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Exciton transport in molecular and supramolecular structures was studied

with the aim of understanding the key factors for long-range exciton transport in mesoscopic organic
and hybrid systems. Simultaneous measurements by fluorescence and atomic force microscopy on
self-assembled supramolecular nanofibers and their bundles showed that 3-dimensional mesostructures
function as efficient light waveguides. On the other hand, 1-dimensional nanofibers exhibit long
exciton diffusion lengths on the order of several hundreds of nanometers. Such large diffusion
length values were explained by the formation of oblique molecular aggregates between individual
monomers within the nanofibers. Further, the effect of topology on the exciton diffusion was studied
using self-assembled supramolecular nanorings. Absorption and fluorescence polarization anisotropy
together with theoretical simulations showed that the exciton transport along the nanorings is
limited to several nanometers.
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1. WHEPAR SO 5

Natural photosynthetic systems, as well as many organic molecules absorb the energy of light in
the visible or UV spectral regions. Efficient transport of this excitation energy over long distances
is crucial in the function of photosynthesis, and is also a key factor in synthetic light-harvesting
systems such as solar cells. In the synthetic molecular systems, the transport of the excitation
energy, so called excitons, is in most cases limited to distances on the order of nanometers to tens
of nanometers. The efficiency of exciton transport is determined by electronic coupling between
densely packed molecules and by the presence of electronic and structural disorder. Recently,
there have been several reports of micrometer-length transport of singlet excitons measured in
supramolecular systems, such as one-dimensional nanofibers of self-assembled H-aggregates of
triarylamines, self-assembled nanotubes of J-aggregated amphiphilic cyanine dyes or crystalline
conjugated polymer nanofibers. These results show the great potential for long-range exciton
transport in synthetic organic systems and its engineering by molecular design, controlled self-
assembly, and modification of coherent-incoherent interactions. Other potential key factors that
can play a role in long-range exciton transport are topology and dimensionality of the building
blocks of the nanostructures or of the structures themselves.

2. WHED R

The main objectives of the research are to study the exciton transport in a variety of synthetic
molecular and supramolecular systems, with the aim of understanding the key design principles
for long-range exciton transport in mesoscopic organic and hybrid structures, including the roles
of topology and dimensionality, and to propose ways to actively control the key factors of the
exciton transport efficiency for advanced applications.

3. WDk

The principal method for the study of the exciton transport is fluorescence microscopy and
nanoscale spectroscopy. The long-range transport is measured by exciting diffraction-limited size
location of the molecular system (such as nanofiber) in confocal fluorescence mode, and
observing the delocalization of fluorescence due to the exciton transport. For structures smaller
than the diffraction limit of light, the transport is measured indirectly by, e.g., polarized absorption
and fluorescence. To reveal the roles of topology and dimensionality, the fluorescence microscopy
measurements are correlated with atomic force microscopy (AFM) imaging of the same samples.
The simultaneous experiments are made possible by using a combined setup including an inverted
fluorescence microscope with an AFM head placed on its top.

4. WFIEALE

4.1. Simultaneous fluorescence and AFM microscopy of single conjugated polymer chains

Conjugated polymer chains in compact conformations or in films exhibit spectral features that
can be attributed to exciton transport along the main chain and emission from a low-energy site
formed due to interactions between individual conjugated segments of the chain, including
aggregates or excimers. We used atomic force microscopy (AFM) on single chains of the
conjugated polymer polyfluorene (PFO) (Fig. 1a) to control the inter-segment interactions by
mechanically unfolding the chain. Simultaneously with the force spectroscopy (Fig. 1b) we
monitor fluorescence from the single PFO chains using a fluorescence microscope. We found that
mechanical stretching of the chain causes disappearance of the green emission band which is
populated by energy transfer from other parts of the chain (Fig. lc, d). This observation provides
evidence that the green emission originates from an intra-chain aggregated state on the self-folded
chain which is decoupled by the stretching (Fig. le, f). In addition, the stretching upon laser
irradiation leads to the appearance of additional features in the force spectra, small force peaks in



the initial stages of the unfolding (Fig. 1b, g). These features are attributed to a combination of
excitonic and van der Waals coupling of a ground-state intra-chain aggregate.
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4.2. Long-range exciton diffusion on self-assembled supramolecular nanofibers

