peak 
shown in Fig. 7. If the rolling angle is increased to θ = 25°, we observe that for the upper pair 
(in wavelength) the positive LD contribution has increased while the negative LD 
contribution has decreased, and vice versa for the lower pair. For the upper pair, this is 
reflected in the increased area, while for the lower pair this can be observed directly as the 
two contributions are more separated in energy. Finally, for θ = 45°, the positive peak in the 
lower-energy pair has also disappeared, leaving us with a spectrum with just one positive and 
one negative peak. Such a spectrum resembles the spectrum of a cylindrical aggregate with 
just one transition per molecule, but, for realistic parameters, the energy splitting between 
both peaks is too large to be explained within that model. 
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Figure 7. Simulated linear dichroism spectra for different rolling angles. Narrow peak widths, 
corresponding to η = 100 cm-1 and Gaussian disorder with a standard deviation of σ = 60 cm-1, have 
been chosen so that the doublet structure is clearly visible in the low wavelength doublet. In the high 
energy doublet, the peaks are too close to distinguish the two peaks, and the linear dichroism signal is 
the sum of a positive and negative contribution. For increasing θ, the positive contribution becomes 
larger and the negative contribution becomes smaller, leading effectively to larger LD peaks. The 
peaks have been obtained for point dipole interactions and θ + = -θ – = 25°; the qualitative behavior is 
identical in the case of extended dipole interactions and different tilting angles. 

V. COMPARISON TO EXPERIMENT 

A. Parameters 

Our model contains many parameters; in order to make a fit procedure meaningful, the 
values for as many of those as possible should be determined a priori, or at least constraints 
on their values should be determined. We start with the geometric parameters. Of those, the 
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cylinder radius is best known, as it is directly observed in our cryo-EM experiments. We will 
take it as R = 9 nm, which is consistent with earlier sources [16, 17]. The discrete nature of 
the lattice can produce small deviations in this radius, but these are well within the 
experimental error. Moreover, the large radius (as compared to the molecular size) implies 
that the molecular arrangement on the cylindrical surface is locally almost flat, which is 
reflected in the insensitivity of the simulated spectra to deviations in the cylinder radius. 
Through the relation |C| = 2πR, the cylinder radius also fixes the length of the chiral vector C; 
however, the rolling angle θ between C and the lattice vector a1 is not known and will be 
treated as a free parameter. 

From small-angle X-ray scattering and molecular modeling it is found that the lattice 
constant a ≈ 1 nm [35, 40], which we take as initial value in our model. As we will see in 
section V B, the comparison between theory and experiment adjusts this value to some 
extent. The final geometric parameters are the tilt angles θ 

+ and θ 
– introduced in section IV 

A. These angles have been estimated to be in the region of ±15-25° [25, 26, 35, 40, 53], but 
are not known to any greater precision. Hence, their values will also be used as (almost) free 
parameters, where for symmetry's sake we take equal magnitudes: |θ+| = |θ-|. 

We next turn to parameters characterizing the molecular transitions and interactions. The 
mean energy of the monomeric Bx and By transitions are taken to be ωx = ωy = 23041 cm-1, in 
agreement with the experimental monomer peak at λ = 434 nm. These degenerate transitions 
have perpendicular transition dipole moments, whose orientations have been specified in 
section IV A already. The magnitude of these dipoles, as estimated from the spectroscopic 
data in Ref. 54, is µ =11.3 D, a value comparable to typical transition dipole moments in 
other porphyrins. Our experiments reveal a similar magnitude of µ, but because of the more 
accurate concentration calibration procedure employed in Ref. 54, we will further rely on the 
value estimated from the literature data. When using the extended dipole representation, it is 
assumed that the charges q and -q are separated by a distance of L = 0.5 nm, corresponding to 
a separation on different sides of the central porphyrin ring. The charge q is taken as q = 
0.48e to reproduce the correct monomer transition dipole moment. 

The rich structure of the Q band monomer transitions and the importance of vibrational 
coupling [21, 26, 30], makes the modeling of the associated aggregate bands a more 
complicated matter. Four Q-related peaks can be observed in the Q band region of the 
monomer (cf. also Fig. 2); their frequencies and assignments have been given in section III. 
The degeneracy of x and y transitions is lifted due to distortion of the monomer [30]. Strictly 
speaking, a correct treatment of the Q band should include the vibrations responsible for this 
distortion and for the vibrational side bands in the monomer spectrum. As this would 
considerably complicate our analysis, we will ignore these vibrational effects and use 
monomeric transition frequencies that agree with the peak positions of the Qx(0 – 0) and Qy(0 
– 0) transitions, namely ωx = 15504 cm-1 and ωy=18182 cm-1. The magnitude of the transition 
dipole moments, relative to those corresponding to the B band, can be obtained from 
experiment by comparing the integrated absorbances for the peaks in the monomer spectrum. 
Using µ =11.3 D for both B band transitions, this gives µx = 7.4 D and µy = 2.3 D for the Q 
band. The orientations of these dipole moments are assumed to be parallel to those for the 
monomeric B transitions. Finally, also for the Q band dipoles we assume a charge separation 
of L = 0.5 nm. 

The remaining model parameters to be determined are the homogeneous linewidths η and 
the disorder values σ. We will assume that the disorder does not differ significantly for the 
two polarizations within each band. This leaves us with two values for σ to be determined, 
one for the B and one for the Q transitions; their magnitudes are considered free parameters, 
fixed such that the simulated aggregate peaks obtain the correct widths. To this end, we 
should first determine the homogeneous linewidths for the various exciton transitions. While 
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in reality these widths are energy dependent and should be modeled in a microscopic way 
[55, 56], we use a phenomenological approach by assuming them to be constant within each 
one of the dominant exciton peaks observed in the spectrum. 

We start from the strong B peak at 490 nm. From fluorescence measurements which we 
carried out, the lifetime of the 490 nm peak can be estimated to be of the order of the 
resolution of the apparatus, i.e., τ ≈ 150 fs, which corresponds to η ≈ 100 cm-1. This short 
lifetime is probably mostly due to relaxation into Q band excitons. Thus, the obtained value 
for η is not sufficient to fully account for the linewidth of the 490 nm peak; the remainder is 
due to the static energy disorder. This suffices to determine the value for σ, given that values 
have been chosen for the free geometric parameters (in particular the rolling angle and the tilt 
angles). We have found that for the optimal values of these angles, we should take σ = 400 
cm-1 to reproduce a peak at 490 nm of the appropriate linewidth (see section V B). Using the 
same σ value for the 423 nm peak and comparing to experiment reveals that this peak is 
dominated by homogeneous broadening, requiring η = 600 cm-1, which corresponds to an 
ultrashort lifetime of τ ≈ 30 fs. This short lifetime is caused by relaxation inside the B band. 

The same procedure is followed for the Q band. The Q band peak at 709 nm is the lowest-
energy exciton state and is reported to have a rather long lifetime of over 50 ps [25, 57]. 
Thus, its width is determined largely by disorder and not by lifetime broadening. We 
therefore set η = 0 cm-1 for this peak. For the optimal values of the rolling and tilt angles (vide 

infra), it then turns out that σ = 720 cm-1 is needed to reproduce the width and the low energy 
tail of this peak. The much weaker second Q band obtained in the model calculations occurs 
at higher energies and is expected to have a much larger homogeneous broadening due to 
relaxation within the Q band. We use a reasonable estimate of the resulting lifetime of several 
tens of femtoseconds, or η = 500 cm-1. We note that because this high-energy Q band is both 
weak and broad it is very hard to discern it in the spectrum and to determine its broadening 
parameters with reasonable precision. 

B. Results 

Using the approach described in the previous subsection, the really free parameters are θ, 
θ 

+, θ 
–, and the σ values for the B and the Q bands. The latter are easy to determine for any 

given choice of the unknown angles, by fitting the linewidths in the aggregate spectrum. This 
leaves us mainly with the three angles as important unknowns. 

