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Hybrid metal-semiconductor nanoparticles; From photocatalysis to doping
Uri Banin

The Institute of Chemistry and the Center for Nanoscience and Nanotechnology, The Hebrew University of Jerusalem,  
Jerusalem, 91904, Israel

The ability to selectively arrange nano-sized domains of  
metallic, semiconducting and magnetic materials into 

a single “hybrid” nanoparticle offers an intriguing route to  
engineer nanomaterials with multiple functionalities or the  
enhanced properties of one domain. In this talk we will  
present recent strategies used to create semiconductor-metal 
hybrid nanoparticles, highlight the emergent properties of these 
multi-component materials, and discuss their potential applica-
bility for different technologies.

One aspect of the multifunctionality of hybrid metal- 
semiconductor nanoparticles is related to light induced 
charge separation that was found to take place at the metal- 
semiconductor interface in such hybrids opening the path to 
their implementation in solar energy harvesting. Experiments 
examining the potential function of metal-semiconductor  
hybrid nanoparticles as novel photocatalysts will be report-
ed. The formation of nano-cage hybrid nanoparticles as an  
interesting architecture for photocatalysis and sensing will also 
be highlighted.

Another aspect related to metal-semiconductor combinations 
is that of impurity doping in such colloidal nanocrystals which 
presents an important challenge. From the synthesis side, the 
introduction of a few impurity atoms into a nanocrystal which 
contains only a few hundred atoms may lead to their expul-
sion to the surface or compromise the crystal structure. From 
a physical viewpoint, impurities inherently create a heavily 

doped nanocrystal under strong quantum confinement, and the 
electronic and optical properties in such circumstances are still  
unresolved. We developed a solution based method to dope 
semiconductor nanocrystals with metal impurities providing 
control of the band gap and Fermi energy.  A combination of 
optical measurements, scanning tunnelling spectroscopy and 
theory revealed the emergence of a confined impurity band 
and band-tailing effects. Successful control of doping and its 
understanding provide n- and p-doped semiconductor nano-
crystals which greatly enhance the potential application of such  
materials in solar cells, thin-film transistors, and optoelectronic 
devices prepared by facile bottom-up methods.

Artificial photosynthesis and heterogeneous organocatalysis by carbon nitrides
Markus Antonietti, Yong Wang, Xinchen Wang

Max-Planck-Institute of Colloids and Interfaces, Research Campus Golm, D-14424 Potsdam, Germany

Nitrides and carbides are classes of nanomaterials which are 
presumably next on the scientific market to complement 

current functional oxide catalysts. Polymeric Graphitic Carbon 
Nitride (ideally C3N4) for instance is a graphite-like material, 
however with semiconductor properties and extreme chemical 
stability. Graphitic carbon nitride is however also chemically 
most surprising. Made from urea under early-Earth conditions, 
as shown already by Justus Liebig in 1832, it just recently turned 
out to be a novel catalyst which- among other reactions- can even 
chemically split CO2 or photochemically turn water into hydro-
gen and oxygen. This opens the door to artificial photosynthesis 

The first moments of STM and some thoughts about the future of nanotechnology
Gerd Binnig

Definiens AG, Trappentreustrasse 1, 80339 München, Germany, www.definiens.com

The very first moments of the development of STM and AFM 
with their major crucial decisions and results are described. 

Some conclusions are drawn from this historic consideration. 

on the base of a sustainable and most abundant substrate base.  
I will introduce the basics of artificial photosynthesis on a  
tutorial base, go to required band structures and electronic 
schemes and couple that with chemical reactivity to catalyze 
both water oxidation and water reduction.

I will also present first schemes on chemical reactions where the 
electronic properties of C3N4 are generalized to other reactions, 
successfully mimicking oxidation enzymes with high conver-
sions and selectivity.

After a short detour into image analysis demonstrating challeng-
es in biology and informatics some aspects of future potentials 
of nanotechnology seem to crystallize.
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Chemical studies of genome maintenance and stem cell development
Thomas Carell

Department of Chemistry, Ludwig-Maximilians-Universität München, Munich (Germany), www.carellgroup.de

A) Our genome is constantly damaged by various exogenous 
and endogenous events. 50'000 to 100'000 DNA lesions are 

generated each day per cell. The formed chemical DNA modifi-
cations interfere with normal DNA transcription and replication 
events causing mutations and cell death. In the lecture I will 
describe the chemical synthesis of DNA lesions that are formed 
by oxidative degradation processes. The DNA lesions are sub-
sequently incorporated into oligonucleotides, which are crystal-
lized together with DNA repair proteins and DNA polymerases. 
The results allow us to learn at atomic resolution of why these 
lesions are mutagenic. 

B) In the second part of the lecture I will discuss of how the 
results can be used to create fully orthogonal new base pairs in 
which the hydrogen bonds that typically link the Watson-Crick 
base pairs can be replaced by coordination forces elicited by 
complexed metal ions and even reversible covalent bonds. The 
ability to use the tools of biology for the construction of artici-
ficial, self assembling covalent DNA structures has implications 
for the field of DNA based nano-systems.

C) Finally I will discuss that non-canonical nucleobases are also 
of key importance for developmental processes that lead to gene 
silencing and gene activation. During stem cell development 

and neurogenesis, recently discovered new nucleobases such as 
hydroxymethyl-cytosine and formyl-cytosine play a pivotal role. 
I will discuss new synthetic routes to these compounds using 
modern metal organic chemistry and I will discuss how chem-
istry leads to new insights into the biology of stem cell develop-
ment processes.

[1] G. W. Hsu, M. Ober, T. Carell, L. S. Beese, Nature 2004, 431, 
217-221. 

[2] T. Carell, unpublished data. 

[3] K. Tanaka, G. H. Clever, Y. Takezawa, Y. Yamada, C. Kaul, M. 
Shionoya, T. Carell Nat. Nanotech. 2006 , 1 , 190-194. 

[4] C. Kaul, M. Müller, M. Wagner, S. Schneider, Nature Chem. in 
press.

[5] M. Münzel, D. Globisch, T. Brückl, M. Wagner, V. Welzmiller, 
S. Michalakis, M. Müller, M. Biel, T. Carell Angew. Chem. Int. Ed. 
2010, 49, 5375-5377. 

[6] T. Pfaffeneder, B. Hackner, M. Truß, M. Münzel, M. Müller, C. A. 
Deiml, C. Hagemeier, T. Carell, Angew. Chem. Int. Ed. in press.

Figure 1:  A: Mutagenic base pair of an oxidative DNA lesion. B: Artificial, covalently connected but still replicable metal base pair.  
C: The new base formyl-cytosine is a constituent of stem cell DNA.

Some like it hot – biomolecular interaction studies using microscale thermophoresis 
Stefan Duhr

NanoTemper Technologies GmbH, Flössergasse 4, 81369 Munich, Germany; www.nanotemper.de

This presentation gives an overview on Microscale  
Thermophoresis, a new technology for biomolecular  

interaction studies. The term Microscale Thermophoresis refers 
to the directed movement of molecules in optically generated  
microscopic temperature gradients. This thermophoretic  
movement is determined by the entropy of the hydration shell 
around molecules. Almost all interactions and virtually any  
biochemical process comes along with a change in size, charge 
or conformation of a molecule that causes a change in the  
hydration shell. Such changes allow quantification of binding 
affinities of proteins, nucleic acids and small molecules. In  
addition also studies of complex molecular assemblies like  

ribosomes and liposomes are possible. The flexible, fast and  
robust analysis of molecules directly in solution without sur-
face coupling of molecules makes this method suitable for the  
analysis of molecules even in complex bioliquids like cell  
lysate. The method consumes only a few microliter of sample at  
nanomolar concentrations and measures affinities in the  
sub-nM to mM range. In this presentation we will describe tech- 
nical details and benefits of Microscale Thermophoresis. We 
will show examples for interaction measurements ranging from  
protein-liposome, protein-protein, protein-nucleic acid, to small 
molecule-receptor interactions. 
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Graphene quantum circuits
Klaus Ensslin

ETH Zürich, Laboratorium für Festkörperphysik, Zürich, Switzerland

Since its discovery in 2004, graphene has entered various 
different research fields. In the field of physics the special 

electronic properties of this two-dimensional honeycomb lattice 
have been studied. In contrast to conventional semiconductors, 
graphene has no band gap and charge carriers can be pictured 
as massless particles that obey the Dirac equation with the  
velocity of light replaced by the Fermi velocity. Additionally, 
the electron spin is expected to exhibit long coherence due to 
the weak interaction with the nuclear spins and with its own  
orbital motion. This property is promising for the realization of 
spin-based quantum bits as components of solid-state quantum 
computers. 

Our work is mainly focused on the understanding of trans-
port through nanostructures. Due to the absence of a band 
gap in single layer graphene, electrostatic confinement (as  

implemented in e.g. GaAs devices) is not possible. It has 
however been shown that size confinement in etched nano- 
ribbons introduces a transport gap. This feature has been  
utilized as tunneling barrier in graphene nanostructures such 
as single- and double-quantum dots. In recent experiments 
we have investigated the microscopic picture of transport  
mechanisms through these narrow constrictions in temperature 
dependent measurements.	

In order to overcome the problem of the lacking band gap,  
bilayer graphene may be favorable. As the symmetry between 
the two graphene layers is broken, a band gap opens. This can 
be tuned by an electric field applied perpendicular to the layers. 
First experiments on double-gated bilayer nanostructures have 
been accomplished.

Hydrodynamics of microorganisms
Jörn Dunkel

Edwards College Centre for Mathematical Sciences, University of Cambridge, Wilberforce Road, Cambridge CB3 0WA, U.K. 

Hydrodynamics is essential for the self-propulsion of micro-
organisms, their mutual interactions and nutrient mixing 

in the surrounding fluid. Many structural properties of flagella 
or cilia (the microscopic appendages that propel bacteria and 
algae through their fluid environment) remain conserved in 
higher organisms, where they are known to play important roles 
in the reproductive system, during embryonal development and 
in the respiratory tract. Thus, studying the hydrodynamics of 
microorganisms  not only helps to reveal the physical properties 

of the simplest life forms, but also promises general insights that 
could be of medical importance in the future. In this talk, I will 
discuss recent experimental and theoretical progress in our un-
derstanding of the fluid flows generated by individual algae and 
bacteria. Specifically, I will present results from the first direct 
measurements of the E. coli flow field and discuss their implica-
tions for biofilm formation and collective behavior in bacterial 
suspensions.

Voltage-controlled spin mechanics
Sebastian Gönnenwein

Walther-Meißner-Institut, Bayerische Akademie der Wissenschaften, Garching, Germany

Magnetic degrees of freedom are influenced by elastic  
deformations. In the “spin mechanics” scheme, one  

exploits this magneto-elastic coupling to realize an electric field 
control of magnetization.

On the one hand, we report on the voltage control of magne-
tization orientation in ferromagnetic nickel thin film/piezoelec-
tric actuator hybrid structures [1]. The application of an elec-
tric field to the actuator results in a uniaxial elongation, which 
is directly transferred into the Ni film. Due to magneto-elastic  
coupling (inverse magnetostriction), this voltage-controlled strain  
modifies the magnetic anisotropy and thus induces a magne-
tization reorientation. In our spin mechanics hybrids, this  
allows for a voltage-controlled, fully reversible magnetization  
orientation manipulation within a range of approximately 90° at 
room temperature. 

On the other hand, we show that the spin mechanics scheme 
also is operational at GHz frequencies. In the corresponding  
experiments, we use a surface acoustic wave (SAW) propagat-
ing in a Ni/LiNbO3 hybrid device for the all-elastic excitation 
and detection of ferromagnetic resonance (FMR). Our SAW  
magneto-transmission data are consistently described by a  
modified Landau-Lifshitz-Gilbert approach [2], in which the  
magnetization precession is not driven by a conventional, external  
radio frequency magnetic field, but rather by a purely virtual, 
internal tickle field stemming from magneto-elastic interactions. 
This causes a distinct magnetic field orientation dependence 
of elastically driven FMR, which we observe in both simula-
tions and experiment. Mechanically driven spin dynamics open  
interesting perspectives, e.g., for the study of FMR in magnetic 
nanostructures, or for spin pumping experiments. 

[1] M. Weiler, A. Brandlmaier, S. Gepraegs, M. Althammer, M. Opel, C. Bihler, H. Huebl, M. S. Brandt, R. Gross, S. T. B. Goennenwein, New 
Journal of Physics 11, 013021 (2009).

[2] M. Weiler, L. Dreher, C. Heeg, H. Huebl, R. Gross, M. S. Brandt, S. T. B. Goennenwein, Physical Review Letters 106, 117601 (2011).
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Cooperation, cheating, and collapse in microbial ecosystems
Jeff Gore

Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, USA, http://gorelab.homestead.com

Natural populations can suffer catastrophic collapse in  
response to small changes in environmental conditions, 

and recovery after such a collapse can be exceedingly dif-
ficult. We have used simple laboratory microbial ecosystems 
to study early warning signals of impending extinction. Yeast  
cooperatively breakdown the sugar sucrose, meaning that below a  
critical size the population is subject to sudden collapse. We 
have demonstrated experimentally that fluctuations of the  
population size can serve as an early warning signal that the 

population is close to collapse. The cooperative nature of 
yeast growth on sucrose suggests that the population may be  
susceptible to cheater cells, which do not contribute to the  
public good and instead merely take advantage of the  
cooperative cells. We confirm this possibility experimentally and 
explore how such social parasitism can lead to population ex-
tinction.  