The study of long-range exciton diffusion was realized on self-assembled supramolecular
nanofibers of tris(phenylisoxazolyl)benzenes, as shown in the Fig. 2a, b. Single chirally
assembled nanofibers can further aggregate into bundles with varying diameter. An example of
such bundles is also shown in the AFM image in Fig. 2c.
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The nanofiber and bundle thickness as measured by AFM vary from a few nanometers (individual
nanofibers) to hundreds of nanometers (bundles). The nanostructures of various thickness were
studied using fluorescence microscopy and spectroscopy. Briefly, in a confocal microscopic mode
the excitation laser of 375 nm is focused into a diffraction limited spot on a location on the
nanofiber/bundle (Fig. 2d). The excitons created in the excitation spot then diffuse along the
nanofiber and cause spatial spread of the fluorescence signal. Analysis of the excitation laser
profile together with the extended fluorescence profile provides an estimate of the exciton
diffusion length. For thick nanofiber bundles (on the order of hundreds of nm) it was found that
the bundles function as nanoscale organic waveguides. The light emitted around the excitation
spot is efficiently coupled into the nanofiber bundle, propagates along the bundle length of several
micrometers and is reemitted at the bundle ends. To exclude the effect of waveguiding, the exciton
diffusion was studied on thin nanofibers with thickness below 20 nm. The diffusion length was
studied at a statistical sample of different locations on tens of different nanofibers in simultaneous
fluorescence and AFM imaging experiments. The AFM was used to confirm the correct thickness
of the nanofiber at and around the excitation location. The exciton diffusion length plotted against
the nanofiber thickness (Fig. 2e) shows large distribution of values, with an average diffusion
length of 340 nm. The correlation of the diffusion length with the nanofiber thickness indicates
that the average length is larger for individual nanofibers (thickness below ~ 6 nm, 1-dimensional
structures) compared to small nanofiber bundles (thickness between 8 and 20 nm, 3-dimensional
structures), pointing to the effect of dimensionality in the exciton transport. Further, it was found
that there is no effect of the fiber curvature on the diffusion length within the range of curvatures
observed in the samples. The unexpectedly long exciton diffusion length was tentatively
interpreted in terms of the existence of oblique molecular aggregates which form between
individual monomer units during the nanofiber self-assembly.

4.3. Exciton diffusion in hierarchical supramolecular nanorings

To study the effect of topology on the exciton diffusion process, self-assembled supramolecular
nanorings of naphthalene barbiturate (Fig. 3a, b) were studied by polarization fluorescence
microscopy. Nanorings of the size of 20 — 30 nm cannot be resolved using optical microscopy,
and in fluorescence images the individual nanorings appear as diffraction limited emission spots
(Fig. 3c). Within this limitation on resolution, the shape of the nanorings was confirmed by
measuring the absorption anisotropy. As expected for rotationally symmetric structures, the
anisotropy values De, are narrowly distributed around 0 values (Fig. 3d), confirming the circular
shape of the rings. The exciton diffusion is measured by fluorescence anisotropy. Theoretically,
in the absence of exciton transport the fluorescence anisotropy Dem has a value of 0.5. The results
measured on a statistical sample of nanorings show a distribution of Dem values, with a peak
between 0.3 and 0.4 (Fig. 3e), indicating a partial exciton transport along the nanorings. The extent
of the transport was estimated using a model in which the nanoring is formed by individual light-
absorbing and emitting segments, and by assuming random walk diffusion of excitons created on
the individual segments. The results in Fig. 3f show that on most of the rings the exciton diffusion
length is limited to 2 — 4 nm, even though in some rings the diffusion length can reach up top 8
nm.
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4.4. Conclusions

Exciton transport in molecular and supramolecular structures was studied with the aim of
understanding the key factors for long-range exciton transport in mesoscopic organic and hybrid
systems. Simultaneous measurements by fluorescence and atomic force microscopy on self-
assembled supramolecular nanofibers and their bundles showed that 3-dimensional
mesostructures function as efficient light waveguides. On the other hand, 1-dimensional
nanofibers exhibit long exciton diffusion lengths on the order of several hundreds of nanometers.
Such large diffusion length values were explained by the formation of oblique molecular
aggregates between individual monomers within the nanofibers. Further, the effect of topology
on the exciton diffusion was studied using self-assembled supramolecular nanorings. Absorption
and fluorescence polarization anisotropy together with theoretical simulations showed that the
exciton transport along the nanorings is limited to several nanometers.
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