Evaluating the oscillator strengths and the dichroism strengths given in the Appendix, it 
turns out that the rolling angle θ is crucial in determining the relative strengths of the peaks 
within the doublets with a positive and a negative LD transition. This was illustrated already 
in Fig. 7. Because the experimental spectra do not show such doublets, we require a rolling 
angle that produces only one dominant peak per doublet for both, the B and the Q bands. This 
narrows down the range for θ to a small region around 45°. However, the large observed 
widths of the peaks may obscure a possible twofold origin of a peak in the absorption 
spectrum, as long as one of the two peaks in the doublet is sufficiently stronger than its 
companion. For the peak widths and intra-doublet separations that are typical for our 
parameters in both bands, this is the case for rolling angles between 30° and 60°, or 
equivalently, a chiral vector which is oriented mostly in the direction of the weak Qy 
transition. 

Further analysis reveals that the relative signs of θ 
+ and θ 

– are dictated by the 
polarizations of the main peaks in the bands. In order to reproduce the order of peak 
polarizations observed in experiment, θ 

+ and θ 
– should have opposite signs. The magnitudes 

of the tilting angles turn out to be important in fixing the positions of the peaks. The splitting 
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between the two doublets (which are both observed as singlets) in the B band increases with 
increasing tilting angles. 

The above findings guide the fitting procedure. In the end we find that the parameters that 
yield the best simultaneous fit of the B and the Q band regions of the spectrum are θ = 45° 
and θ 

+ = -θ 
– = 25°. The η and σ values for this choice of the three angles were given in the 

previous subsection already. The splitting in the B band is rather sensitive to deviations from 
these tilting angles, which fixes their values within a couple of degrees for the parameters we 
use. The Q band is less sensitive to variations in the tilting angles, as these mostly cause 
shifts in the unimportant high-energy peak. Note that the values which we have found for the 
tilting angles fall within the range ±(15° – 25°) suggested by previous authors [25, 26, 35, 40, 
55], but narrow down the uncertainty considerably. Translated into the cylindrical coordinate 
system, these parameters correspond to a cylinder with N2 = 43, a = 0.93 nm (see below), h = 
0.66 nm, γ = 4.2°, while the dipole angles of the x and y-oriented transitions are αx = 17.4° 
and βx = 174.6°, and αy = 34.9° and βy = 84.9°. 
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Figure 8. Comparison of the experimental (solid) and simulated (dashed) spectra for the B (Soret) 
band. Panel (a) shows the isotropic absorption spectra, while panel (b) features the linear dichroism 
spectra. These simulations have been obtained for Gaussian disorder with a standard deviation of σ = 
400 cm-1, homogeneous broadening factors η of 600 cm-1 and 85 cm-1 for the 423 and 490 nm peaks 
respectively, a rolling angle of θ = 45°, and tilting angles θ – = -θ – = 25°. For the remaining 
parameters, see the text. The use of extended dipoles shifts the spectrum, and for a charge separation 
of L = 0.5 nm the theoretical and experimental peaks are at the same positions. 

 
For the B and the Q band regions of the spectrum, the best simultaneous fits are plotted 

together with the experimental spectra in Figs. 8 and 9, respectively. Indeed, a good 
agreement with experiment is observed. The deviation that stands out most is the fact that the 
simulation does not reproduce the shoulder in the Q band at λ = 670 nm. As mentioned 
above, vibrational interactions are important in the monomeric Q band. It may well be that 
the observed shoulder is, in fact, a vibrational side band of the main exciton peak at λ =709 
nm; such side bands are not included in our model. Another deviation is that the asymmetry 
that is typical of J-bands is, surprisingly, not as pronounced in our simulations as it is in the 
experiments. 
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Figure 9. Comparison of the experimental (solid) and simulated (dashed) spectra for the Q-band 
region. Panel (a) shows the isotropic absorption spectra, while panel (b) features the linear dichroism 
spectra. These simulations have been obtained for Gaussian disorder with a standard deviation of σ = 
720 cm-1, homogeneous broadening factors η of 500 cm-1 and 0 cm-1 for the 550 nm (barely visible) 
and 709 nm peaks respectively, a rolling angle of θ = 45°, and tilting angles θ + = -θ – = 25°. For the 
remaining parameters, see the text. 

 
As was mentioned in section V.A, the initial value for the lattice parameter a has been 

taken as a = 1 nm, but was not known precisely. The fitting procedure suggests that a = 0.93 
nm. Variations in a translate into variations in interaction strengths, with a smaller (larger) a 
leading to stronger (weaker) interactions Jjj' (k). Since dipole-dipole interactions vary as 1/a3, 
a reduction of a by, for example, 10 percent increases the interactions by a factor of 1.4. 
Reproducing the experimental peak positions would then require a different set of fitting 
parameters; for the above example, the rolling angle θ would remain unchanged, the charge 
separation in the extended dipoles would increase to L = 0.65 nm, while the tilting angles 
would decrease to around θ 

+ = -θ 
– = 23°. In this manner, smaller or larger values of the 

lattice parameter a eventually necessitate unfeasibly large or small charge separation 
distances L. Therefore, the comparison between theory and experiment narrows down the 
possible error in the value of a to less than 10%. 

VI. CONCLUSIONS 

In this chapter we studied the polarization dependent optical response of self-assembled 
aggregates of TPPS4 molecules experimentally as well as theoretically. These aggregates 
have a tubular shape with a radius of 9 nm and a length of up to several microns, as observed 
in cryo-EM experiments reported here. We have shown that a Frenkel exciton model that 
accounts for four transitions per molecule (Bx, By, Qx, Qy) yields good fits to the optical 
spectra over the entire visible range. The comparison between theory and experiment allowed 
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us to determine the detailed molecular organization within the nanotube, including the rolling 
angle, which characterizes in what lattice direction a two-dimensional lattice should be rolled 
to obtain the nanotube, and the tilting angles, which determine how, prior to rolling, the 
molecules are tilted out of the plane of this two-dimensional lattice. Our results yield an error 
bar of a few degrees for these angles; variations in these angles correlate with parameters 
such as the lattice constant and the length of the extended transitions dipoles, both of which 
are known with an accuracy of the order of 0.1 nm. 

It is interesting to see that the optical properties of such intriguing nanostructures with 
complicated electronic structure of the individual molecules can be explained quantitatively 
using a fairly simple phenomenological model. It also is of interest that the study of the 
optical properties yields more insight into the microscopic structure of such nanosystems. 

In spite of the progress reported here, it would be worthwhile to extend the model, in 
particular to account for exciton-vibration coupling. As argued, the omission of such coupling 
may be the reason that our simulations do not reproduce the observed high-energy shoulder 
on the strongest Q band peak. This shoulder may be a vibrational side band, which we can 
only properly account for by including a strong coupling between the excitons and a vibration 
[58]. In addition, also the weaker coupling to other vibrations deserves attention, as it is 
responsible for the relaxation within and between the various exciton bands. Including this 
relaxation allows one to go beyond the simple picture of an energy independent 
homogeneous linewidth and to study temperature dependence [55]. 

Future work on this system should concentrate on dynamic properties, such as relaxation 
and energy transport. It would be particularly interesting to investigate whether excitation 
energy transport can occur over a sizable part of the length of the tube and to what extent 
exciton coherence plays a role in this. Multi-dimensional ultrafast spectroscopy on ensembles 
[59] as well as single-molecule spectroscopy with tip-enhanced excitation [60, 61] provide 
promising tools to study these issues. 