Conformational dynamics in biological nanomachines: atomistic simulation and single molecule 
experiments
Helmut Grubmüller

Max Planck Institut for Biophysical Chemistry, 37077 Göttingen, Germany

Proteins are biological nanomachines. Virtually every  
function in the cell is carried out by proteins - ranging 

from protein synthesis, ATP synthesis, molecular binding and  
recognition, selective transport, sensor functions, mechanical 
stability, and many more.

The combined interdisciplinary efforts of the past years have  
revealed how many of these functions are effected on the  
molecular level. Computer simulations of the atomistic  

dynamics play a pivotal role in this enterprise, as they offer 
both unparalleled temporal and spatial resolution. In this talk,  
using water channels as an example, the basic principles of the  
atomistic simulation are introduced. Subsequently, we'll have 
a closer look at the mechanico/chemical energy transfer in  
F1-ATP synthase, at the mechanical properties of viral capsids, 
and at close to atomistically resolved reverse translation steps in 
bacterial ribosomes.

Gap-mode plasmonic cavities: engineering light-matter interactions in metallic structures
Evelyn L. Hu, Kasey J. Russell, Kitty Yeung, Tsung-Li Liu, Shanying Cui

School of Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138, USA

Optical cavities can tightly confine light in the vicinity of  
optical emitters, enhancing the interaction of light and 

matter.  The modes or optical states of the cavity can be  
precisely designed and engineered, and in recent years there has 
been remarkable progress in demonstrations of cavity quantum  
electrodynamics (cQED) in solid state platforms. Such progress 
has been primarily for cavities fabricated in dielectric materials, 
with a steady improvement in cavity quality, with quality factors, 
Q, in excess of 104 – 106 realized for cavities with coupled emit-
ters . These high Q-coupled emitter systems have demonstrated 
heralded single photon emission, ultra-low threshold lasing and 
strong light-matter coupling. 

Metal-based optical cavities would have inherently lower Q’s 
(and greater loss) than dielectrics; however, metal cavities  
utilizing surface plasmon polaritons (SPPs) can have sufficiently 
small mode volume to produce a substantial Q/V, the quantity 

relevant for high Purcell factors, a measure of the light-matter 
interaction. This talk will focus on such plasmonic cavities, with 
optical modes formed within the gap of the two metal layers 
which defined the cavity. Initial structures are formed from  
silver (Ag) nanowires (NW), 70 nm in diameter and 1 - 3 microns 
in length, placed into close proximity to a Ag thin film substrate. 
Optically active material was interposed between the nanowire 
and the Ag substrate: we have studied PbS colloidal quantum 
dots, dye molecules and Alq3, a light emitting material that has 
been incorporated into organic light emitting diodes. 

We will discuss the modes observed for these cavities,  
methods of tuning the cavity, and changes in the lifetimes of the  
emitters in the gap-mode cavities. The high Q/V possible for these  
cavities, and the range of organic and nanocrystalline emitters 
they can accommodate make these important building blocks 
for the exploration of light-matter interaction in the solid state. 



8  CeNS Workshop Venice 2011

Invited Talks
Low-voltage organic transistors and circuits for flexible electronics
Hagen Klauk

Max Planck Institute for Solid State Research, Heisenbergstr. 1, 70569 Stuttgart, Germany

Organic thin-film transistors (TFTs) are of in-
terest for applications requiring electronic 

functionality with low or medium complexity 
distributed over large areas on unconventional  
substrates, such as glass or plastics. Generally 
these are applications in which the use of sili-
con devices and circuits is technically or eco-
nomically not feasible, such as flexible displays 
[1] and large-area sensor arrays [2]. Active-ma-
trix displays based on high-efficiency organic 
light emitting diodes (OLEDs) [3] require TFTs 
that can be operated with voltages of about  
3 V. A promising approach to organic TFTs that 
can be operated with such low voltages are 
gate dielectrics based on a thin, plasma-grown 
AlOx layer in combination with an organic self-
assembled monolayer (SAM); these hybrid gate 
dielectrics have a thickness of about 5 nm and 
a capacitance close to 1 µF/cm2 [4]. The static 
and dynamic performance of organic p chan-
nel TFTs with lateral dimensions around 10 µm 
is already sufficient for flexible OLED displays 
with VGA resolution, where the TFTs operate with frequencies 
of a few tens of kilohertz. However, to be useful for high-defi-
nition displays or high-performance integrated circuits, organic 
TFTs must be able to operate with frequencies well above 1 
MHz, which requires scaling of the lateral TFT dimensions be-
low 1 µm. A promising technique for the fabrication of organic 
TFTs with such small dimensions at temperatures compatible 
with flexible plastic substrates is the use of high-resolution sili-
con stencil masks, which have led to the first demonstration of 
organic TFTs and organic integrated circuits operating with fre-
quencies above 1 MHz at supply voltages below 5 V [5,6]. 

[1] I. Yagi et al., J. Soc. Inf. Display 16, 15 (2008)

[2] T. Someya et al., Proc. Nat. Acad. Sci. 102, 12321 (2005)

[3] G. He et al., Appl. Phys. Lett. 85, 3911 (2004)

[4] T. Sekitani et al., Nature Mater. 9, 1015 (2010)

[5] F. Ante et al., IEEE Int’l. Electr. Dev. Meet. (2010)

[6] T. Zaki et al., 2011 IEEE Int’l. Solid-State Circ. Conf. 

Figure 1: Photograph and transfer function of a 6-bit digital-to-analog converter (DAC) 
fabricated using low-voltage organic TFTs with lateral dimensions of 4 µm. The DAC 
operates with a sampling rate of up to 100.000 samples per second.

Solution based Carbon Nanotube films for electronics and optoelectronics applications
A. Abdellah, E. Albert, B. Fabel,  Q. Gong, G. Scarpa, Paolo Lugli

Institute for Nanoelectronics, Technische Universität München, 80333 Munich, Germany

Carbon nanotubes (CNTs) have been known for two decades 
and a lot of applications have been envisaged. Recently, it 

has been shown that CNTs can be treated like other organic 
materials and therefore be processed via solution-based tech-
niques. The advantages of such technique are the low cost, the 
large area capabilities and the independence from the type of 
substrate. CNTs prepared in this way lead to a random inter- 
penetrated conductive network that can have appealing applica-
tions in electronics and optoelectronics. 

In this talk , we demonstrate a reliable and reproducible spray 
deposition process for the fabrication of CNT films exhibiting 
state-of-the-art performance. The convenient control of ma-
jor process parameters enables a fine and accurate tuning of 
film characteristics, hence rendering this process suitable for a 
wide range of device applications with different requirements. 
Films, fabricated using this process, are applied, for instance, 
as resistive networks in gas sensing devices, as semitransparent 
electrodes in organic optical devices and as conductive layers of 
field effect transistors.

Due to the percolating nature of CNT films, the sheet resistance 
(Rsh) is expected to vary inversely with density or film thickness 
d. Figure 1a plots the relation between Rsh, as determined by 
four-point probe measurements, and the film thickness. One can 
clearly observe the reduction in Rsh with increasing film thick-
ness, reaching as low as 60Ω/sq at approximately 42 nm. DC 
conductivity can be calculated in a straightforward manner from 
the sheet resistance and thickness through σdc=1/(Rsh•d). The 
inset in Fig. 1a shows the calculated values of σdc as a function 
of d. As opposed to a material specific constant value for the 
conductivity, as expected from continuous metallic or semicon-
ducting films, for a CNT thin-film shows a strong dependence on 
thickness. The conductivities calculated for different films vary 
by a factor of almost 4 in a range of thicknesses between 10 
nm and 50 nm. As more CNTs are deposited, more conduction 
paths are created through the film and conductivity continues 
to increase until a thickness around 50 nm is reached, where 
film conductivity approaches saturation. In applications requir-
ing optically transparent CNT films, the transmittance in the vis-
ible spectral range is of special interest. For this purpose, the 
transmittance at a wavelength of 550 nm is typically used as a 
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representative value for comparison. A common approach for 
the evaluation of the electro-optical performance of such films 
is to plot sheet resistance as a function of the transmittance at 
550 nm. This relation is plotted in Fig. 1b for the fabricated CNT 
films. A good trade-off between sheet resistance and transmit-
tance is achieved with films having 200Ω/sq at 80% or 105Ω/sq 
at 65% transmittance. 

The inherently high surface-to-volume ratio of CNTs renders 
them to be an ideal candidate for environmental gas sensing 
applications. A common implementation for CNT gas sensors 
consists of an interdigitated electrode structure forming the two 
contact terminals of the simple resistive architecture, above or 
beneath which a uniformly distributed resistive random network 
of carbon nanotubes is deposited. The sensor response is inves-
tigated by exposing the sensor module inside a gas chamber 
to different concentrations of ammonia (NH3). The main figure 
used for the evaluation of sensor performance is the sensitivity, 
defined as the relative change in resistance during an exposure 
cycle. Figure 2a depicts the measured sensor resistance over 
time. The graph is divided into four segments, based on four 
exposure/recovery cycles at different NH3 concentrations of 10, 
25, 50, and 100 ppm. Each cycle is composed of an exposure in-
terval followed by a recovery interval. One of the most prominent 
features observed in the response is the clear and immediate 
change in resistance at the start and end of NH3 exposure. The 
magnitude of change in resistance after exposure to different 
concentration reveals a clear increase in sensitivity with increas-
ing concentration, which becomes more evident when display-
ing the sensitivity as a function of NH3 concentration, as plotted 
in Fig. 2b. Sensitivity is found to have a logarithmic dependence 
on the concentration, with sensitivities of 1% for concentrations 
as low as 10ppm and reaching 5% at a concentration of 100 
ppm. We consider these values for sensitivity to be very compet-
itive taking into account the short exposure intervals of 60 sec. 
 
In addition, we will report on a similar process to fabri-

cate carbon nanotube field-effect transistors based on ran-
dom nanotube networks. This solution-based approach is 
simple, fast and reliable, which can be applied to printed 
electronics. We investigated the transistor performance as 
a function of nanotube density, content of metallic nano-
tubes, and channel geometry. Our experiments show that 
increase of nanotube density results in consistent improve-
ment of carrier mobility, until a threshold density is achieved.  
 
A  simple percolation model based on the Monte Carlo method 
has been developed for simulating the electrical characteristics 
of the CNT network. The model offers a basis for further optimi-
zation of carbon nanotube network devices.  Each CNT is mod-
eled as a “cylinder” with random length and direction. Junctions 
between CNT pairs are identified and determined by their types, 
which can be metallic-semiconducting, semiconducting-semi-
conducting or metallic-metallic (Fig. 3). Electrical segments are 
then defined as the nanotube portion that lies between two ad-
jacent junction points, which form conducting paths between 
source and drain. After location and calculation of all valid "elec-
trical segments", a HSPICE input circuit file is generated and 
executed, for calculating the total current of the CNT film.

Figure 1: (a) Sheet resistance as a function of CNT film thickness;  
(b) Sheet resistance as a function of the transmittance at 550 nm.           

Figure 2: (a) Sensor response to NH3 exposure;  (b) Sensor sensitiv-
ity as a function of NH3 concentration.    

Figure 3: An example of random generated CNT network.
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Plasmon-assisted water oxidation on gold nanostructured TiO2 photoelectrodes
Hiroaki Misawa1, Yoshiaki Nishijima1, Youzhuan Zhang1, Kosei Ueno1,2, Kei Murakoshi3 and Haruo Inoue4

1 - Research Institute for Electronic Science, Hokkaido Univ., Sapporo, 001-0021, Japan

2 - PRESTO-JST, Kawaguch, 332-0012, Japan

3 - Graduate School of Science, Hokkaido Univ., Sapporo, 060-0810, Japan

4 - Graduate School of Urban Environmental Sciences, Tokyo Metropolitan Univ., Hachiohji, 192-0397, Japan

Recently, we have demonstrated the plasmonic photoelectric 
conversion from visible to near-infrared wavelength by us-

ing electrodes in which gold nanorods (Au-NRs) are elaborately 
arrayed on the surface of TiO2 single crystal. Significantly, there 
is a possibility that water molecules can serve as electron sources 
because stable photocurrents have been obtained for 200 hours, 
although only the electrolyte solution (KCl or KClO4 aq.) was used 
in this photoelectrochemical measurement.1 Here, we report on 
the study for elucidating possible electron sources in the pho-
tocurrent generation system to pursue the evolution of oxygen 
and hydrogen peroxide (H2O2) from the TiO2 working electrode.  
 
Au-NRs (240 x 110 x 40 nm3) showing localized surface plasmon 
(LSP) were fabricated on n-type TiO2 single crystals (0.05 wt% 
niobium doped) with nanometric accuracy. Fig. 1(a) shows SEM 
images of the fabricated Au-NRs. This TiO2 single crystal modi-
fied with Au-NRs was used as a working electrode. Photoelectro-
chemical measurements were performed using the three-elec-
trode system. The evolution of oxygen and H2O2 was determined 
by GC-MS and absorptiometry using Oxo[5,10,15,20-tetra​​(4-pyri-
dyl)porphinato]titanium(IV) as an indicator of H2O2, respectively. 
  