APPENDIX: EXPRESSIONS FOR THE ABSORPTION SPECTRA 

Straightforward calculation of the orientational averages in Eqs. 7 and 10 yields 

( ) ( )[ ] ( )( )''11222''' cossinsincoscoscos
3

1
jjjjjjjjjj mnmnO ααββγφββ −−+−+= µµmn , (A1) 

and 

( ) ( )[ ] ( )
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2
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For the special case of the homogeneous cylinder (and also in the case of disorder within 
the CPA), combining these expressions with the Bloch character of the wavefunctions, Eq. 
12, leads to strong selection rules for the oscillator strengths Oq = Okl and the dichroism 
strengths Lq = Lkl. In analogy to Ref. 6, where only one transition per molecule was 
considered, we obtain in the limit of long cylinders 
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Where kh = (k1 = γ/φ1, k2 = 1) denotes the helical wavevector. Analogously, 
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Due to the symmetry of the energy with respect to the sign of k, the above selection rules 
generate four peaks, two with positive LD and two with negative LD. The areas of the 
absorption peaks are 
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for the two peaks corresponding to transitions to the zero momentum states k = 0, and 
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for the two peaks corresponding to transitions to the helical states k = ±kh, while their LD 
areas are LD0l = 3A0l and LDhl = -3/2Ahl, respectively. 
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Chapter 8  
 
Light-driven rotary molecular motors: 
an ultrafast optical study* 

ABSTRACT 

Molecular rotary motors, though common in nature, were first synthesized rather recently. 
One of the most promising categories of light-driven rotary molecular motors which allow for 
optical control is based on helical over-crowded alkenes. In this type of motors, the rotation 
of the motor’s rotor involves four discrete steps: fast light-induced cis-trans isomerisation is 
followed by a thermally activated step completing a first half cycle, the same steps are 
repeated once more to complete the full 360° cycle. Though the rotation rate of the motors is 
mainly limited by the duration of thermally activated steps, many important factors, such as 
efficiency and directionality are determined by the light-induced isomerisation. For the 
development of ultrafast molecular motors it is crucial to understand the mechanism and 
dynamics of the optically induced isomerisation steps. In this chapter we will review recent 
time-resolved optical pump-probe experiments on chiral molecular motors and discuss the 
results in terms of potential energy landscapes for the ground and excited states of the motor 
molecules. 

I. INTRODUCTION 

Control of motion at the molecular level using chemical and/or physical methods is an 
emerging and exciting field of science [1-4]. There are many examples of controllable linear 
and partial rotary motion [3] in synthetic molecular systems, however, rotary molecular 
motors, though common in biological systems, were first synthesized rather recently [4]. 

One of the most promising categories of optically controllable molecular motors is based 
on helical overcrowded alkenes. The chemical structure of the motor which is analysed in this 
chapter is shown in Fig. 1.† Repetitive, unidirectional rotation around the central carbon-
carbon double bond involves four discrete steps, in turn activated by light and temperature as 
shown in the figure. Rotation is achieved by fast light-induced cis-trans isomerisation to a 
higher energy intermediate state with inversed helicity and the methyl group in an equatorial 
orientation (in Fig. 1. – transition from stable form a to unstable form b). This is followed by 
a thermally activated helix inversion that relaxes the structure back to the lowest energy 
conformation with the methyl in axial orientation (in Fig. 1. – transition from unstable form b 
to stable form c). The direction of rotation is governed by the absolute configuration at the 

                                                 
* This chapter is based on: R. Augulis, M. Klok, B. L. Feringa, P. H. M. van Loosdrecht, Phys. Stat. 

Sol. (c) 1–4, DOI: 10.1002/pssc.200879808, (2008). 
†From here on, the lower symmetrical part of the molecule will be referred to as the stator, whereas 
the upper part will be called the rotor. 
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stereogenic centre. In case of symmetrical stator, form c is equivalent to form a, though the 
rotor is turned by 180° with respect to its initial position. The second 180° cycle is equivalent 
to the first one – photo-isomerisation (c to d) is followed by a thermally activated step (d to 
a). Two such cycles result in one full 360º rotation. Continuous irradiation at sufficiently high 
temperature results in continuous unidirectional rotation. 

The limiting factor for the maximum rotation rate is the duration of the thermally 
activated steps. Since the first publication [4], significant progress has been made in 
reduction of the energy barriers: the barrier crossing time for the thermally activated steps 
was reduced from days to a few hundreds nanoseconds [5-8]. Light-induced steps, on the 
other hand, remain less explored, understood, or optimized. 

Ultimately one would like to have molecular motors which perform an optically induced 
full rotation on a timescale of the order of picoseconds or even faster. This means that one 
has to overcome or speed-up the temperature assisted steps, and to understand the dynamics 
of the optically induced steps. 
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Figure 1. Molecular structure and rotational cycle of light driven unidirectional molecular motor. In 
one 360° turn, the motor undergoes two photoincuded cis-trans isomerisation steps (a to b and c to d) 
and two thermally activated barrier crossing steps (b to c and d to a). The projections of the motor at 
each isomerisation step are shown for clarity. 

 
Recently, a quantum chemical study of potential energy profiles along the torsional angle 

for the ground and the lowest excited states for a number of molecular motors has been 
carried out [9]. The simulations, indeed, reveal asymmetrical potential landscapes, which lead 
to rotation of the rotor during optical excitation-relaxation cycle. 

Time-resolved transient absorption measurements is a valuable tool for the exploration of 
light-induced isomerisation step dynamics of the motors, but additional information is needed 
to determine relationships between optical spectra and certain geometrical configurations. 
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One of the ways to gain additional information is to slow-down the thermally activated 
isomerisation steps by reducing the temperature and increasing the viscosity of the solvent [8, 
10]. This way, it is possible to measure optical properties of the unstable forms (Fig. 1 b and 
d) in the continuous wave (CW) regime and use them as reference points for certain 
geometrical configurations in time-resolved full-speed measurements at room temperature. 

This chapter presents ultrafast time-resolved optical pump-probe experiments on the 
molecular motor depicted in Fig. 1. Furthermore, based on these experiments, this chapter 
presents and discusses a qualitative description of the route of the rotation process in the 
potential landscape of the molecules.  

II. EXPERIMENTS AND RESULTS 

A. Experimental setup and samples 

Femtosecond time-resolved pump-probe experiments were performed using a 1 kHz 
Ti:sapphire amplified laser system (Hurricane, Spectra Physics) and two non-collinearly 
pumped optical parametric amplifiers (NOPAs) (TOPAS-White, Light Conversion Ltd.). The 
1 kHz amplified laser system produces 120 fs, 700 µJ pulses, centered at 800 nm. Two 
portions of about 250 µJ/pulse of the laser output are employed to generate sub-50fs pulses 
using NOPAs, which are tuneable in the region 490 – 800 nm. The output of each NOPA is 
frequency doubled in a 0.2 mm BBO crystal, and recompressed in a double-pass CaF2 prism 
compressor, which, in addition, also separates the second harmonics signal from the 
fundamental frequency. The energy of the pulses in the UV range (245-400 nm) are 
attenuated into the range of 0 – 50 nJ per pulse. One of the NOPAs was used for excitation, 
the second one – for probing. Since the spectral width of the pulses becomes narrower (1 – 2 
nm) after doubling, the pulse duration increases to approximately 100 fs, limiting the time 
resolution of the whole system to about 150 fs. For measurements in the visible spectral 
range, one of the NOPA’s is used without frequency doubling.  

For broad band probe experiments and narrow band measurements in the 400 – 490 nm 
range, which cannot be covered by NOPAs, a white light continuum (350 – 850 nm) is 
generated by focusing 800 nm 200 µJ pulses in a pressurized (5 bar) xenon cell. The full 
spectrum is recorded using an optical multichannel analyzer (OMA) system. A 
monochromator and photodiode detectors have been used for narrow band probing. All 
measurements are performed in magic angle configuration. 

The excitation pulse energy was attenuated to 10 nJ, which corresponds to approximately 
1 photon absorbed per 50 motor molecules, yielding a negligible probability for multi-photon 
absorption processes in the solvent or in the motors. In all cases, the probe pulse energy was 
at least an order of magnitude lower than the excitation pulse energy.  

All the measurements were performed at room temperature with the motor molecules 
dissolved in hexane. A magnetic pin was used to stir the solution in a quartz cell and to 
reduce the effects of heating and photodegradation. Indeed, none of these effects were 
observable under the described experimental conditions. 

B. Experimental results 

The absorption spectrum of the stable form (Fig. 1. states a and c) of the motors features a 
broad absorption band centered at 360 nm. The spectrum of the unstable form (Fig. 1. states b 
and d) measured at low temperature (T = 120 K) in a viscous medium is rather different – the 
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absorption band is centered at around 460 nm [10]. Using these data, we employed the optical 
pump-probe technique to determine the timescale of the transition from the stable to the 
unstable form. The sample was excited with 360 nm light pulses, matching the near-UV 
absorption band peak of the stable form, while the transient absorption was measured in the 
range form 320 nm to 520 nm. The transient absorption spectrum after 50 ps delay is shown 
in Fig. 2a. The spectrum closely matches the difference of the CW spectra of the unstable and 
stable forms [8, 10] strongly indicating that the light-induced isomerisation step is completed 
within 50 ps after excitation. 
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Figure 2. Transient absorption spectrum of the motor 50 ps after excitation (a) and transient 
absorption dynamics at various probe wavelengths (b-f). The excitation wavelength is 360 nm in all 
cases. 

 
To explore the photoisomerisation dynamics in more detail, the transient absorption 

dynamics at 375 nm and 450 nm probe wavelengths, matching the absorption bands of the 
stable and unstable forms, respectively, were measured. The time traces, shown in Fig. 2b 
and 2c, reveal a two-step process. First, the signal grows in both cases with a time constant of 
approximately 2 ps. Second, the signal decays with a time constant of 16 ps to a certain level 
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and remains completely unchanged for hundreds of picoseconds. The latter is not surprising, 
since the duration of the thermally activated step of this motor, as reported in [8], is about 3-4 
microseconds at room temperature. 

Since the two-step process described above is incompatible with a simple isomerisation 
pathway, additional measurements were performed in the green-red side of the visible 
spectrum (520 – 800 nm). Neither the stable nor the unstable form has absorption above 550 
nm when in the ground state, so any non-zero transient absorption in this spectral region must 
originate from motor molecules in an excited state. Thus, the transient absorption in this 
region is a selective tool for probing the excited state. Pump-probe dynamics measured at 590 
nm still reveals a two-step process (see Fig. 2d). First, induced absorption appears 
instantaneously (within the resolution of the measurements), but continues to grow with a 
time constant of about 2 ps. Then the signal decays to zero with a time constant of 12 ps. At 
even longer probe wavelength (800 nm) the dynamics is different again (Fig. 2e). In this case, 
induced absorption appears instantaneously and decays mono-exponentially with a time 
constant of 1.7 ps. 

The CW fluorescence spectrum of the motor features a single broad peak in the vicinity of 
500 nm [8]. Stimulated emission at the fluorescence wavelength can be used as a tool for the 
observation of the fluorescence dynamics. The negative peak in the initial part of the transient 
absorption trace at 520 nm (Fig. 2f) is indeed caused by stimulated emission, but 
unfortunately, the signal is overshadowed by a strong induced absorption, which grows with 
a time constant of about 2 ps, and afterwards decays to a certain level with a time constant of 
16 ps. 

To summarize, all the pump-probe kinetics can be accurately described by a sum of two 
exponential decays of 1.7 and 16 or 12 ps with different relative weights for different probe 
wavelengths. 

C. Interpretation of the results 

On the basis of the results described above a simple qualitative model of the motor 
rotation can be built. A qualitative diagram of potential landscapes of the ground and excited 
states of the motor is shown in Fig. 3. 

Initially, the motor persists in state 1, the global potential minimum of the ground state, 
which is equivalent to the state a in Fig. 1. The lowest energy absorption band (S0-S1 
transition) in this case is found at approximately 360 nm, but absorption to higher lying states 
(<300 nm) is also possible. 

By absorbing a photon, the molecule undergoes a transition to the excited state S1 and 
relaxes to the local minimum 2. Absorption, caused by the S0-S1 transition is bleached, but 
induced absorption to the S2 sate can be observed in the near-infrared (800 nm). 

Subsequently, the motor crosses a (small) barrier and undergoes a transition to the lower 
excited state potential minimum 3. In this state the absorption in near-infrared disappears, 
presumably because state 3 is energetically lower than state 2. Still, at somewhat higher 
energies (590 nm in Fig. 2d), induced absorption is still observable. From both, state 2 and 
state 3, emission can be stimulated. However, in state 3, the induced absorption wavelength 
almost coincides with the emission wavelength, thus stimulated emission can be only 
observed while the motor is in state 2 (Fig. 2f). 

From state 3 the motor relaxes to the ground state and rotates until the local potential 
minimum 4 is reached (equivalent to form b in Fig. 1.). Relaxation of the signal at 590 nm 
(Fig 2d) indicates the decay of the exited state, while the dynamics at 375 nm and 450 nm 
shows the formation of state 4, thus the difference of 4 ps in the slower component of the 
dynamics (12 and 16 ps) is caused by the time it takes to go down the potential slope of the 
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ground state before state 4 is reached. The difference of 4 ps is not surprising, since between 
states 3 and 4, the whole rotor, a rather large chemical group, turns by a considerable angle. 

The final step which completes the 180° cycle is the thermally activated barrier crossing 
(transition from state 4 to state 1’, or form c in Fig. 1.). In our case, state 1’ is equivalent to 
state 1, but the rotor is rotated by 180°. The duration of this step is on the order of 
microseconds [8], and therefore not observable in the present experiments. 
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Figure 3. Schematic representation of the potential landscape and rotation mechanism of the 
molecular motor. Rotation angle and energy scales are arbitrary. Thin dashed arrows indicate the 
optical transitions probed. Thick arrows indicate the rotation pathway. First, a photon is absorbed 
(transition 1 to 2), second, the motor undergoes isomerisation in the excited state by crossing a small 
potential barrier (2 to 3), then the motor relaxes to the ground state (2 to 3) and continues to turn until 
the potential minimum 4, which corresponds to the unstable form, is reached. Finally, the barrier 
between states 4 and 1’ is crossed thermally in several microseconds. State 1’ is equivalent to the state 
1, but the rotor is turned by 180° with respect to its initial position. 

 
The potential landscape built on the basis of picosecond time-resolved optical experiments 

is qualitatively similar to the one predicted by numerical simulations [9], though in some 
cases, two barriers are expected to be present in the ground state between the states 4 and 1’. 
Since only the photoisomerisation step is analysed here, it is difficult to predict or even 
speculate about the timescales or heights of the barriers after the state 4. Thus, schematically, 
only a single barrier is shown in Fig. 3 in the ground state between the states 4 and 1’. 

The model described above does not take additional relaxation pathways or possibilities of 
triplet formation into account. Triplet formation can be neglected, since the time spent in the 
excited state is very short (<20 ps). A couple of examples of alternative pathways, which do 
not result in motor rotation, could be relaxation from state 2 directly to the ground state or 
thermally activated barrier crossing from state 4 to state 1. If relaxation from state 2 is the 
only alternative pathway, then, assuming that the relaxation time from state 2 is the same as 
from state 3, it is possible to estimate the quantum yield of the isomerisation. With such 
assumptions, the estimation for the current motor is about 85%. 
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III. SUMMARY AND CONCLUSIONS 

On the basis of the results of ultrafast time-resolved pump-probe experiments a rotation 
model for light-driven molecular motors is suggested (Fig. 3). The data shows that the motor 
completes the light-induced isomerisation step within 20 ps, thus the thermally activated 
isomerisation step is indeed the main limiting factor for the rotation rate. Although the 
measurements provide the time and energy scales of the processes, the crucial, but rather 
uncertain part of the analysis is to make correct assignments between geometry and optical 
properties. Additional information coming, for instance, from numerical simulations [9] or 
linear dichroism experiments would be very useful for verification and quantification of the 
model.   

Since, considering the timescale of the whole cycle, the photoisomerisation step is nearly-
instantaneous, the rotation rate of the motor can only be increased by speeding-up the 
transition from the state 4 to 1’ (Fig. 3). This can be done in two ways: first, by increasing the 
temperature of the medium in which the motors persist, though it might be impractical in 
many cases, or second, by reducing the barrier between the states 4 and 1’. The barrier 
reduction by chemical modification of the motors has proceeded quite successfully. As it 
already has been mentioned before, the duration of the rotation cycle has been reduced from 
days to a few hundreds nanoseconds [4-8]. Finally, the ultimate limiting factor for the 
rotation rate is the possibility to supply enough energy in the form of light. A crude 
estimation shows that for the motors, discussed in this chapter, a constant light flux of several 
hundreds of watts per square centimetre is needed to achieve the full potential rotation rate 
(still below 1 MHz). Considering the possibilities of further reduction (or even elimination) 
of the disadvantageous barriers, the rotation rates of at least several gigahertz should be 
reachable in the type of molecular motors discussed here.  Eventually, new, more directional, 
energy supply mechanisms should be employed to run the motors in the gigahertz regime. 
One of the suggestions would be to use a high generation dendrimer (see chapter 2) as an 
energy harvester in combination with a molecular motor. In this case, due to much larger 
absorption cross-section, the energy flux to the motor could be increased by about two orders 
of magnitude. 