Fig. 1(b) depicts the extinction spectra of Au-NRs prepared on 
the TiO2 single crystal. A broad LSP band was observed around 
the wavelengths of 650 nm (transverse plasmon mode, T-mode) 
and 1000 nm (longitudinal plasmon mode, L-mode). From the 
action spectrum (Fig. 1(c)), the incident photon-to-photocurrent 
efficiency (IPCE) values were 6.2% and 8.4%, corresponding 
to the LSP bands in the T-mode at 650 nm and the L-mode at  
1050 nm, respectively. It is noteworthy that the quantum ef-
ficiency of oxygen evolution upon irradiation from 650 to  
750 nm is about 84%. This means that the chemical reaction 
which induces the oxygen evolution as a result of four electron 
oxidization of a water molecule proceeded almost stoichiometri-
cally. Under the irradiation of light with a wavelength of 850 nm 
to 1150 nm, on the other hand, the efficiencies of the oxygen 
evolution and the H2O2 generation are 42% and 40%, respec-
tively. Therefore, it is considered that two-electron oxidization 
of a water molecule has also occurred competitively with an irra-
diation of near-infrared light. Although the detailed reason why 
the efficiency of the H2O2 generation is different with the inci-

Figure 1: (a) SEM images of Au-NRs on TiO2. (b) Polarized extinc-
tion spectra of Au-NRs; dashed line: T-mode and solid line: L-mode, 
respectively. (c) IPCE action spectra obtained by polarized light 
radiations; closed circle: T-mode, open circle: L-mode, and the re-
lationship between the quantum efficiency of oxygen/H2O2 evolu-
tion and incident wavelength by an irradiation of broad band lights;  
100 nm step from 450 nm to 850 nm, and 300 nm-wide wavelength from  
850 nm to 1150 nm.
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[1] Y. Nishijima, K. Ueno, Y. Yokota, K. Murakoshi, H. Misawa, J. Phys. Chem. Lett. 1, 2031 (2010).

dent wavelength has not been understood in the current stage, 
it was verified that water molecules serve as electron sources 
in the photoelectric conversion system. The oxidation will be 
important because there is a possibility that the system can be-
come an artificial photosynthesis system using near-infrared 
light radiation.

Order in graphene
Allan H. MacDonald

The University of Texas at Austin, Department of Physics, Austin, Texas 78712-0264, USA  

Graphene is remarkable both for its unusual physical prop-
erties and for its elegant simplicity. Electrons in graphene 

are describable over a very wide range of energies by a two-
dimensional Dirac like model in which the honeycomb lattice’s 
sublattice degree of freedom acts like a pseudospin.  I will also 
discuss three different unusual electronic states which may oc-
cur in graphene based two-dimensional electron systems, i) fer-
romagnets with an anomalous Hall effect and orbital magnetism 
but no spin-polarization, ii) excitonic superfluids and iii) states 
with a momentum space condensate that support dissipation-

less currents. All three states have unusual broken symmetries.   
Their properties are due to many-body physics that flows from 
the interesting variety of band-structures achievable when two 
or more graphene layers are coupled by inter-layer tunneling, 
or electron-electron interactions. There is now (still controver-
sial) experimental evidence for the first of the three surprising 
broken symmetry states, while the second and third stand as 
unconfirmed theoretical proposals.  I will review the status of 
this interesting new chapter in the strong correlation physics 
story.
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An organic dual gate field effect transistor for biosensing
Bert Nickel

Faculty of Physics and Center for NanoScience (CeNS), Ludwig-Maximilians-Universität München, 80799 Munich, Germany

Organic electronics aims on using soft matter materials such 
as polymers and small molecules for electronic devices. We 

explore under which conditions organic field effect transistors 
(OFETs) can be employed for biosensing. We show that con-
cepts established originally for MOSFET technology can be 
transferred to organic electronics. In detail, we use a pentacene, 
the benchmark material for OFETs as semiconducting film. A 
thin film of long chain alkanes acts as top gate dielectric. An 

analyte and a reference electrode act as top gate electrode. We 
show that the dual gate device geometry allows for tuning of the 
device into a region of high sensitivity. Micromolar sensitivity of 
such a device is demonstrated by the detection of stearic acid. 
Micromolar sensitivity is already sufficient for a range of medi-
cal applications such as glucose sensing in saliva. Thus, similar 
all plastic devices might be future alternatives for medical moni-
toring applications.

Cell mechanics and the biophysics of membrane proteins 
Daniel J. Müller

ETH Zurich, Biosystems Science and Engineering, CH-4057 Basel, Switzerland

Force nanoscopy can be used to undertake a multiscale ap-
proach to understand the mechanisms that underlie basic 

cellular processes, ranging from the cellular to molecular scale. 
I will introduce the use of atomic force microscopy (AFM)-based 
assays to characterize cell adhesion, cell migration, cell sort-
ing and the dramatic shape changes of mitotic cells. AFM-based 
mechanical assays can be applied to measure the cellular and 
molecular interactions generated by these mechanical process-
es and to target individual membrane proteins playing com-

manding roles. Complementary AFM-based single-molecule 
techniques allow imaging membrane proteins at work and to 
probe the interactions and mechanisms that functionally reg-
ulate individual membrane proteins. Future developments of 
force nanoscopy, together with advances in light microscopy 
imaging and cell biological and genetic tools, should provide 
further insight into how membrane proteins contribute to basic 
cellular processes.

[1] Y.F. Dufrene, E. Evans, A. Engel, J. Helenius, H.E. Gaub & D.J. Muller, ´Five challenges to bringing single-molecule force spectroscopy 
into the living cell’ , Nature Methods (2011) 8, 123-127.

[2] M.P. Stewart, J. Helenius, Y. Toyoda, S.P. Ramanathan, D.J. Muller & A.A. Hyman ,‘Combined activities of hydrostatic pressure and the 
actomyosin cortex drive mitotic cell rounding’ , Nature (2011) 469, 226–230.

[3] D.J. Muller, J. Helenius, D. Alsteens & Y.F. Dufrene, ‘Force probing surfaces of living cells to molecular resolution’ , Nature Chemical 
Biology (2009) 5, 383-390.

[4]  M. Krieg, Y. Arboleda, P.-H. Puech, J. Kaefer, F. Graener, D.J. Muller & C.P. Heisenberg ,‘Quantifying adhesive and tensile cell properties 
determining germ layer organization during gastrulation’ , Nature Cell Biology (2008) 10, 429-436.

Non-equilibrium dynamics in graphene: perfect fluid behavior and stimulated emission of 
photo-excited fermions
Jörg Schmalian

Institut für Theorie der Kondensierten Materie, Karlsruher Institut für Technologie, 76128 Karlsruhe, Germany

We present a theory for the non-equilibrium dynamics of 
monolayer graphene addressing the hydrodynamics near 

equilibrium and the ultrafast dynamics following an intense La-
ser pulse. The emergence of a quasi-conservation of the electron 
and hole numbers leads to a universal behavior of the d.c. con-
ductivity and shear viscosity, making clean graphene an almost 
perfect fluid with tendency towards electron turbulence. The 
same quasi-conservation law leads to photoinduced femtosec-
ond nonlinear saturation, transparency and stimulated infrared 

emission of extremely dense fermions in graphene monolayers. 
We compare our theory for the transient state after an intense 
Laser pulse with recent experiments at high Laser intensity, 
explaining the observed perfect transparency in the nonlinear, 
high pulse regime. The underlying high-density yet stable popu-
lation inversion at femtosecond times scales has significant im-
plications in advancing gaphene-based above-terahertz speed 
modulators, saturable absorbers, ultrabroadband gain medium 
and lasing tunable from the visible to terahertz.
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Fundamental concepts and potential applications of strainable and shapeable nanomembranes
Oliver G. Schmidt

Institute for Integrative Nanosciences, IFW Dresden, 01069 Dresden, Germany; http://www.ifw-dresden.de/institutes/iin    

In  this  talk  conceptual  opportunities and  potential  applica-
tions of  inorganic  and  hybrid nanomembranes are present-

ed. Nanomembranes become extremely flexible if they are not 
thicker than several tens of nanometers. They can be transferred 
from one substrate to another and shaped into almost arbitrary 
geometries. We produce nanomembranes out of semiconduc- 
tors, metals, magnetic and organic materials and promote new 
functionalities and nanosystems both on and off the chip. This 

includes stretchable magnetoelectronic devices [1], wavelength 
tuneable single photon sources [2], novel magnetic helical coils 
[3], lab-in-a-tube systems [4], hybrid semiconductor/organic 
heterojunctions [5], ultracompact energy storage devices [6] 
and multifunctional nanojet engines [7]. All these devices and 
innovations are possible by the mechanical elasticity of the ma-
terials and open a rich area of truly interdisciplinary research.

[1] M. Melzer, D. Makarov, A. Calvimontes, D. Karnaushenko, S. Baunack, R. Kaltofen, Y. F. Mei, O. G. Schmidt, Nano Lett. 11, 2522 (2011)

[2] F. Ding, R. Singh, J. D. Plumhof, T. Zander, V. Křápek, Y. H. Chen, M. Benyoucef, V. Zwiller, K. Dörr, G. Bester, A. Rastelli, O. G. Schmidt, 
Phys. Rev. Lett. 104, 067405 (2010)

[3] E. J. Smith, D. Makarov, S. Sanchez, V. M. Fomin, O. G. Schmidt, Phys. Rev. Lett, in press

[4]  E. J. Smith, S. Schulze, S. Kiravittaya, Y. F. Mei, S. Sanchez, O. G. Schmidt, Nano. Lett., DOI: 10.1021/nl1036148

[5] C. C. Bof Bufon, J. D. Arias Espinoza, D. J. Thurmer, M. Bauer, C. Deneke, U. Zschieschang, H. Klauk, O. G. Schmidt, Nano Lett., in 
press

[6] C. C. Bof Bufon, J. D. Cojal Gonzalez, D. J. Thurmer, D. Grimm, M. Bauer, O. G. Schmidt, Nano Lett. 10, 2506 (2010)

[7] Y. F. Mei, A. A. Solovev, S. Sanchez, O. G. Schmidt, Chem. Soc. Rev. 40, 2109 (2011)

Quantum simulation of frustrated classical magnetism in triangular optical lattices
Klaus Sengstock

Institut für Laserphysik und Zentrum für Optische Quantentechnologien, Universität Hamburg, 22167 Hamburg, Germany

Magnetism plays a key role in modern technology and 
stimulates research in several branches of condensed 

matter physics. Although the theory of classical magnetism is 
well developed, the demonstration of a widely tunable experi-
mental system has remained an elusive goal. We present the 
realization of a large-scale simulator for classical magnetism on 
a triangular lattice by exploiting the particular properties of a 
quantum system [1]. We use the motional degrees of freedom 

of atoms trapped in an optical lattice to simulate a large variety 
of magnetic phases: ferromagnetic, antiferromagnetic, and even 
frustrated spin configurations. A rich phase diagram is revealed 
with different types of phase transitions. Our results provide a 
route to study highly debated phases like spin-liquids as well as 
the dynamics of quantum phase transitions.

[1] Struck et al., Science, 21 July 2011 (10.1126/science.1207239)

Self-assembled DNA-nanostructure tools for molecular biophysics
William Shih

Harvard University, Biomolecular Nanotechnology Group, Boston, MA 02115, USA

Our group previously solved a key challenge for nanotech-
nology: programmable self-assembly of complex, three-

dimensional nanostructures. Our solution was to build custom 
three-dimensional structures that can be conceived as stacks 
of nearly flat layers of DNA. I will discuss applications of this 
technology for molecular biophysics: (1) weak-alignment media 
for NMR structure determination of membrane proteins such as 
UCP2, a 30 kDa six-transmembrane helix mitochondrial proton 

transporter; (2) scaffolds for determining the number of SNARE 
complexes required for lipid-bilayer fusion; (3) artificial actin 
filaments built as chimeras between protein and DNA for dis-
secting the mechanism of movement by processive myosin bi-
pedal walkers.
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Exciton dynamics in semicrystalline polymeric semiconductors
Carlos Silva

Département de physique & Regroupement québécois sur les matériaux de pointe, Université de Montréal, Montréal (Québec), 
H3C 3J7 Canada

Understanding charge generation by light absorption in 
polymeric semiconductors is of profound scientific impor-

tance due to the vigorous drive to develop organic solar cells. 
Confusion prevails with respect to the intrinsic charge photo-
generation mechanism in neat (undoped) semicrystalline films. 
Numerous publications report charge photogeneration yields 
(the number of electron-hole pairs produced per absorbed 
photon) up to 30% on sub-picosecond timescales in neat re-
gioregular poly(3-hexylthiophene) films. This is difficult to 
reconcile with the accepted picture that Frenkel excitons are 
the primary photoexcitations. Their binding energy is much 
higher than the lattice thermal energy at room temperature, 
such that direct charge generation ought to be improbable.  

Considering this, two fundamental questions arise: (i) what is 
the mechanism of direct charge photogeneration in semicrystal-
line polymer semiconductors? (ii) What is the role of solid-state 
microstructure in defining it? Here, we combine transient photo-
luminescence and absorption probes and find that charge pho-
togeneration at 10 K occurs continuously over sub-nanosecond 
timescales, and not by a diffusion-limited exciton dissociation at 
defect sites. Rather, we conclude that it is an extrinsic process 
that occurs efficiently by dissociation of excitons localised at in-
terfaces between crystalline and non-crystalline domains, and is 
driven by interfacial energetic disorder.

Nanomechanical and microfluidic control over ion channels
Eric Stava, Minrui Yu, Hyuncheol Shin, Pedro Resto, Jonathan Rodriguez, Robert A. Pearce, Justin Williams, and Robert H. 
Blick

University of Wisconsin-Madison, College of Engineering, Electrical and Computer Engineering, Madison, WI 53706, USA

Ion channels are proteins that regulate numerous biological 
phenomena, from neuronal communication to cell osmoregu-

lation to cardiac repolarization. Due to their wide-spread biolog-
ical influence, misfunctioning channels are involved in a number 
of diseases. Currently, high-throughput drug-screening technol-
ogies are used to study ion channel biophysics under static con-
ditions. However, ion channels in situ undergo dynamic forces, 
and replicating their natural environment requires precise, time-
varying nanomechanical and microfluidic control. In this talk, 
I will outline technologies that show promise in realizing this 
more natural environment. One of these technologies utilizes 
a microstructured, piezoelectric quartz substrate for nanome-
chanical control over ion channels. These quartz substrates not 

only yield lower noise than commercially-available technologies, 
but their piezoelectric properties allow for mechanical probing 
under either static or dynamic conditions. Similarly, microfluidic 
devices provide both static and dynamic control over the fluidic 
environment surrounding the ion channel. Of particular interest 
are high-speed microfluidic exchanges, which show promise in 
replicating natural synaptic communication on the nanoscale.  
Both microstructured quartz and microfluidic devices have been 
designed to easily integrate with current technologies. There-
fore, high-throughput systems that study the dynamic responses 
of ion channels can now be realized.