Currently, the research is continued by using time-resolved linear dichroism experiments, 
which provides more insight into the intra-molecular movement. In addition to that, modified 
motors are considered with different potential energy landscapes and near-gigahertz rotation 
rates. 
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Synopsis 

The combination of efficiency, reliability, and ubiquity of biological systems continues to inspire 
new branches of fundamental and technological research in all possible aspects, ranging from 
molecular electronics to bio-inspired solar cells. One of the most fascinating processes in nature is 
photosynthesis. This is the process where sunlight, the energy source for the biosphere, is converted 
into the chemical energy so vital for life on earth. The light-harvesting, transfer, and conversion 
processes in various natural systems might look different, but the key mechanisms stay the same – the 
optical energy is harvested in a light harvesting antenna complex, composed of a set of pigments, then 
the excitation energy is transferred down a cascade of chromophores to the reaction center where it is 
used for charge separation needed for the biochemical reactions. Although in general terms the 
process sounds rather simple, the detailed understanding of the whole picture is quite complicated. 
This is primarily due to the complexity of natural photosynthetic units. For a “proof of principle”, 
however, it suffices to mimic certain parts of the photosynthesis process in an artificial device. This 
does not require using the same components and arrangements as found in natural systems. Much 
simpler model systems can be used to explore or to employ a very specific function, which would be 
difficult to access in for example a living cell. Processes as complicated as self-replication in 
biological systems can, for instance, be replaced with self-assembly in artificial molecule-based 
devices. However, these simplified systems sacrifice versatility and robustness, and generally have a 
more limited functionality. 

This thesis focuses on a number of synthetic model systems mimicking aspects of light-
harvesting, energy transfer, and motional processes found in nature. The model systems used are 
dendrimers, molecular aggregates, and molecular motors. Dendrimers can be considered as simple 
model systems mimicking the excitation energy transfer cascade found in natural light-harvesting 
complexes. Molecular aggregates are similar to natural light harvesting and energy transport units. 
They may potentially be used as molecular wires for energy harvesting and transport in optical 
devices. In addition, they are of fundamental interest as model materials to study the nature of 
excitons in systems of reduced dimensionality. Finally, light-driven rotary molecular motors are 
attractive as model systems for studies on light-to-motion energy conversion processes, as well as for 
their potential applications in nanotechnology. 
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Santrauka 

Nepaprastai didelis biologinių sistemų našumas, patikimumas ir universalumas įkvepia 
vis naujas taikomųjų ir fundamentaliųjų tyrimų kryptis. Iš daugybės sričių kaip pavyzdžius 
galima paminėti gamtines sistemas imituojančius saulės elementus, beigi organinę optiką ir 
elektroniką [1-6]. Vienas įstabiausių procesų gamtoje yra fotosintezė. Šio proceso metu 
saulės šviesa, beveik vienintelis visos biosferos energijos šaltinis, verčiama gyvybiškai 
svarbia visiems gyviesiems organizmams chemine energija. Šviesos surinkimo, energijos 
pernašos ir virsmų sekos įvairiose gaminėse sistemose gali, iš pirmo žvilgsnio, labai skirtis, 
nors pagrindiniai mechanizmai išlieka tokie patys – šviesa yra sugeriama šviesą surenkančios 
antenos, tam tikrų pigmentų rinkinio, tada sužadinimo energija yra pernešama į reakcinį 
centrą, kuriame vyksta krūvio atskyrimas, reikalingas tolimesnėms biocheminėms 
reakcijoms. Nors apskritai šie procesai atrodo gana paprasti, detalus kiekvieno jų žingsnio 
tyrimas yra gana komplikuotas dėl biologinių sistemų sudėtingumo. Iš kitos pusės, jei 
pakanka tik kokybiškai suprasti fundamentaliuosius šių procesų principus, nėra būtina 
nagrinėti natūralias sistemas arba tikslias jų kopijas. Nagrinėjant iš teorinės pusės arba 
bandant praktiškai pritaikyti tam tikrą procesą, vietoje natūraliųjų sistemų gali būti naudojami 
daug paprastesni ribotų funkcijų modeliai, kurių norimos savybės yra daug lengviau 
pasiekiamos, nei sistemose, kurios funkcionuoja tik, pavyzdžiui, gyvose ląstelėse. Taigi, tokie 
sudėtingi žingsniai kaip dauginimasis biologinėse sistemose gali būti pakeisti savitvarka 
dirbtiniuose molekuliniuose dariniuose. Žinoma, šiuo atveju dirbtinės sistemos iš dalies arba 
visiškai praranda tokias savybes kaip, pavyzdžiui, universalumas ir savaiminis pažeidimų 
taisymas. 

Šioje disertacijoje nagrinėjamos kelios dirbtinės modelinės sistemos, vienokiu ar kitokiu 
būdu imituojančios natūralias. Pagrindiniai naudojami eksperimentiniai metodai yra 
nuostovioji ir laikinės skyros optinė spektroskopija, nors gana daug dėmesio skiriama 
matavimų rezultatų lyginimui su duomenimis, gautais teorinių modelių pagalba. 

Primoji šioje disertacijoje aptariama modelinių sistemų grupė yra dendrimerai. 
Dendrimeras yra molekulė, sudaryta iš keleto pigmentų, sužadinimo energijos donorų, 
kovalentiškai sujungtų su dažniausiai vienu kitokio tipo pigmentu, kuris veikia kaip energijos 
akceptorius. Šviesa sugerta donorų, sužadinimo energijos pavidalu migruoja į akceptorių, 
tokiu būdu dendrimerai gali būti panaudoti kaip šviesą sugeriančios antenos modeliai arba 
šviesos energijos surinktuvai organiniuose saulės elementuose, beigi kaip sistemos 
fundamentaliesiems sužadinimo energijos perdavimo, sąveikų ir virsmų procesams tirti [7-
14]. Vienas iš didžiausių dendrimerų privalumų yra tai, kad šie dariniai yra chemiškai 
sintetinami. Cheminė sintezė leidžia pasirinkti ir tiksliai derinti norimas dendrimerų savybes 
daug tiksliau, nei tai įmanoma padaryti, pavyzdžiui, savitvarkiuose dariniuose. Antrajame 
šios disertacijos skyriuje yra nagrinėjami energijos pernašos mechanizmai nedideliame 
pirmosios kartos perileno-kumarinų dendrimere [15-16]. Laikinės skyros fluorescencijos ir 
sugerties eksperimentai ne tik atskleidžia energijos pernašos procesų trukmes, bet ir leidžia 
tirti keleto sužadinimų sąveiką toje pačioje molekulėje. Šiuo tikslu, naudojant didelius 
sužadinimo tankius, buvo pasiektas netiesinis energijos pernašos režimas. Energijos pernašos 
dinamika buvo sėkmingai modeliuojama naudojant gana paprastą modelį – dipolinės-
dipolinės energijos pernašos (Försterio) mechanizmą įskaitant tam tikras dendrimero 
geometrijos fliuktuacijas. Matavimų duomenų palyginimas su modeliavimo rezultatais leidžia 
įvertinti dendrimero geometrijos kitimo ribas. Pabaigai, gerokai sudėtingesnis žadinimo-
zondavimo eksperimentas su papildomu išankstiniu žadinimu ne tik patikslina energijos 
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pernašos mechanizmo šiame dendrimere modelį, bet ir atskleidžia galimybę šviesos pagalba 
ultrasparčiai valdyti energijos pernašos greitį ir efektyvumą [16].   