Exploring the quantum physics of light with micro- and nanoelectronic circuits
Andreas Wallraff

Department of Physics, Laboratory for Solid State Physics, ETH Zurich, CH-8093 Zurich, Switzerland

Using modern micro- and nano-fabrication techniques  
combined with superconducting materials we realize quan-

tum electronic circuits to create, store, and manipulate individual 
microwave photons on a chip. The strong interaction of photons 
with superconducting quantum two-level systems allows us to 
probe the fundamental quantum properties of light. In particu-
lar, I will discuss experiments in which we realize an on-demand  
microwave frequency single photon source which we charac-
terize by correlation function measurements. In the absence of  
efficient single photon counters, we use on-chip 50/50 beam 
splitters with off-chip linear amplifiers and quadrature amplitude  
detectors for which we have developed efficient methods to sep-
arate the detected single photon signal from the added noise [1].  
We verify the operation of the single photon source by dem-
onstrating single photon coherence and photon antibunching 

in first and second-order correlation function measurements 
[2]. I will also present measurements in which we reconstruct 
the Wigner function of itinerant single photon Fock states and 
their superposition with the vacuum [3]. The techniques and  
methods demonstrated in this work may find broad application 
in the analysis of microwave radiation emitted from mesoscopic  
devices, in future linear optics and quantum information  
processing experiments.

1] M. P. da Silva et al., Phys. Rev. A 82, 043804 (2010)

[2] D. Bozyigit et al., Nat. Phys. 7, 154 (2011) 
 
[3] C. Eichler et al., Phys. Rev. Lett. 106, 220503 (2011)
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Structure and dynamics in actin networks
Christine Wurm

Lehrstuhl für Zellbiophysik E27, Technische Universität München, 85748 Garching, Germany

In vivo, the functionality of cells relies on a tight control of 
cytoskeletal actin structures which is obtained by a fine  

tuning of the actin binding proteins (ABPs). Each cellular  
process features its individual set of ABPs resulting in a well 
defined bundle width, optimized for this process. The underly-
ing size limiting mechanism remains elusive. Using an in vitro 
model system, we show that size control relies on a mismatch 
between the helical structure of individual actin filaments and 
the geometric packing constraints within bundles. Furthermore, 
the dynamic reorganization of these cellular structures is an  
essential feature of cellular processes as e.g. cell migration. 
While various proteins are known to accelerate the polymer-

ization or disintegration of actin filaments, the insight in the 
mechanisms guaranteeing the kinetic stability of the cyto-
skeletal structures remains relatively scarce. We use multiple  
depolymerization methods to demonstrate that crosslinking and 
bundling proteins effectively suppress actin depolymerization 
in a concentration dependent manner. The presented results 
indicate that crosslinking ABPs do not only guarantee for the 
mechanical stability of a cell but also provide a powerful tool to 
stabilize distinct actin structures.

Life at the single molecule level
Xiaoliang Sunney Xie

Mallinckrodt Professor of Chemistry and Chemical Biology, Harvard University, Cambridge, MA, USA

In a living cell, gene expression - the transcription of DNA to 
messenger RNA followed by translation to protein - occurs 

stochastically, as a consequence of the low copy number of DNA 
and mRNA molecules involved. Can one monitor these process-
es in a living cell in real time?  How do cells with identical genes 
exhibit different phenotypes?  Recent advances in single-mole-

cule imaging in living cells allow these questions to be answered 
at the molecular level in a quantitative manner. It was found that 
low probability events of single molecules can have important 
biological consequences.
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Heparin-coated colloidal mesoporous silica nanoparticles as anticoagulant drug delivery system
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Colloidal mesoporous silica (CMS) nanoparticles attract great 
attention as potential injectable drug delivery system and in 

cancer cell targeting. In addition to their high biocompatibility 
and biodegradability, they can be selectively modified at their 
inner and outer surface.[1] Molecules can be efficiently encap-
sulated in their tunable pore system. Furthermore, they permit 
functionalization of their outer surface with targeting ligands, 
biomimetic and pore gating molecules, fluorescent dyes, and 
biocompatible polymers. Recent efforts have addressed their 
stabilization in aqueous buffers with poly(ethylene glycol) coat-
ings.[2] However, to deliver such multiple core-shell function-
alized CMS nanoparticles and to reach the targeted tissues or 
organs, additional efforts are critical in order to guarantee long 
circulation times and to prevent thrombogenic effects. 

Here we present heparin-coated core-shell CMS nanoparticles 
(CMS-Hep), where heparin - a highly sulfated, anionic polysac-
charide known for its anticoagulant properties - is covalently 
bound to the outer surface of amino-functionalized nanopar-
ticles. This novel nanoscale system combines the efficiency 
of heparin in preventing blood-clotting with multi-functional 
core-shell CMS nanoparticles featuring high pore volume, tun-
able pore sizes and colloidal stability. Blood clotting tests and 
binding experiments with antithrombin (AT) proved the efficient 
anticoagulant functionality of the CMS-Hep. This novel nano-
carrier offers new options for the design of drug delivery sys-
tems, for example in cancer therapy.
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Parasite motility: Mechanisms of a novel molecular motor, myosin XXI
Christopher Batters, Katy Woodall, Christopher Toseland and Claudia Veigel

Ludwig-Maximilians-Universität München, Department of Cellular Physiology, 80336 Munich, Germany

Figure 1: Schematic representation of CMS nanoparticles (grey) 
coated by an anticoagulant heparin shell (yellow) traveling in a 
blood vessel.

Myosin XXI is a motor found in the disease causing organ-
ism Leishmania. Genome analysis identified only two my-

osin genes, a class IB and a class XXI. While no expression of 
myosin IB has been found in the organism to date, myosin XXI 
has been detected in both the promastigote and the amastigote 
stages of the Leishmania life cycle, where it is preferentially lo-
calized to the proximal region of the flagellum.  

The presence of only a single myosin isoform suggests that this 
myosin carries out a variety of functions within the protozoa, in-
cluding possible roles in membrane anchorage as well as longer 
range directed movements with cargo. We aim to discover how 
myosin XXI can perform these different roles within the cell and 
how it is regulated to switch functions.  

Using a baculovirus system we have purified a variety of con-
structs. We found that myosin XXI binds a single calmodulin at 
its neck domain and that this is required for motility, although 
not for ATPase activity. Myosin XXI transports actin filaments 

in motility assays, and is insensitive to both high salt and Ca2+ 
concentrations up to pCa 4. 

Sequence analysis of myosin XXI identifies a leucine zipper as 
well as two short coiled-coil regions, suggesting that myosin XXI 
is able to dimerise. To confirm this hypothesis we expressed a 
range of different length fluorescent tail constructs and studied 
formation and dynamics of dimerisation using gel filtration and 
a FRET assay. We found that the tail fragment (aa730-aa1051) 
binds calmodulin and dimerises in a concentration dependent 
manner. Intriguingly the full length myosin XXI initially ap-
peared to be a monomer.  

Further studies showed the tails dimerise in a temperature de-
pendent manner. While the tails are stable monomers below  
20 oC, they form dimers above this. When this was repeated with 
the full length protein we also observed the creation of dimers. 
We are now investigating if this dimerisation can be reversed in 
a physiologically relevant way.
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Hydrodynamic deformation reveals two coupled timescales of red blood cell relaxation
Susanne Braunmueller1, Lothar Schmid1, Erich Sackmann2 and Thomas Franke1,3
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on the substrates by solid-source molecular beam epitaxy. The 
optical properties of the nanowires are characterized by FTIR 
measurements. To fabricate optoelectronic devices, we subse-
quently embed the nanowires in an insulator (BCB). After an 
etch step, the nanowires are then contacted by depositing a thin 
conducting layer on top. The p-Si substrate provides the second 
electronic contact of the optoelectronic two-terminal devices.

Optoelectronic properties of positioned InAs-based individual nanowires
Andreas Brenneis, Simon Hertenberger, Sonja Matich, Gerhard Abstreiter, Alexander Holleitner, and Gregor Koblmüller

Walter Schottky Institut and Physik-Department, TUM Garching, Germany

Small bandgap semiconducting nanowires allow fabricat-
ing nanoscale light-sensitive devices like broadband solar 

cells or mid-infrared photodetectors. We discuss the optical and 
optoelectronic properties of positioned InAs based nanowires. 
To this end, p-Si(111) substrates with a top layer of SiO2 are 
structured via e-beam lithography by holes with a diameter of 
approximately 80 nm. The nanowires are then grown vertically 

Single cell atomic force microscopy (AFM) combines cell bi-
ology with the biophysical method to measure forces in the 

pico-newton range. This allows the analysis of forces between 
receptors on the surface of a living cell and its surrounding envi-
ronment, e.g. the extracellular matrix (ECM). Cell adhesion and 
motility are tightly regulated by intra- and extracellular signals, 
which are communicated through the cell membrane by cell adhe-
sion receptors. A major group of these receptors are force-trans-
ducing heterodimeric transmembrane proteins known as integ-
rins. Although two distinct integrins, αvß3 and α5ß1, both bind 
the same extracellular matrix molecule, fibronectin, they evoke 
specific cellular functions. Still, the origin for those differences is 
assumably not only related to the integrins’ cytoplasmatic affini-
ty to distinct protein complexes, but also to their mechanical be-
haviour when conducting forces through the cellular membrane.  

Biophysical analysis of integrin specificity and crosstalk at the integrin-fibronectin 
adhesion junction
Sandra Baumann, Julian Hartmann, Ediz Sariisik, Jan Opfer, Herbert Schiller, Kay Gottschalk, Reinhard Fässler, 
Martin Benoit

Center for Nanoscience and Department of Physics, LMU München, Munich, Germany

We analyze the mechanical environment of the two integrins, 
αvß3 and α5ß1, by measuring the unbinding forces of the inte-
grin-fibronectin interaction with respect to the binding pocket 
and the intracellular anchorage. The model system used of-
fers the unique opportunity to investigate either αvß3 or α5ß1 
integrins on fibroblasts of the same genetic background. As 
exclusion of unspecific binding is a major challenge prior to 
access the fibronectin-integrin interaction, fibroblasts with-
out a functional integrin are available to isolate the specific, 
integrin-related signals. Moreover, peptides and antibodies are 
available to specifically inhibit fibronectin-integrin interaction. 
We will present our data on integrin-specific adhesion patterns 
and unbinding forces for each of the two fibronectin-binding in-
tegrins, αvß3 or α5ß1, on fibroblasts.

During their transport through the capillaries of blood ves-
sels erythrocytes get repeatedly deformed many times. The 

elastic deformability of red cells in microcirculation is essential 
to maintain their shape and function for a life time of about 120 
days. This enormous reversible shape deformability is based on 
the one hand on the non-spherical discoid biconcave resting 
shape and on the other hand on the mechanical properties of 
the lipid bilayer and the underlying cytoskeleton. 

We have observed for the first time two modes of shape and 
rotational relaxation simultaneously in one single continuous 

experiment by analyzing the relaxation of parachute shaped red 
cells. This allows us to consecutively measure both timescales 
corresponding to one individual red cell and to correlate the re-
laxation times. We find a linear relationship between the times-
cales and observe that with increasing deformation timescale 
also the timescale of rotational relaxation increase. We conclude 
that both timescales depend on the same parameter given by the 
mechanics of the cytoskeleton. Upon metabolic depletion and 
extracellular addition of ATP we modify the extent of cytoskel-
etal defects in the spectrin network and relate it to the mechani-
cal properties of the red blood cell.
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Synthesis of well-ordered COF monolayers via surface growth of nanocrystalline precursors
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Self-condensation of Benzene-1,4-diboronic acid can yield 
highly crystalline Covalent Organic Frameworks (COF). In the 
COF-1 structure, monomers are covalently interlinked into 
two-dimensional sheets which are then stacked along the  
c-axis. These sheets are comprised of a hexagonal alternat-
ing arrangement of phenyl and boroxine rings and are an ide-
al model system for 2D COF variants. In this contribution we 
demonstrate a novel approach to first synthesize nanocrystalls 
of COF-1. The product of this synthesis was independently 
characterized by PXRD, TGA, IR-, and Raman-spectroscopy. 
Two-dimensional nanocrystalline flakes, whose structure corre-

spond to a single layer of COF-1, are then dispersed in a solvent 
and deposited onto an inert substrate. High resolution STM im-
aging under ambient conditions reveals full monolayer cover-
age of nanocrystalline COF-1 flakes with well ordered internal 
structure and lateral extensions of the flakes up to 10 nm. The 
lattice parameter of the COF-1 structures corresponds to the 
bulk value, and independently proves the synthesis of a covalent 
structure. Tempering of these highly polycrystalline structures 
in a humid atmosphere results in ripening, whereby the domain 
size of extremely well ordered covalent 2D structures increases 
up to 50 nm. 

Determination of the electron diffusion length in dye sensitized solar cells by substrate contact 
patterning
Halina K. Dunn1, Per-Oskar Westin2, Daniel R. Staff3, Laurence M. Peter4, Alison B. Walker3, Gerrit Boschloo1 and Anders 
Hagfeldt1

1 Institute of Physical and Analytical Chemistry, Uppsala University, box 259, 751 05 Uppsala, Sweden

2 Solid state electronics, Uppsala University, Box 534, 751 21 Uppsala, Sweden

3 Department of Physics, University of Bath, Bath BA2 7AY, UK

4 Department of Chemistry, University of Bath, Bath BA2 7AY, UK

A new method to estimate the electron diffusion length in dye-
sensitized solar cells (DSCs) is presented.  DSCs were fab-

ricated on conducting glass substrates that were patterned by 
laser ablation of the FTO coating to form parallel contact strips 
separated by uncontacted strips of the same width. The relative 
collection efficiency was measured as a function of the gap be-
tween the contact strips, which determines the lateral distance 
traveled by electrons to reach the contacts. In order to avoid 
complications arising from non-linear recombination kinetics, 
current measurements were performed using small amplitude 
perturbations of the electron density close to open circuit and 
the maximum power point to minimize electron density gradi-
ents in the film.  One and two dimensional solutions of the con-
tinuity equation for electron transport and back reaction predict 
that the relative collection efficiency should fall as spacing be-
tween the contact strips exceeds the electron diffusion length 
and electrons are lost by back electron transfer during transit 
to the contacts.  Measurements of the relative collection effi-
ciency were fitted to the predicted dependence of the collection 

efficiency on the spacing between the contact strips to obtain 
the value of the electron diffusion length.  The diffusion length 
is found to increase with voltage both at open circuit and at the 
maximum power point.

[1] Dunn HK et. al. J. Phys. Chem. C, 2011, 115 (28), pp 13932–
13937
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Anna Eder, Daniela Taubert, Stefan Ludwig

Department of Physics and Center for NanoScience (CeNS), Ludwig-Maximilians-Universität München, Germany

In state-of-the-art information technology, nonequilibrium 
electrons are essential. But they tend to relax their excess en-

ergy, and the emitted energy quanta can be reabsorbed by other 
circuit components. We therefore study the interactions of hot 
electrons in two-dimensional mesoscopic structures, consider-
ing a wide range of electron energies.

In our setup electrons are injected through an electrostatically 
defined barrier “BE” at a well-defined energy of eVE above the 
Fermi energy, and then move ballistically along the sample. 
They transfer energy and forward momentum to electrons from 
the degenerate Fermi sea. A second barrier “BC” separates the 
collector “C” from the side contact. Excited electrons which car-
ry enough forward momentum can pass the barrier and reach 
the collector contact, but positively charged holes (in the Fermi 
sea) are reflected [1]. If the side contact is grounded, the posi-
tive charge is neutralized by electrons flowing from the side into 
the device. This flow adds to the electron current from the emit-
ter to create an amplified current at the collector port

Our analysis is based on an energy-dependent electron-electron 
scattering length as well as neutralization of holes. 

Hot ballistic electrons not only scatter with electrons of the 
2DES, but also emit acoustic phonons that can pass electrostatic 
barriers and be reabsorbed by electrons of the 2DES of an elec-
trically separate circuit [2]. The resulting excited electrons have 

a maximal kinetic energy, corresponding to maximum allowed 
energy that can be transferred by absorbing an acoustic phonon. 
This energy is measured using a third, calibrated, barrier “BD”. 

Measurements have also been performed for several charge car-
rier densities varied electrostatically via topgates as well as il-
lumination.

[1] PRB 82, 161416 (2010)  

[2] PRL 102,186801 (2009)

Figure 1: Energy diagram sketching the setup.

Red blood cell dynamics
Benjamin Eggart, Susanne Braunmüller, Lothar Schmid and Thomas Franke

Microfluidics Group, Department of Physics, Universität Augsburg, Augsburg, Germany 

The enormously reversible deformability of red blood cells 
(RBC) shape is based on both, the non-spherical discoid bi-

concave resting shape and the mechanical properties of the lipid 
bilayer with its underlying cytoskeleton. 

Our microfluidic system studies systematically the elastic be-
havior of cells or vesicles that serve as a simple model system 
in hydrodynamic flow. Using a microfluidic PDMS channel with 
periodical width we are able to control frequency as well as am-
plitude of the external deformation excitation. 

For RBC we find a transition from a regime with oscillating tilt 
angle of the main axis of the RBC and fixed shape to a regime 
with oscillating shape with increasing flow velocity. We have 
found the crossover to occur at a critical ratio of channel width 
and RBC velocity. These oscillations are superposed by shape 
transitions from a discocyte to a slipper shape at low velocities 
and a slipper to parachute transition at high flow velocities. For 
lipid vesicles we have observed three types of flow instabilities. 
At slow migration we found a transition from a state with orien-
tational oscillations of a fixed prolate shape to a state with shape 
oscillations of symmetrical ellipsoidal or bullet-like shapes with 
increasing flow velocity as predicted by perturbation theory. 

The transitions and their critical values are highly sensitive to 
the viscoelastic properties of the soft objects and therefore the 
method offers a simple and efficient approach to measure the 
cell mechanical properties of single as well as of large numbers 
of cells with excellent statistics.



23 CeNS Workshop Venice 2011

Poster Presentations
Self-assembly of melem on Ag(111) – emergence of porous structures  
based on amino-heptazine hydrogen bonds
Johanna Eichhorn,1 S. Schlögl,1 B.V. Lotsch,2 W. Schnick,² W. M. Heckl1,3 and M. Lackinger1,3

1 Department of Physics, TUM School of Education, Technical University Munich, 80333 Munich, Germany 
2 Department of Chemistry, Ludwig-Maximilians-Universität, 81377 Munich, Germany 
3 Deutsches Museum, 80538 Munich, Germany

Supramolecular self-assembly has been proven to be a 
straightforward and inexpensive bottom-up technique for 

surface functionalization. In particular, two-dimensional nano-
porous networks that exhibit a regular arrangement of similar 
cavities have attracted broad interest. Size and shape of the 
cavities can be tuned by virtue of tailoring supramolecular 
building blocks. Many known porous structures are stabilized 
by intermolecular hydrogen bonds between carboxylic acids. 
Yet, on more reactive substrates, carboxylic acids often bind 
strongly to the surface, whereby formation of two-dimensional 
networks becomes hampered. Therefore, we investigate build-
ing blocks with less reactive functional groups for self-assembly 
of nanoporous networks on more reactive surfaces. In this re-

spect amino groups in combination with heterocycles offer a 
promising alternative. Here, we studied self-assembly of melem 
(C6N7(NH2)3),1 a triply amine functionalized heptazine ring, on 
Ag(111) by means of ultra-high vacuum Scanning Tunneling 
Microscopy. Seven different polymorphs were observed, where 
five structures exhibit similar pores with a diameter of ~1.5 nm, 
but variable interpore spacing.² Each of those pores is bordered 
and defined by six melem molecules which are interconnected 
by hydrogen bonds between amino groups and heterocylic ni-
trogen atoms of the heptazine ring. While the structure of six out 
of the seven polymorphs can be described by a unified concept 
based on two intermolecular bonding motifs, a dense packed 
structure with different arrangement was also observed. 

[1] B. Jürgens, E. Irran, J. Senker, P. Kroll, H. Müller, W. Schnick: Melem (2,5,8-Triamino-tri-s-triazine), an Important Intermediate during 
Condensation of Melamine Rings to Graphitic Carbon Nitride: Synthesis, Structure Determination by X-ray Powder Diffractometry, Solid-
State NMR, and Theoretical Studies, J. Am. Chem. Soc., 2003, 125, 10288–10300.

[2] J. Eichhorn, S. Schlögl, B. V. Lotsch, W. Schnick, W. M. Heckl, M. Lackinger: Self-Assembly of Melem on Ag(111) - emergence of porous 
structures based on amino-heptazine hydrogen bonds, CrystEngComm, 2011, Advance Article. 

Picosecond time-resolved optoelectronic transport in nanoscale systems
L. Prechtel1, Nadine Erhard1, L.Song2, P. Ajayan2, D. Schuh3, W. Wegscheider4, and A.W. Holleitner1 

1 Walter Schottky Institut and Physik-Department, TU München, D-85748 Garching, Germany 
2 Departement of Mechanical and Materials Engineering, Rice University, Houston, TX 77005, USA 
3 Institut für Experimentelle und Angewandte Physik, Universität Regensburg, D-93040 Regensburg, Germany 
4 Solid State Physics Laboratory, ETH Zurich, 8093 Zurich, Switzerland

The time-resolved dynamics of photogenerated charge car-
riers in nanoscale systems are typically detected by optical 

techniques such as the transient absorption technique and the 
time-resolved photoluminescence spectroscopy. Many questions 
remain concerning the separation and the transport of photo-gen-
erated charge carriers to source and drain leads, when the nano-
systems shall be functional modules in electronic circuits. Typi-
cal propagation times of ballistic photogenerated charge carriers 
in nanoscale circuits, which comprise semiconductor nanowires 
and quantum wires, are in the ps-regime [1,2]. Conventional 
electronic measurements cannot resolve such ultrafast dynam-
ics because available electronic equipment cannot produce trig-
ger signals and detect transients faster than tens of picoseconds.  
Furthermore, nanosystems typically exhibit a high impedance of 
several kilo-ohms, and ultrafast charge-carrier dynamics are there-
fore obscured by the response time of the high-frequency circuits.  
Here, we introduce an experimental on-chip scheme to mea-

Figure 1: Scanning electron microscope 
(SEM) image of freely suspended single 
walled carbon nanotubes spanning two gold 
electrodes.

sure the photocurrent dynamics of electrically contacted nano-
systems in the time domain. The technique applies an ultrafast 
optical pump-probe scheme to a coplanar stripline circuit, and 
the photocurrent response of the nanosystems is sampled by a 
field probe (see Fig. 1 and [3]). The experimental setup with a 
picosecond time-resolution will be introduced, and first results 
of the ultrafast time-resolved photocurrent dynamics in con-
tacted nanosystems, such as carbon nanotubes (see Fig. 2 and 
[4]) and graphene, will be shown. We will discuss polarization, 
plasmonic as well as charge transport effects within the nano-
systems, the ultrafast relaxation of the photogenerated charge-
carriers, and the influence of contacting the nanosystems by 
electrodes.	

We gratefully acknowledge financial support from the German 
Science Foundation DFG (Ho 3324/4), FP7-Hysens, the Center 
for NanoScience (CeNS), the German excellence initiative via 
the “Nanosystems Initiative Munich (NIM)”.

[1]  C. Ruppert, S. Thunich, G. Abstreiter,  A. Fontcuberta i 
Morral, A.W. Holleitner, and M. Betz, Nano Letters 10, 1799 
(2010).

[2] K.-D. Hof, F.J. Kaiser, M. Stallhofer, D. Schuh, W. Wegs-
cheider, P. Hänggi, S. Kohler, J. P. Kotthaus, and A.W. Holleit-
ner, Nano Letters 10, 3836 (2010).

[3] L. Prechtel, S. Manus, D. Schuh, W. Wegscheider, and 
A.W. Holleitner, Applied Physics Letters 96, 261110 (2010).

[4] L. Prechtel, L. Song, S. Manus, D. Schuh, W. Wegs-
cheider, and A.W. Holleitner, Nano Letters 11, 269-272 
(2011).

Figure 2: Picosecond time-
resolved photocurrent of 
freely suspended single 
walled carbon nanotubes.
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3D-Nanostructured electrodes of transparent conducting oxides
Yujing Liu, Vesna Müller, Dina Fattakhova-Rohlfing 

Department of Chemistry and Center for NanoScience (CeNS), University of Munich (LMU), 81377 Munich, Germany

The development of nanostructured electrode layers with 
defined morphology is an important challenge in modern 

electrochemistry, as it enables the controlled design of complex 
electrochemical systems. Transparent conducting oxides (TCOs) 
play a special role in electrochemistry, being used as transparent 
electrodes for optoelectrochemical and electrochromic applica-
tions as well as spectroelectrochemistry. TCOs such as doped 
indium, tin or zinc oxides have been known for a long time in the 
form of dense flat layers obtained by physical deposition meth-
ods, but only recently the fabrication of 3D-conducting TCO 
networks has been reported. The interest in such 3D-electrode 
architectures is based on their large interface area enabling in-
corporation of large amounts of functional redox guests, with 
the electrical conductivity of the framework providing direct 
electronic access to the incorporated species, and their optical 
transparency allowing interactions with light.

We show fabrication of transparent conducting electrodes with 
various types and dimensions of 3D-nanostructures from differ-
ent classes of TCOs, namely, antimony-doped tin oxide (ATO), 
niobium-doped titanium oxide (NTO) and indium tin oxide (ITO), 
by a directed self-assembly of corresponding nanoparticles [1-
2]. Such transparent conducting matrices with defined porous 
architecture, high surface area and open accessible porosity 
can incorporate various redox moieties from small redox mol-
ecules to proteins and conducting bacteria films, which show 
the greatly enhanced electrochemical response proportional to 
the electrode surface area.

[1] V. Müller, M. Rasp, J. Rathousky, B. Schuetz, M. Niederberger, 
D. Fattakhova-Rohlfing. Small 2010, 6, 633.

[2] Y. Liu, J. Szeifert, J. Feckl, B. Mandlmeier, J. Rathousky, O. 
Hayden, D. Fattakhova-Rohlfing, T. Bein. ACS Nano 2010, 4, 5373.

Figure 1: 3D-conducting transparent frameworks of different types of TCO materials and different dimensions of pore system.