Nors dendrimerai turi didžiulį potencialą kaip dirbtinės šviesą surenkančios antenos, jų 
sintezė greitai sudėtingėja augant jų dydžiui. Norint sužadinimo energiją pernešti didesniais 
atstumais, didesnių darinių savitvarka iš daugelio smulkių elementų tampa gerokai 
patrauklesniu gamybos būdu. Tokiose savitvarkėse sistemose chromoforus tarpusavyje laiko 
nekovalentinės jungtys – van der Valso, joninės arba hidrofobinės sąveikos, taip pat 
vandenilinės jungtys. Taigi, tolesnieji šios disertacijos skyriai, pradedant trečiuoju ir baigiant 
septintuoju, skirti įvairioms molekulinių agregatų savybėms nagrinėti. Sąvoka agregatas 
dažniausiai apibūdina savitvarkį nanodarinį, sudarytą iš didelio kiekio tvarkingai surikiuotų 
molekulių. Iš fundamentaliosios pusės agregatai yra įdomūs kaip modelinės medžiagos ribotų 
laisvės laipsnių eksitonams molekulinėse sistemose nagrinėti. Be to, kai kurie agregatai savo 
struktūra yra labai panašūs į gamtines šviesą surenkančias sistemas, dėl šios savybės jie yra 
patrauklūs kaip modeliai gyvojoje gamtoje stebimiems fotofizikiniams procesams nagrinėti. 
Iš taikomosios pusės, jie gali būti potencialiai pritaikyti dirbtinėse šviesos surinkimo ir 
energijos transporto sistemose [17-19]. Pagrindiniai veiksniai lemiantys neįprastas agregatų 
optines savybes yra eksitonų delokalizacija, pernaša ir relaksacija [20-26]. 

Trečiasis skyrius yra skirtas bendrosioms dvisienių cilindrinių cianino darinio agregatų 
optinėms savybėms aptarti [27]. Visų nagrinėjamų agregatų sugerties ir tiesinio dichroizmo 
spektrai turi panašią struktūrą –  yra sudaryti iš keleto siaurų, gana stipriai poliarizuotų juostų, 
nors juostų padėtys ir intensyvumai gana stipriai priklauso nuo nedidelių cheminių 
monomerų modifikacijų ir priemaišų tirpale. Remiantis nuostoviosios ir laikinės skyros 
duomenimis, agregatų sugerties spektro juostos yra priskiriamos tam tikriems eksitoniniams 
šuoliams vidinėje ir išorinėje agregato sienelėje. Be to, žadinimo-zondavimo eksperimentai 
atskleidžia ultrasparčią (šimtų femtosekundžių laiko skalėje) sužadinimo energijos pernašą iš 
išorinės į vidinę agregato sienelę. Energijos pernaša iš vidinės į išorinę sienelę taip pat 
stebima, nors šiuo atveju ji lėtesnė – kambario temperatūroje pernašos trukmė siekia keletą 
pikosekundžių. 

Sužadinimo energijos pernašos ir relaksacijos procesų cilindriniuose agregatuose analizė 
toliau tęsiama ketvirtajame skyriuje [28]. Čia aprašyti eksperimentai yra atlikti žemose 
temperatūrose, o tai leidžia stebėti sužadinimų relaksaciją eksitoninių daugdarų viduje. 
Laikinės ir spektrinės skyros fluorescencijos eksperimentiniai duomenys beveik tiesiogiai 
rodo tam tikrų eksitoninių lygmenų užpildą norimu laiko momentu po sužadinimo. 
Matavimai atskleidžia greitą (trunkančią ne daugiau kaip keletą pikosekundžių) energijos 
pernašą iš išorinio į vidinį vamzdelį, po kurios seka taip pat labai greita sužadinimų 
relaksacija iki beveik žemiausiųjų lygmenų eksitoninėje daugdaroje. Toliau tęsiasi gerokai 
lėtesnis procesas, trunkantis dešimtis ir net šimtus pikosekundžių – sužadinimai toliau 
relaksuoja tarp žemiausiųjų eksitoninės daugdaros lygmenų. Matavimų duomenys gana 
tiksliai atitinka skaitmeninių modeliavimų duomenis. Modeliuojant buvo daugiausia remtasi 
ankstesniaisiais C. Didragos ir jo bendraautorių darbais [29-32]. Deja, dėl nepakankamos 
naudotos aparatūros laikinės skyros patys pirmieji relaksacijos proceso etapai kol kas lieka 
neatskleisti. 

Penktajame skyriuje grįžtama prie tų pačių sužadinimų relaksacijos procesų, kaip ir 
ankstesniajame skyriuje, bet šiuo atveju remiamasi laikinės skyros sugerties matavimų 
rezultatais. Nors žadinimo-zondavimo eksperimentų duomenų tiesiogiai sieti su lygmenų 
užpilda nebegalima, dėl daug didesnės laikinės skyros galima sekti pačius pirmuosius 
relaksacijos žingsnius iš karto po sužadinimo. Apibendrinus rezultatus nustatyta, kad per 
pirmuosius kelis šimtus femtosekundžių didžioji dalis sužadinimų pereina iš išorinio į vidinį 
cilindrą, po to per keletą pikosekundžių sužadinimai pasiekia žemiausiuosius eksitoninių 
daugdarų lygmenis. Toliau vyksta procesai jau žinomi iš ankstesniojo skyriaus – dešimtis ir 
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šimtus pikosekundžių trunkanti eksitonų relaksacija tarp žemiausiųjų eksitoninės daugdaros 
lygmenų ir, galų gale, grįžimas į pagrindinį elektroninę būseną [33]. 

Po plačios diskusijos apie cilindrinių cianino agregatų savybes, šeštasis ir septintasis 
skyriai yra skirti dviejų, kiek kitokių, savitvarkių sistemų savybių nagrinėjimui. Šeštajame 
skyriuje analizuojama pseudoizocianino (PIC) eksitoninių lygmenų statistika. Nors iš pirmo 
žvilgsnio gali pasirodyti, kad sudėtingos netvarkios kvantinės sistemos energetiniai lygmenys 
yra pasiskirstę visiškai atsitiktinai, bet atidžiau analizuojant galima pastebėti, kad maži 
energetiniai atstumai tarp dviejų gretimų lygmenų pasitaiko ypač retai. Ši kvantinės lygmenų 
stūmos savybė būdinga daugeliui sistemų. Šeštajame skyriuje šis efektas pademonstruojamas 
eksperimentiškai – žemoje temperatūroje agregatai yra selektyviai žadinami netoli jų J-
juostos maksimumo. Tokiomis sąlygomis fluorescencijos spektre matoma siaura intensyvi 
linija, sutampanti su žadinimo dažniu, ir nedidelė juosta, pasislinkusi į raudonąją pusę nuo 
šios linijos. Ši juosta turi beveik visą informaciją, reikalingą lygmenų pasiskirstymo 
statistikai nustatyti [34]. Eksperimentinių duomenų analizė rodo, kad žemiausieji šių agregatų 
eksitoninės daugdaros lygmenys iš tiesų stumia vieni kitus ir yra pasiskirstę pagal Vignerio-
Daisono arba jai artimą statistiką [35].  

Septintasis skyrius yra paskutinis šios disertacijos skyrius apie molekulinius agregatus. 
Skyrius skirtas  vieno iš porfirino darinių (TPPS4) cilindrinių vienasienių agregatų 
mikroskopinei struktūrai. Nors šie agregatai seniai plačiai žinomi dėl jų optinių savybių ir 
potencialų jų pritaikymo galimybių, taip pat dėl jų stabilumo įvairiose aplinkose, bei 
paruošimo paprastumo ir atkartojamumo [36-39], kol kas nėra žinoma jų tiksli mikroskopinė 
struktūra. Tuo labiau, iki šiol nėra vieningos nuomonės netgi dėl paprasto modelio, kuris bent 
apytiksliai paaiškintų šių agregatų struktūrines ir optines savybes. Septintajame skyriuje 
sujungiami šių agregatų elektroninės mikroskopijos beigi optinės sugerties ir tiesinio 
dichroizmo eksperimentų duomenis su teoriniu spektrų modeliavimu [40]. Gautųjų rezultatų 
pagrindu pasiūlomas mikroskopinio monomerų išsidėstymo šiuose agregatuose modelis. 