Microwave cavity-enhanced transduction for plug and play nanomechanics at room temperature
Thomas Faust, P. Krenn, S. Manus, J.P. Kotthaus and E.M. Weig

Fakultät für Physik  and Center for NanoScience (CeNS), Ludwig-Maximilians-Universität München, Germany

The readout and manipulation of nanomechanical systems 
can be significantly enhanced by coupling them to an opti-

cal or electrical cavity. The latter has the advantage of allowing 
to read out a large array of resonators by coupling to only one 
cavity without any positioning involved. Up to now experiments 
employing the coupling to microwave cavities are performed at 
cryogenic temperatures to benefit from superconducting cavi-
ties capacitively coupled to superconducting resonators and to 
minimize the dissipative effects of beam metallisation.

We present an approach based on a conventional lambda/4 mi-
crostrip cavity at room temperature with a resonance frequency 
of 3.5 GHz and a quality factor of 70. It is dielectrically coupled 
to a doubly-clamped high stress silicon nitride beam with an ex-
tremely high mechanical quality factor of 290,000 at a mechani-
cal resonance frequency of 6.6 MHz. Displacement detection is 
performed by monitoring the mechanically induced sidebands 
in the microwave cavity transmission signal. The sensitivity is 
sufficient to resolve the Brownian motion. Furthermore, the ob-
tained coupling is strong enough to observe backaction effects 
of the microwave photons on the mechanical resonator. We re-
alize both cooling of the resonator fundamental mode to 150 K 

Figure 1: SEM Pictures of the silicon nitride beam (260 nm wide, 
100 nm thick and 55 µm long) with the two adjacent gold electrodes

as well as entering the regime of cavity-pumped self-oscillation. 
The latter generates a strong and narrow-band signal perfectly 
suited for sensing applications requiring a simple resonance fre-
quency readout.
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What encodes the diversity and ordering of self-organized monolayers?
C. Rohr,1 M. Balbás Gambra,2 K. Gruber,1 E. C. Constable,3 E. Frey,2 Thomas Franosch,4 and B. A. Hermann1

1 Walther-Meissner-Institute (WMI) of Low Temperature Research of the Bavarian Academy of Science and Faculty of Physics/      	
   Center for NanoScience (CeNS), 85748 Garching b. München, Germany

2 Arnold Sommerfeld Center for Theoretical Physics (ASC) and Center for NanoScience (CeNS), Department of Physics, LMU 	
   München, 80333 München, Germany

3 Department of Chemistry, University of Basel, 4056 Basel, Switzerland

4 Institut für Theoretische Physik, FAU Erlangen, 91058 Erlangen, Germany

The a priori prediction of patterns formed from self-organized 
molecules is of crucial importance for the deliberate ap-

plication of monolayers for surface functionalization. We used 
scanning tunneling microscopy (STM) to image self-organized 
monolayers of Fréchet dendrons, which display a large variety of 
2D ordering motifs, even for a single molecule. We analyzed the 
ordering of the different phases of this high complexity system 
by molecular mechanics (MM) simulations. We conceived an 
elegant interaction-site model, which condenses the essential 
molecular properties determined by molecular mechanics mod-
eling (MM), which in a Monte Carlo (MC) approach successfully 
predicts the various ordering motifs. With this model we could 
confirm that geometry as well as a few salient weak interaction 
sites fully encode the observed variety of structural motifs. Be-
cause of the simplicity of our approach it should applicable to a 
wide variety of self-organized systems.

[1] C. Rohr, M. Balbás Gambra, K. Gruber, E.C. Constable, E. Frey, 
T. Franosch, and B.A. Hermann, Nano Letters 10(3), 833–837 
(2010).

[2] B.A. Hermann, C. Rohr, M. Balbás Gambra, A. Malecki, M.S. 
Malarek, E. Frey, and T. Franosch, Phys. Rev. B 82, 165451 (2010).

[3] C. Rohr, M. Balbás Gambra, K. Gruber, C. Höhl, M.S. Malarek, 
L.J. Scherer, E.C. Constable, T. Franosch, and B.A. Hermann, Chem. 
Comm. 47, 1800 (2011).

Separation of blood cells via hydrodynamic lift
Thomas Geislinger, Benjamin Eggart, Susanne Braunmüller, Lothar Schmid, Achim Wixforth, and Thomas Franke

Universität Augsburg, Chair for Experimental Physics I, Microfluidics Group, Augsburg, Germany

Our research is motivated by the attempt 
to develop Lab-on-a-Chip applications 

for medical analysis and sample preparation.  
Our experiments focus on the deformation and 
motion of soft objects such as lipid vesicles and 
red blood cells in hydrodynamic flow fields. The 
coupling of shear flow to deformation and mo-
tion of single soft objects gives rise to complex 
dynamic phenomena. Such dynamic phenom-
ena can be the rotation of the fluid membrane 
around its interior (“tank-treading”) or oscilla-
tory (“swinging”) and unsteady (“tumbling”) 
motion. The observed regimes of motion and 
deformation critically depend on the membrane 
properties and the size of such soft objects.PDMS microchan-
nels are used to compare the flow behaviour of red blood cells 
and blood platelets in simultaneous measurements. Our experi-
ments demonstrate that red blood cells show a tank-treading 
motion and adopt a consistent height due to the hydrodynamic 

Figure 1: Red blood cells and blood platelets at the inlet (left) and at the end (right) of 
our microchannel. In the beginning, the cells all share a common height interval while 
they are separated from each other at the end of the channel due to the hydrodynami-
cally induced lift.

lift-force and buoyancy. The smaller and more rigid platelets 
experience a weaker lift-force which leads to a lower adopted 
height at the end of our microchannels. Therefore, platelets and 
red blood cells can be separated from each other.
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Investigation of TiO2 layer in organic solar cell
Sun Haiyan, Jonas Weickert, Holger Christian Hesse, Lukas Schmidt-Mende

Fakultät für Physik and Center for Nano Science (CeNS), Ludwig-Maximilians-Universität, 80539 München, Germany

Organic solar cells (OSCs) based on poly-3-hexyl-thiophene 
(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM) have attracted remarkable interest during the last de-
cade, however, air stability of these cells remains poor. It can 
be significantly improved by using a thin electron-selective 
hole-blocking bottom layer like TiO2, which enables noble met-
als like Ag or Au used as top contacts, which are more stable.  

In this study we investigate inverted  TiO2 layers  fabricated by 
spray pyrolysis method as a blocking layer in OSCs, to investi-
gate the influence of TiO2 thickness on the power conversion 
efficiency and illumination stability of PSCs. Solar cells with a 
thicker layer of TiO2 show lower short circuit current density (Jsc) 
and PCE, but higher stability. The dependence of performance on 
TiO2 thickness is caused by a filter effect due to the trap states in 
our TiO2.

Permanent dipole moments of localized carbon nanotube excitons
Jan Glückert, Wolfgang Schinner, Matthias Hofmann, Alexander Högele

Fakultät für Physik and Center for Nano Science (CeNS), Ludwig-Maximilians-Universität, 80539 München, Germany

Semiconducting single-walled carbon nanotubes (CNT) show 
photoluminescence (PL) emission at near infrared wave-

lengths due to recombination of excitons [1-3]. Recent obser-
vation of photon anti-bunching in the PL of individual CNTs 
as well as asymmetric line-shapes of the PL emission spectra 
support the picture of exciton localization [4,5]. In a confocal 
microluminescence setup operated at cryogenic temperature we 
investigate the emission spectra of individual CoMoCat CNTs 
as a function of external electric field. We fabricated a sample 
that allows us to apply static electric fields perpendicular to 
the nanotube axis (Figure 1a). We observe spectral shifts up to 
several linewidths (Figure 1 inset) and a linear dependence of 
the emission wavelength on the electric field. We interpret our 
findings in terms of a linear DC Stark effect due to permanent 

Figure 1: (a) Gate structure with carbon nanotubes sandwiched between dielectric layers and capacitor plates formed by a highly doped 
silicon substrate (back gate)  and a semitransparent metal layer (top gate). By applying a DC voltage we reach electric fields E up to ±1.2 MV/
cm. (b) Photoluminescence energy shows a linear dependence on the electric field characteristic of  linear DC Stark shift with a permanent 
dipole moment of p=1.1•10-29 Cm. Inset: Photoluminescence emission spectra at -1.2 MV/cm (A), 0 MV/cm (B) and  +1.2 MV/cm (C). 

dipole moments of localized excitons. From the linear slope we 
deduce values for the exciton dipole moments as exemplified in 
Figure 1b for a specific nanotube with sub-Angstrom electron-
hole-separation.

[1] M. J. O’Connell et al., Science 297, 593 (2002). 

[2] J. Maultzsch et al., Physical Review B 72, 241402 (2005).

[3] F. Wang et al., Science 308, 838 (2005).

[4] A. Högele et al., Physical Review Letters 100, 217401 (2008). 

[5] C. Galland et al., Physical Review Letters 101, 067402 (2008).
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Klein paradox for arbitrary spatio-temporal scalar potential and Josephson-like current in 
graphene
Sergey E. Savel'ev1, Wolfgang Häusler2, and Peter Hänggi2

1 Department of Physics, Loughborough University, Loughborough LE11 3TU, United Kingdom

2 Institut für Physik, Universität Augsburg, D-86135 Augsburg, Germany

We derive the exact time evolution according to the Dirac-
Weyl equation, describing a mono-layer of graphene, in 

the presence of a scalar potential U(x,t) of arbitrary spatial and 
temporal dependence at normal incidence, py=0. This solution 
shows that the Klein paradox (the absence of backscattering) 
persists even for arbitrary temporal modulations of the barrier. 

Forces across the scales: from cells to single molecules
Andreas Hartmann1,2, Achim Wixforth1, Matthias F. Schneider2

1 Chair for Experimental Physics I, University of Augsburg, Germany

2 Mechanical Engineering, Boston University, Massachusetts, USA

In implant research, there is a big necessity for a precise 
quantitative possibility to evaluate cell adhesion behaviour of 

different cell types on various surfaces consisting of different 
(altered) materials and geometric shapes. In the framework of 
the DFG-Project „Quantitative Evaluation der statischen und dy-
namischen Zelladhäsion und -aktivität an antibakteriellen DLC-
Schichten“, we developed a surface acoustic wave (SAW) driven 
microfluidic system in order to investigate dynamic cell adhe-
sion properties based on the knowledge of the shear-flow profile 
in the microfluidic chamber – forces on the macroscopic scale. 

Figure 1: Top view into the BioForceProbe measuring chamber

Figure 2: A typical single molecule stretching experiment (here with 
von Willebrand factor)

Moreover, we identify an unusual oscillating current jy run-
ning along the barrier, despite of the vanishing momentum in 
y-direction. This current exhibits resemblence to the Josephson 
current in superconductors, including the occurance of Shapiro 
steps and its sine-like dependence on the phase difference of 
wave functions.

[1] Sensitive Force Technique to Probe Molecular Adhesion and Structural Linkages at Biological Interfaces, E. Evans, K. Ritchie and R. 
Merkel, Biophysical Journal, vol. 68, 2580-2587, 1995

On the microscopic scale in contrast, forces do not appear as 
a result of various effects, but are based on single molecule 
properties. For the investigation of them, a very sophisticated 
method for single molecule force spectroscopy is applied – the 
BioForceProbe (BFP) technique developed by Evans et al. 1995 
[1]. Here, an erythrocyte in hypotonic conditions is used as a 
very soft spring. BFP allows to control both, spring constant and 
loading rates over several orders of magnitude. Further on, a 
very low noise level ( ~ 2.5pN) can be reached.
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Synthesis and electron microscopy characterization of CuInS2 films for photovoltaic application
Christoph Heinzl, Angela Wochnik, Florian Auras, Thomas Bein and Christina Scheu

Department of Chemistry, Ludwig-Maximilians-Universität, Munich, Germany

The development of new semiconductor materials for solar 
cells is a highly active area of research, aimed to simplify 

the manufacturing processes and to reduce production costs. In 
our work we want to design different nanocrystalline solar cells 
based on CuInS2 as light absorber. This material is considered to 
be a promising candidate for solar cell applications because of 
its good long-term stability, its direct band gap of 1.53 eV which 
allows utilization of much of the solar spectrum and its high 
absorption coefficient [1]. By changing basic synthesis param-
eters, CuInS2 can be obtained as an n- or p-type semiconductor 
[2].

In our research we focus on the synthesis of CuInS2 thin films on 
fluorine doped tin oxide (FTO) substrates and their detailed mi-
crostructural investigation. Besides scanning electron micros-
copy (SEM) we use various transmission electron microscopy 
(TEM) methods. The latter include diffraction studies, conven-
tional TEM, high-resolution TEM and high-angle annular dark-
field (HAADF) imaging in the scanning TEM mode for crystal 
structure, morphology and grain size determination. The chemi-

cal composition analysis is achieved by energy-dispersive X-ray 
spectroscopy in the TEM and SEM.

We found that the processing parameters strongly modify the 
microstructure, ranging from spherical to more columnar struc-
tures. Thereby, thicker films showed sphere-like structures with 
sizes up to several µm and a stoichiometric composition. The 
CuInS2 spheres consisted of individual flakes possessing grain 
sizes less than 100 nm. In contrast, thinner films showed two 
different regions. Close to the FTO substrate the film was dense-
ly packed while in the upper region columnar structures oc-
curred, which were again formed by individual flakes. However, 
their grain size was much smaller and they were rich in copper 
compared to the ones forming the spheres.