Po keleto skyrių skirtų sužadinimo energijos pernašos ir relaksacijos procesams 
molekulinėse sistemose paskutiniame, aštuntajame, šios disertacijos skyriuje nagrinėjamas 
kiek kitoks procesas ne mažiau svarbus biologinėse sistemose: šviesos energijos vertimas 
mechanine molekuliniuose varikliuose [41-47]. Gyvuosiuose organizmuose galima rasti 
daugybę tiesinių ir besisukančių variklių pavyzdžių, tokių kaip kinezino-mikrotubulių arba 
miozino-aktino sistemos, ATP-sintazė ar bakterijų žiuželių varikliai [48-51]. Per pastaruosius 
du dešimtmečius pasiekimai sintetinant dirbtinius molekulinius variklius juntamai priartino jų 
galimybes prie natūraliųjų [41-47 ir 52-55], bet pilnai besisukančio molekulinio variklio 
sukūrimas ir sintezė buvo viena sunkiausių užduočių. Nuo pirmojo besisukančiojo šviesa 
varomo molekulinio variklio sukūrimo [41] buvo padaryta didžiulė pažanga didinant jų 
sukimosi greitį ir efektyvumą, nors sukimosi mechanizmo supratimas liko gana ribotas. 
Siekiant pritaikyti šiuos variklius nanotechnologijoje, toliau didinti jų greitį ir efektyvumą 
arba naudoti kitokį energijos šaltinį, būtina kuo tiksliau suprasti jų sukimosi mechanizmą. 
Aštuntajame skyriuje vieno iš šviesa varomų molekulinių variklių sukimosi mechanizmas 
analizuojamas pasitelkiant žadinimo-zondavimo eksperimentus. Iš matavimo rezultatų 
sukonstruojamas variklio elektroninių lygmenų potencialinių paviršių modelis, kuris 
atskleidžia detalų variklio sukimosi mechanizmą [56, 57]. 

Apibendrinant galima teigti, kad ir iš fundamentaliosios, ir iš technologinės pusės, daug 
vertingų kokybinių žinių apie tam tikrą sudėtingos sistemos savybę galima gauti naudojant 
gerokai paprastesnes modelines sistemas. Tą patvirtina keli tokių sistemų pavyzdžiai, šioje 
disertacijoje nagrinėjami šviesos surinkimo, sužadinimo energijos pernašos ir energijos 
virsmų požiūriu. 
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Samenvatting 

De combinatie van efficiëntie, betrouwbaarheid en grote variatie van biologische 
systemen blijft nieuwe takken fundamenteel en technologisch onderzoek inspireren in alle 
mogelijke richtingen, variërend van moleculaire elektronica tot bio-geïnspireerde zonnecellen 
[1-6]. Een van de meest fascinerende processen in de natuur is fotosynthese. Dit is het proces 
waarbij zonlicht, de energiebron voor de biosfeer, wordt omgezet in de chemische energie die 
zo onmisbaar is voor al het leven op aarde. De opvang-, transport- en omzetprocessen van het 
licht in verschillende natuurlijke systemen kunnen er verschillend uitzien, maar de 
belangrijkste mechanismen blijven hetzelfde – de optische energie wordt opgenomen door 
een licht-opvangende antenne-structuur, bestaande uit een serie pigmenten, waarna de 
excitatie-energie via een cascade aan chromoforen wordt verplaatst naar het reactiecentrum. 
Aldaar wordt de energie gebruikt om de ladingsscheiding te bewerkstelligen die nodig is voor 
biochemische reacties. Ook al lijkt het concept over het algemeen relatief simpel, een 
gedetailleerd begrip van het gehele plaatje blijkt behoorlijk ingewikkeld. Dit komt 
voornamelijk door de complexiteit van natuurlijke fotosynthetische eenheden. Bij het 
nabootsen van bepaalde delen van de fotosynthese is het niet strikt noodzakelijk om dezelfde 
componenten en structuren te gebruiken als in natuurlijke systemen. Om een heel specifieke 
taak in het proces te onderzoeken of na te bootsen kunnen vaak, in plaats van de moeilijk 
handteerbare natuurlijke systemen (in een levende cel, bijvoorbeeld), veel simpelere 
modelsystemen gebruikt worden. Zo kunnen bijvoorbeeld gecompliceerde synthetische 
processen als zelfreplicatie in biologische systemen vervangen worden door zelfassemblage 
van kunstmatige systemen gebaseerd op moleculen. Echter, deze gesimplificeerde systemen 
hebben doorgaans een beperkte functionaliteit en offeren ten dele de veelzijdigheid en 
robuustheid van natuurlijke systemen op. 

In dit proefschrift worden verscheidene bio-geïnspireerde modelsystemen bestudeerd, 
voornamelijk met behulp van tijdsonafhankelijke en tijdsopgeloste optische spectroscopie. 
Het eerste systeem dat wordt besproken is een dendrimeer dat bestaat uit meerdere donor-
chromoforen die covalent gebonden zijn aan één enkele acceptor-chromofoor. Zo’n 
dendrimeer kan beschouwd worden als een simpel model van een biologische licht-
oogsteenheid, als een kunstmatige licht-opvanger voor organische zonnecellen, of als een 
modelsysteem om fundamentele excitaties, hun interacties en energie-transporteigenschappen 
te bestuderen [7-14].  Het grootste voordeel van deze structuren is dat ze relatief simpel zijn 
en geheel chemisch gesynthetiseerd kunnen worden. Hierdoor zijn de eigenschappen 
makkelijker te controleren dan in, bijvoorbeeld, zelfgeassembleerde supramoleculaire 
systemen. In hoofdstuk 2 worden de energie-overdrachtseigenschappen in zogenaamde 
eerste-generatie coumarine-peryleen-bisimide-dendrimeren besproken [15, 16]. Tijdsopge-
loste fluorescentie- en absorptietechnieken worden gebruikt om de mechanismen en 
tijdsschalen van de energie-overdracht te bepalen. Door meerdere excitaties in hetzelfde 
dendrimeer te creëren, wordt het mogelijk om de interacties tussen excitaties in hetzelfde 
molecuul te bestuderen. Hiertoe worden experimenten met een hoge excitatiedichtheid 
uitgevoerd, die een verkenning van de specifieke aspecten van de energie-
overdrachtsdynamica in het niet-lineaire regime mogelijk maken. De experimentele data 
worden vergeleken met de resultaten van numerieke simulaties, welke gebaseerd zijn op een 
simpel Förster model voor de energie-overdracht, met een bepaalde mate van wanorde in de 
dendrimeergeometrie. Tenslotte onthullen verfijnder pre-pomp–pomp–probe experimenten 
niet alleen de eigenaardigheden van het energie-overdrachtsmechanisme, maar stelt het ons 
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ook in staat om de energie-overdrachtssnelheid in het dendrimeer op een ultrasnelle, optische 
manier te controleren [16]. 

Hoewel dendrimeren veelbelovende kandidaten zijn als kunstmatige licht-oogsteenheden, 
wordt de synthese hiervan almaar complexer naarmate de grootte van de systemen toeneemt. 
Wanneer energie verplaatst moet worden over grotere afstanden wordt zelfassemblage van 
grote structuren uit vele, kleinere componenten de meest haalbare constructiemethode. In 
zulke, zogeheten supramoleculaire systemen worden de chromoforen bij elkaar gehouden 
door niet-covalente onderlinge interacties, zoals waterstofbruggen, van der Waals- of 
elektrostatische krachten. Deze tweede soort systemen, ook wel moleculaire aggregaten 
genoemd, worden in hoofdstukken 3 tot en met 7 van dit proefschrift onderzocht. De term 
aggregaat wordt gebruikt om een, vaak zelfgeassembleerde, geordende verzameling 
moleculen aan te duiden. Aggregaten zijn van fundamenteel belang als model materialen om 
de aard van excitonen in moleculaire systemen met een lage dimensionaliteit te bestuderen. 
Bovendien hebben de aggregaten veel overeenkomsten met natuurlijke licht-oogst- en 
energie-transporteenheden, wat ze attractief maakt als model materialen voor studies naar 
fotofysische processen in biologische systemen almede voor praktische toepassingen zoals 
moleculaire draden in kunstmatige licht-oogst- en energie-transportsystemen [17-19]. De 
buitengewone optische eigenschappen van moleculaire aggregaten worden voor een groot 
deel bepaald door de delocalisatie-, transport- en relaxatieprocessen  van de excitonen [20-
26]. 