[1] B. Tell, J. L. Shay, H. M. Kasper, Phys. Rev. B 4, 2463–2471, 
1971

[2] T. Yukawa, K. Kuwabara, K. Koumoto, Thin Solid Films 286, 
151–153, 1996

X-ray and neutron reflectivity study of tethered membranes
Samira Hertrich, Bert Nickel

Center for Nanoscience (CeNS) and Faculty of Physics, Ludwig-Maximilians-Universität München, Germany

Lipid bilayers chemically grafted to an interface provide a bio-
functional surface to study lipid-protein systems. Here, in a 

multistep chemical reaction, PEG-2000 lipids were grafted to a 
silicon oxide surface via silanisation. Additional lipids, SOPC, 
spincoated to the surface form a bilayer when the sample is hy-
drated, which is tethered to the surface by the included PEG 
lipids.  We have characterized the structure of the tethered lipid 
bilayers system with neutron and x-ray reflectivity. Using deu-
teration of selected components of the sample, to provide differ-
ent contrasts in buffer and lipids, the hydration of the different 

layers of the sample was determined. The PEG interlayer has 
a thickness of about 7 nm and is highly hydrated. At high pH, 
its thickness decreases by about 2 nm, which shows the flex-
ibility of the PEG cushion.  Diffusion measurements with FRAP 
showed a fluid membrane. The combination of the PEG as a soft 
and hydrated spacer and a diffusive lipid bilayer makes teth-
ered lipid bilayers a suitable platform to include transmembrane 
proteins. They can be used to study the functions of a model 
cell membrane in a controlled environment of a flat surface in a 
fluidic chamber.

Characterize and manipulate: tools to monitor bacterial interaction
Elke Hebisch, G. Poxleitner, J.O. Rädler and M. Leisner

Department for Physics and CeNS, Ludwig-Maximilians Universität, Munich, Germany

Letting bacterial strains of distinct traits compete against 
each other under pre-designed conditions allows real-time 

implementation of game theoretical approaches. Predicting the 
outcome of such a game and in a further step manipulating it, 
externally provoking victory, defeat or draw, requires knowl-
edge of how to characterize key factors of bacterial interactions 
and of the effects that alterations of these factors entail.

In practice, we are looking at the Colicin E2 system of three 
fluorescence-labeled Escherichia coli strains representing a 
'rock-paper-scissors' game: a poison-producing (C), a resistant 
(R) and a sensitive (S) strain provide a cycle with each strain 
having one antagonist being superior or inferior. The winner 
will always be the player eventually dominating the population 
by either killing or outgrowing the other contestants.

To be provided with a realtime indicator mirroring bacterial in-
teraction, we investigated the correlation between fluorescence 

intensity and growth rates of the bacterial players using flow cy-
tometry and fluorescence microscopy for growth in fluid and on 
solid surfaces, respectively. In the course of this, fluorescence-
activated cell sorting (FACS) proved to be a feasible method 
to analyze bacterial interaction. To specifically manipulate the 
'rock-paper-scissors' game, we performed the above experi-
ments also in presence and absence of different concentrations 
of Mitomycin C stimulating Colicin production, thus solely ad-
ressing the C strain. A directed alteration of bacterial interaction 
could be observed in solution as well as on solid surfaces.

The discovery of a decisive and quantitative correlation between 
bacterial growth rate and fluorescence intensity would provide a 
sensitive probing technique for the momentary bacterial fitness 
level resulting in a deeper understanding of bacterial interac-
tion.
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Curvature dependence in thermophoresis
Mario Herzog, Christoph Wienken, Christian Speck, Dieter Braun

Center for Nanoscience (CeNS) and Faculty of Physics, Ludwig-Maximilians-Universität München, Germany

Thermophoresis, defined as the motion of particels induced 
by thermal gradients, has proven to be a valuable tool in 

analysing biomolecules. To test theories of thermophoresis, 
we measured the thermophoresis of highly diluted single and 
double stranded DNA and RNA using an all-optical capillary 
approach.The molecules are monodisperse and their charac-
teristics are well known from biological studies. Temperature 
gradients were created locally by an infrared laser. The thermal 
depletion and back-diffusion of oligonucleotides between 5 and 
50 bases in length were investigated by fluorescence end label-
ing at various salt concentrations. To a good approximation, the 
previously tested capacitor model describes thermophoresis. To 
show this we compared the concentration changes at different 
radii from the laserspot and over the a depletion and back-dif-
fusion cycle with a numerical simulation based on the capacitor 
model. We investigated the dependence of thermophoresis on 
the temperature and arrived at the effective surface charge per 
base and characterized the hydration entropy resulting from the 
molecule - solvent interaction. Here we see an effective charge  
that decreases with the number of bases and shows similar 

Synthesis and characterization of biotemplated titania porous films 
Alesja Ivanova, Thomas Bein

Department of Chemistry and Center for NanoScience (CeNS), Ludwig-Maximilians Universität München, Munich (Germany)

Mesoporous titania films attract significant attention due to 
their successful implementation in photovoltaic devices, 

in particular dye-sensitized solar cells (DSC). One of the key is-
sues in the performance of DSCs is the nanoporous morphology 
of the TiO2. Usually the organized porosity is achieved by us-
ing templating agents such as amphiphilic polymers. However, 
the tunability of the porous structures obtained in this way is 
limited. Nanocellulose (NC) consists of structural units of dif-
ferent dimensions lying in the mesoscopic range. The attractive 
features of NC are its shape anisotropy, its surface charge and 
an ability to self-organize. In addition, this novel material is ob-
tained from abundant, “green” celluloses, which makes NC even 
more attractive in comparison with organic copolymers.

The current study investigates the influence of different amounts 
of NC on the morphology of obtained TiO2 structures. The syn-
thesis procedure starts by mixing NC suspension and the pre-
cursor solution (Figure 1). Subsequent film deposition promotes 
sol-gel and evaporation-induced self-assembly processes, lead-
ing to the formation of solid composite film. Finally, the com-
posite is heated to remove the templating NC and to crystallize 
the titania matrix.

The biotemplated titania structures are characterized by sorp-
tion, Raman and X-ray diffraction measurements and electron 
microscopy. The obtained data show a very high potential of NC 
for introducing tuneable porosity into titania films. 

values for RNA and DNA. The Soret coefficient governing ther-
mophoresis displays the transition from high to low curvature 
of the Debye layer, from spherical to planar condensator. Mea-
surements of double stranded DNA and RNA show qualitatively 
comparable results.

Figure 1: Synthesis approach to the biotemplated mesoporous TiO2 
films
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Magneto focusing of ballistic photocurrents in nanoscale circuits
Christoph Kastl1, M. Stallhofer1, M. Brändlein1, K.-D. Hof2, D. Schuh3, W. Wegscheider4, J.P. Kotthaus2, and A.W.  Holleitner1

1 Walter Schottky Institut and Physik-Department, TU München, Germany

2 Fakultät für Physik and Center for NanoScience (CeNS), LMU München, Germany

3 Institut für Experimentelle und Angewandte Physik, Universität Regensburg, Germany

4 Laboratorium für Festkörperphysik, ETH Zürich, Switzerland

Quantum point contacts (QPCs) have recently been exploit-
ed in very sensitive detection schemes to quantify charge 

and spin states in nanoscale circuits and to image the coherent 
charge flow in two-dimensional electron gases (2DEGs) [1]. We 
demonstrate the use of GaAs-based QPCs to explore the non-
equilibrium dynamics of photo-generated charge carriers in na-
noscale circuits. We use QPCs to spatially resolve the ballistic 
flow of photo-generated electrons in a 2DEG [2]. To this end, 
electron-hole pairs are optically generated in a quantum well 
by interband laser excitation and the resulting optical beam in-
duced current (OBIC) through an adjacent QPC is measured as 
a function of the laser spot position (Fig. 1). We observe that 
photo-generated electrons can ballistically propagate across 
several micrometers, before they tunnel through a QPC. Typical 
values for the exponential decay length of the OBIC amplitude 
along the electron paths are comparable to the electron mean 
free path lmfp = 15.1 µm of the 2DEG at 4.2 K. 

We further verify that the transmission of photo-generated elec-
trons through a QPC is governed by the quantized energy and 
momentum values of the electron modes in the QPC. Hereby, the 
measured photocurrent across the QPC exhibits characteristic 
quantization steps as a function of both the topgate voltage and 
the source-drain bias [2]. 

In addition, we demonstrate that at a moderate magnetic field 
|Bz| < 50 mT applied perpendicular to the 2DEG plane, the 
photo-generated electrons move in cyclotron orbits. At higher 
magnetic fields, the electron motion is limited by the circuit ge-
ometry (Fig. 2). 

We gratefully acknowledge financial support from the German 
Science Foundation DFG (Ho 3324/4), the Center for Nano-
Science (CeNS), and the German excellence initiative via the 
“Nanosystems Initiative Munich (NIM)”.

Figure 1: Optical beam induced current (OBIC) mapping in meso-
scopic circuits: Schematic diagram showing a quantum point con-
tact (QPC) with an opaque topgate (yellow) and optical excitation 
spot (red).

Figure 2: OBIC map of the source contact of a QPC at (a) Bz = 250 
mT, and (b) Bz = -250 mT. (c) Map of reflected laser intensity from 
the source contact. Dotted lines show traces of the position of the 
maximum OBIC amplitude for different magnetic fields.

2D and 3D image processing and analysis for the quantification of complex cellular features
Christophe Jung and Ulrike Gaul

Gene Center and Department of Biochemistry, Ludwig-Maximilians-Universität München, 81377 München, Germany

Bio-imaging unites the power of microscopy, biology, bio-
physics, biochemistry and advanced computational meth-

ods to study how genes, molecules and proteins work and 
interact in living cells and organisms. The newly-founded Bio-
imaging Facility (established in 2009) provides access to high 
grade fluorescence research microscopes for scientists of the 
Gene Center to observe and analyze fixed samples as well as 
living organisms.

Image Processing 
The use of well performing image analysis software is crucial 
to obtain quantitative and unbiased information. We provide of-
fline workstations for  image analysis running various software 
platforms for 3D volume rendering and image analysis (e.g. 
Metamorph, Imaris and Definiens). Additionally, the Huygens 
software running on an 8 cores server can be used for decon-
volution of the microscope images. This image processing 
technique improves dramatically contrast and resolution of the 
fluorescence images.

[1] M.A. Topinka, B.J. LeRoy, S.E. J. Shaw, E.J. Heller, R.M. Westervelt, K.D. Maranowski, and A.C. Gossard, Science 289, 2323 (2000).

[2] K.-D. Hof, F.J. Kaiser, M. Stallhofer, D. Schuh, W. Wegscheider, P. Hänggi, S. Kohler, J.P. Kotthaus, and A.W. Holleitner, Nano Letters, 10, 
3836 (2010).
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A low drift SPM with custom designed upgrades for self-assembly studies at liquid  
Solid Interfaces
Stephan Kloft1,3,4, Georg Eder3,4, Wentao Song3, Khaled Karrai2,4, Wolfgang Heckl3, and Markus Lackinger1,3,4 

1 Section Crystallography, LMU, Theresienstr. 41, D-80333 München

2 attocube systems AG, Königinstr. 11a RGB, D-80539 München 

3 Deutsches Museum, Museumsinsel 1, D-80538 München

4 CeNS, LMU, Schellingstr. 4, D-80799 München

Studies of molec-
ular dynamics 

at liquid-solid inter-
faces have the po-
tential to contribute 
to our fundamental 
knowledge of su-
pramolecular self-
assembly. For this 
purpose, Scanning 
Probe Microscopes 
(SPM), like Scan-

ning Tunnelling Microscopes (STM) or Atomic Force Microscopes 
(AFM) are valuable and versatile tools. Here we present a low drift 
SPM with fully automated coarse approach, equipped with cus-
tom designed upgrades for studying dynamic and temperature  
dependent effects in monolayer self-assembly. This combined 
STM/AFM features easy exchange of probes, i.e. sharp met-
al tips for STM operation and a quartz tuning fork sensor for  
dynamic non-contact AFM mode.

Based on the open design of the microscope the standard set-
up can be extended by a heating stage facilitating temperature 

dependent studies. Since entropic contributions are important 
in supramolecular self-assembly, temperature is an extremely 
important, but hardly addressed experimental parameter. The 
homebuilt heating unit allows to precisely control the sample 
temperature or to drive temperature programs by means of a 
feed-back controller. The design of the SPM allows for continu-
ous imaging during heating in cooling cycles. This unique fea-
ture is demonstrated by temperature experiments at the liquid 
solid interface, where thermally induced desorption and re- 
adsorption of monolayers are observed in real space with  
molecular resolution.

We also demonstrate that the SPM design is suitable to study 
dynamic processes in supramolecular host-guest systems. By 
means of an injection system, additional solution can be injected 
under visual camera control while scanning without impairing 
the STM resolution nor imposing lateral drift. This experimental 
extension was successfully applied to study the incorporation 
dynamics of molecular guests into supramolecular host systems. 
In these novel experiments, we could show that not only the 
geometric match between guest and host pore, but also the sol-
vent plays a decisive role.