Hoofdstuk 3 richt zich op de algemene optische eigenschappen van op cyanine-derivaten 
gebaseerde, cilindrische, dubbelwandige moleculaire aggregaten [27]. De lineair-dichroisme- 
en absorptiespectra hebben dezelfde basisstructuur voor alle onderzochte aggregaten; feitelijk 
bestaand uit een set smalle, sterk gepolariseerde banden, hoewel de exacte posities en sterktes 
van de absorptiebanden worden beïnvloed door de keuze voor specifieke zijgroepen en 
eventuele andere toevoegingen. De geobserveerde absorptiebanden worden toegeschreven 
aan bepaalde excitonovergangen in de binnen- en buitencilinders van het aggregaat. Deze 
toekenningen kunnen worden gedaan door verschillende data, verkregen door middel van 
tijdsonafhankelijke en tijdsopgeloste spectroscopie, te combineren. Energieoverdracht van de 
buiten- naar de binnencilinder blijkt plaats te vinden op een sub-picoseconde tijdsschaal, 
terwijl het omgekeerde proces, energieoverdracht van de binnen- naar de buitencilinder, 
stukken langer duurt, tot enkele picoseconden bij kamertemperatuur. 

De studie naar energieoverdrachts- en relaxatieprocessen in dubbelwandige, cilindrische 
aggregaten wordt voortgezet in hoofdstuk 4 [28]. De experimenten die in dit deel 
gepresenteerd worden zijn uitgevoerd bij cryogene temperaturen, waardoor het mogelijk 
wordt om de relaxatie van excitaties binnen de excitonenband van voornamelijk de binnenste 
cilinder waar te nemen. Tijds- en spectraalopgeloste fluorescentie data is een vrijwel directe 
indicator voor de bezetting van bepaalde excitontoestanden op een gegeven tijdstip na de 
excitatie. De experimentele data onthullen een snelle (binnen enkele picoseconden) 
energieoverdracht en relaxatie naar de laagliggende toestanden van de excitonband van de 
binnenste cilinder, gevolgd door een relatief langzame relaxatie (tientallen picoseconden) in 
de staart van de toestandsdichtheid. De waargenomen relaxatiedynamica komt goed overeen 
met de spectrale-dynamica data die wordt verkregen door een Pauli meester-vergelijking voor 
excitonpopulaties op te lossen. Eerdere studies naar gelijksoortige aggregaten door Didraga et 

al. leveren een belangrijke bijdrage aan het begrijpen van de onderliggende processen [29-
32]. Helaas kunnen de allereerste stappen van de relaxatie niet worden opgelost door de 
ontoereikende tijdsresolutie van de gebruikte apparatuur en door de afwezigheid van 
fluorescentie van optisch inactieve toestanden. 

De relaxatie- en energieoverdrachtsfenomenen besproken in hoofdstuk 4 komen in 
hoofdstuk 5 wederom aan de orde, ditmaal door middel van spectraal-opgeloste, 
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tijdsafhankelijke absorptietechnieken. Door de veel hogere tijdsresolutie in deze 
experimenten worden de energieoverdrachts- en relaxatiestappen in de allereerste paar 
picoseconden na excitatie aan het licht gebracht: energieoverdracht van de buiten- naar de 
binnencilinder vindt plaats binnen honderden femtoseconden, gevolgd door de eerder 
genoemde relaxatie binnen de excitonenband van de binnencilinder (enkele picoseconden) en 
uiteindelij de relaxatie naar de grondtoestand (tientallen picoseconden) [33]. 

Na in hoofdstukken 3 tot en met 5 uitgebreid de eigenschappen van cyanine-derivaat 
aggregaten te hebben besproken, komen in hoofdstukken 6 en 7 enkele eigenschappen van 
twee andere zelfgeassembleerde, macromoleculaire systemen aan de orde. Hoofstuk 6 wordt 
gewijd aan een experimentele studie naar de niveaustatistiek in pseudo-isocyanine (PIC) 
aggregaten. De door selectieve excitatie verkregen lage-temperatuurs fluorescentiespectra 
laten een scherpe, intense piek zien bij de excitatie-energie alsmede een roodverschoven 
emissie band die het resultaat is van exciton energie relaxatie. Deze laatste band bevat levert 
relevante informatie over de niveaustatistiek, het eigenlijke onderwerp van dit hoofdstuk [34, 
35]. De experimentele data wordt besproken in het licht van een recent theoretisch model, 
wat sterk aangeeft dat de niveaus in de bodem van de excitonenband elkaar ‘afstoten’. Met 
andere woorden, de kans om twee energetisch zeer dicht bij elkaar liggende niveaus te vinden 
is uitermate klein. Een dergelijke verdeling van energie niveaus word ook wel een Wigner-
Dyson-achtige verdeling genoemd. 

Hoofdstuk 7 wendt zich tot de microscopische structuur van de bekende cilindrische, 
enkelwandige, porphyrine-derivaat-aggregaten (TPPS4) [36-39]. Door hun unieke optische 
eigenschappen, alsmede door hun makkelijke en reproduceerbare synthese en stabiliteit in 
verscheidende omgevingen zijn TPPS4-aggregaten erg bekend in de literatuur. Desondanks is 
hun gedetailleerde microscopische structuur nog niet opgelost. In dit hoofdstuk wordt de 
microscopische rangschikking van de moleculen binnen deze aggregaten bepaald door cryo-
elektronmicroscopie, lineare spectroscopie en theoretische modellering van de spectra te 
combineren [40]. 

Na een uitgebreide studie naar modelsystemen die relevant zijn in het oogsten en 
transporteren van lichtenergie, komen we in het laatste hoofdstuk van dit proefschrift uit bij 
een ander belangrijk bio-geïnspireerd onderzoeksveld: de intrigerende wereld van de 
moleculaire motoren [41-47]. Er zijn vele voorbeelden van moleculaire rotatie- en lineaire 
motoren in biologische systemen, zoals de kinesine-microcilinder, myosine-actine-systemen, 
ATP-synthase en bacteriële-flagellummotoren [48-51]. Gedurende de laatste paar decennia 
maakten de kunstmatige moleculaire motoren een inhaalslag [41-47, 52-55], maar de 
synthese van moleculaire rotatiemotoren die een volledige rotatie ondergaan bleek erg 
moeilijk. Ondanks dat er sinds de synthese van de eerste licht-aangedreven moleculaire 
rotatiemotor een aanzienlijke vooruitgang is geboekt door de snelheid en efficiëntie van de 
motoren te optimaliseren, is het begrip van het rotatiemechanisme, dat nodig is voor verdere 
verbeteringen, nog steeds behoorlijk beperkt. In hoofdstuk 8 worden optische pomp-probe 
experimenten aan chirale moleculaire motoren gepresenteerd, welke worden besproken met 
behulp van potentiële-energielandschappen voor de grond- en aangeslagen toestanden van de 
moleculaire motoren. Dit leidt tot een voorstel voor een gedetailleerd model van het 
rotatiemechanisme [56, 57]. 

Samenvattend kunnen we stellen dat een kwalitatief begrip van een bepaalde eigenschap 
in een complex systeem bereikt kan worden, zij het vanuit een fundamenteel of een 
technologisch oogpunt, door het gebruiken van simpeler modelsystemen. Dit proefschift richt 
zich op een aantal van deze synthetische modelsystemen die bepaalde aspecten van licht-
oogst-, energie-overdrachts- en bewegingsprocessen  nabootsen. 
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