Role of XPA in nucleotide excision repair
Sandra Koch, Ralf Strasser, Viviana Fluxa, Karola Gasteiger, Sabine Schneider, Thomas Carell

Department of Chemistry, Ludwig-Maximilians-Universität München, Munich (Germany)

Nucleotide excision repair (NER) is the principal genome 
maintenance system in mammals. The repair system pres-

ents a promiscuous lesion recognition mechanism that enables 
the removal of DNA lesions caused by UV-radiation or other 
environmental carcinogens. A defective NER response in mam-
mals leads to a high predisposition to skin cancer (Xeroderma 
Pigmentosum). By incision of the damaged strand on both sides 
of the lesion the damaged oligonucleotide can be removed. XPC 
is known to detect disrupted duplex structures whereas XPA 

is thought to be required for the recognition of bulky adducts 
generated by reaction of metabolically activated aromatic com-
pounds. Since the exact mechanism of the DNA damage recog-
nition is not fully understood, we first investigated the binding 
of the human protein XPA and its yeast homolog Rad14 to DNA 
lesions with EMSA (Electrophoretic Mobility Shift Assay) stud-
ies and then co-crystallized the enzyme with synthetic oligonu-
cleotides containing bulky adducts (AAF-dG and dU-Fl).
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A replicator from tRNA with missing links to translation
Hubert Krammer, Friederike Möller, Philipp Baaske and Dieter Braun

Center for Nanoscience (CeNS) and Faculty of Physics, Ludwig-Maximilians-Universität München, Germany

The replication of genomic information is central for the  
evolution of early life. However, long sequences are required 

to code for proteins and their replication requires the low error 
rate of proteins. This is a chicken-and-egg problem, often re-
ferred to as the Eigen paradox . To overcome it, life had to find a 
step-wise transition from archaic replication to modern transla-
tion, still driven by tRNA and ribosomes. 

Here we present a replication mechanism solely based on tRNA. 
Its final structure readily allows to translate the succession of 
codon sequences into proteins. As starting material, double 
hairpins are formed from tRNA by five point mutations. They se-

lectively replicate a succession of anticodon sequences solely by 
hybridization in the temperature oscillation provided by thermal 
microconvection, possibly in rock pores of hydrothermal vents. 
The cross-catalytic and exponential replication takes less than 
five minutes and is confirmed with an explicit kinetic model. 
In the double hairpin conformation of tRNA, the amino acid 
binding sites are placed in close proximity to the anticodon se-
quence, allowing for specific interactions. The mechanism could 
have evolved from the selective degradation of single stranded 
over double stranded RNA. Was the RNA world rather a tRNA 
world?

Rigid molecular architectures for self assembly of gold nanoparticles 
Florian Kretschmer, Martin D. Hager and Ulrich S. Schubert

Laboratory of Organic and Macromolecular Chemistry and Jena Center for Soft Matter (JCSM), Friedrich-Schiller-University Jena, 
D-07743 Jena, Germany; www.schubert-group.com

Tuning light-matter interactions on a subwavelength scale 
allows the formation of materials exhibiting properties not 

existent in nature. The arrangement of metaatoms offers novel 
advances in fields like surface enhanced raman spectroscopy, 
solar cells, microscopy below the Abbe limit and cloaking devic-
es. Fabrication of these materials can be realized by the forma-
tion of ordered structures with large electronic polarizabilities. 
Due to their tunable size, structure and optical properties as well 
as facile synthesis and stability gold nanoparticles are an excel-
lent choice for these applications. Creation of supramolecular 

architectures can be accomplished by linking of gold colloids 
facilitated through strong gold-sulfur interactions. Depending 
on the number of sulfur functionalities formation of dimers, tri-
mers and larger clusters can be achieved. Here we report the 
synthesis of linear thio endfunctionalized oligo(p-phenylene)
ethynylenes and the selfassembly of gold nanoparticles medi-
ated by these linkers.

Figure 1: With only minor mutations, a tRNA from modern biology folds into a double-hairpin structure serving as fuel for an ancient in-
formation replicator. The information about a succession of sequence snippets, analog to modern anticodon regions, can be stored and 
replicated. The relationship to tRNA hints strongly towards a ancient translation mechanism. 
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Tuning the excitonic and plasmonic properties of copper chalcogenide nanocrystals
Ilka Kriegel1, Jessica Rodríguez-Fernández1, Enrico da Como1, Jochen Feldmann1, Richard D. Schaller3,4, Chengyang Jiang2 
and Dmitri V. Talapin2,3 

1 Photonics and Optoelectronics Group, Department of Physics and CeNS, Ludwig-Maximilians-Universität München, Munich, 	
   Germany

2 Department of Chemistry, University of Chicago, Chicago, IL 60637, USA 

3 Argonne National Laboratory, Center for Nanoscale Materials, Argonne, IL 60439, USA

4 Department of Chemistry, Northwestern University, Evanston, IL 60208, USA

Optical elements inside the vertebrate retina 
Moritz Kreysing1,2, Zuzanna Blaszczak1,  Kristian Franze1, Irina Solovei2, Boris Joffe2, Leo Peichel3, Thomas Cremer2 and  
Jochen Guck1

1  Cavendish laboratory, Department of Physics, University of Cambridge, UK

2  Department of Physics, Ludwig-Maximilians-Universität Munich, Germany

3 Max Planck Institute for Brain Research, Frankfurt am Main, Germany

While cells are mostly transparent they are phase objects 
that  differ in shape and refractive index. Any image that is 

projected through hundreds of micrometers of living tissue will 
normally be distorted by refraction, reflection, and scattering. 
Strangely, the retina of the vertebrate eye is inverted with re-
spect to its optical function and light must pass through several 
tissue layers before reaching the photoreceptor cells.

In this work we focus on the optical properties of the photore-
ceptor nuclei that are stored in multiple layers directly before 

the light sensitive segments. Based on micro-interferometry we 
show that a unique inversion of their spatial chromatin distribu-
tion in animals with a nocturnal lifestyle transforms these nuclei 
into micro-lenses. Computer simulations furthermore suggest 
that the arrangement of these nuclei in columns greatly im-
proves transmission characteristics by a reduction of scattering 
and an effective channeling of light through the outer nuclear 
layer. This finding ascribes the first nuclear adaptation for an 
optical function and changes our understanding of the mam-
malian retina as an optical system. 

Copper chalcogenides have recently been focus of interest, 
because of the need for semiconductor materials consist-

ing of earth abundant elements for photovoltaic application,[1] 
but more recently because of their unique structural and opti-
cal properties. Stoichiometric copper chalcogenides (Cu2S/Se) 
exhibit a low intensity absorption onset up to 1000 nm (band-
gap ~1.2eV) that increases in intensity towards the blue with a 
negligible absorption in the near infrared (NIR). In the presence 
of oxygen, their non-stoichiometric counterparts, Cu2-xS and  
Cu2-xSe, are formed with an absorption spectrum dominated by 
an intense band in the NIR. This has recently been assigned to 
free carrier absorption, i.e. plasmonic absorption.[2-3]

In this contribution, we demonstrate the direct control over the 
evolution of the NIR plasmonic absorption upon oxidation and 

reduction. These processes are correlated to the phase transi-
tion from stoichiometric to non-stoichiometric during the oxida-
tion process, and back to stoichiometric upon reduction. This 
gives the unique opportunity to tune the position of the plasmon 
band in the near infrared. Moreover, we investigated the behav-
ior of the excitons in Cu2-xS NCs by controlling the evolution of 
the plasmon band. We report a quenching of exciton photolu-
minescence in the presence of the plasmon resonance which 
recovers upon reduction. Our results not only demonstrate that 
non-stoichiometric copper chalcogenide NCs simultaneously 
exhibit excitons and tunable localized surface plasmons in one 
material, but also that these materials are a unique platform to 
study at the nanoscale the interaction between excitons and free 
carriers.

[1]  I. Solovei, M. Kreysing, Ch. Lanctot, S. Kosem, L. Peichl, Th. Cremer, J. Guck, and B. Joffe "Nuclear architecture of rod photoreceptor 
cells adapts to vision in mammalian evolution" Cell 137(2):356-368 (2009)

[2]  M. Kreysing, L. Boyde, J. Guck, and K. Chalut "Physical insight into light scattering by photoreceptor cell nuclei" Optics Letters 
35(15):2639-2641 (2010)

[1] C. Wadia, A. P. Alivisatos, and D. M. Kammen, Environmental Science & Technology 43, 2072 (2009).

[2] Y. Zhao et al., Journal of the American Chemical Society 131, 4253 (2009).

[3] I. Kriegel et al., Chem. Mat. 23, 1830 (2011).
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Mechanism of single biopolymer adhesion
Stefanie Krysiak, Bizan Balzer, Thorsten Hugel

Department of Physics, IMETUM, CeNS, CIPSM, Technische Universität München, 85748 Garching, Germany

The interaction of polymers with solid substrates, name-
ly the adhesion of polymer molecules to a surface, is 

a central issue to numerous applications in materials sci-
ence, engineering, biology and medicine. In this project 
the mechanism of adhesion between single biopolymers 
and solid substrates in liquid environment are investigated.  
During the last years AFM-based molecular force probes consist-
ing of a single polymer covalently coupled to an AFM-tip were 
developed [1]. Such a single polymer can be adsorbed on solid 
substrates in aqueous environment several thousand times and 
the adhesion force determined by pulling them off the substrate. 
Usually plateaus of constant force are observed in the force ex-
tension traces, which yield important information on the influ-
ence of surface properties, pH or salt [2][3]. Possible information 
from the desorbed length is usually dismissed, because there is 
no clear picture on how variations in the desorption length re-
port on molecular (non-equilibrium) interaction properties [4].  
Here we present the characterization of the desorption length 
of a polymer in addition to the force and therefore gain qualita-
tively new information on adhesion of polymers at interfaces. In 

particular, we study the temporal stability of the single polymer 
adhesion and how the desorbed length relates to the contour 
length for different adhesion forces.

Large arrays of optical nanoantennas for single-molecule imaging and spectroscopy
Theobald Lohmüller, Paul Kühler, Jochen Feldmann

Nanochemistry Group, Chair for Photonics and Optoelectronics, Department of Physics and CeNS,  
Ludwig-Maximilians-Universität, Munich, Germany

When irradiated with light at the resonance frequency, the 
electric field between two gold nanoparticles in close 

proximity is greatly enhanced in a very confined, nanoscale 
volume, generating a plasmonic ‘hot-spot’. A molecule brought 
in close proximity of this localized strong field can produce an 
enhanced optical signal such as raman scattering and fluores-
cence. In recent years, this concept of optical nanoantennas has 
attracted much attention as a superior approach for super-reso-
lution imaging and spectroscopy.

Here, we introduce a method to generate large arrays of gold 
bow-tie shaped nanoantennas on solid substrates by bottom-
up nanofabrication. The structure is generated by a combina-
tion of colloid lithography and subsequent plasma processing.  

We are able to precisely control the tip-to-tip distance between 
billions of gold nanotriangles well below 20 nm which is su-
perior to other methods reported so far and a prerequisite for 
optimum nanoantenna performance. In addition, the distance 
between adjacent gold triangles and the triangle size can be 
controlled independent from each other. We demonstrate the 
applicability of these plasmonic antenna arrays for fluorescence 
enhancement of molecules diffusing on a fluid supported lipid 
membrane and raman imaging spectroscopy. This implementa-
tion of near-field optics to a substrate on a truly macroscopic 
scale offers a broad range of applications for ultrasensitive opti-
cal detection and spectroscopy of single molecules well beyond 
the diffraction limit.

[1] M. Geisler, T. Pirzer, C. Ackerschott, S. Lud, J. Garrido, T. Scheibel, T. Hugel Langmuir, 19; 24(4):1350-5. (2008)

[2] T. Pirzer, M. Geisler, T. Scheibel and T. Hugel, Phys. Biol. 6 025004 (2009)

[3] M. Geisler, S. B. Xiao, E. M. Puchner, F. Gräter, T. Hugel, JACS, 132, 17277 - 17281 (2010)

[4] D. B Staple, M. Geisler, T. Hugel, L. Kreplak, H. J. Kreuzer,  New J. Phys. 13 013025 (2011)
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In the last decade, photonic crystals (PhCs) in combination 
with “smart”/ stimuli-responsive materials (especially hydro-

gels) have been demonstrated to be a class of attractive optical 
transducers for sensing due to their high chemical sensitivity, 
availability, and straightforward/unsophisticated fabrication. 
Analytes capable of giving rise to a change in either the refrac-
tive index or the structural periodicity of the PhC can affect its 
Bragg diffraction and therefore the optical spectra the PhC dis-
plays, which allows non-destructive, label-free detection. Here 
we report on a new class of 2-D PhC-based sensors - dynamic 
photonic crystal membranes (DPCMs). Unlike traditional PCMs, 

which are unexceptionally rigid, the DPCMs are made from re-
sponsive polyelectrolyte gels and allow large volume changes 
when exposed to stimuli and hence, an enhanced optical read-
out. We demonstrate that such PCMs offer intrinsic guided 
modes and Fabry-Pérot interference, and that both can therefore 
be exploited for optical transduction. The DPCMs have shown 
an ultrafast response due to their submicron thickness. A colo-
rimetric readout can be readily achieved thanks to the consid-
erable change of the DPCMs’ thickness in response to various 
external stimuli.

Facing barriers: a precise modular nucleic acid carrier to investigate shielding, targeting and 
endosomolytic performance
Ulrich Lächelt, Christian Dohmen, Irene Martín, Petra Kos, Daniel Edinger, Thomas Fröhlich, Ernst Wagner

Pharmaceutical Biotechnology, Center for System-based Drug Research, and Center for NanoScience (CeNS),  
Ludwig-Maximilians-Universität Munich, D-81377 Munich, Germany

Non-viral polymer based conjugates are an attractive ap-
proach for drug delivery, since these compounds can be 

designed in a way to tune the carriers’ properties regarding in-
dividual requirements. In case of nucleic acid delivery, several 
barriers have to be overcome within the delivery pathway, e.g. 
efficient nucleic acid complexation, prevention of unspecific in-
teraction, specific uptake into target cells and intracellular de-
livery to the target site. A new solid-phase supported strategy 
for the sequential synthesis of poly(aminoamides) allows the as-
sembly of precise tailor-made structures and the investigation of 
structure-activity-relationships. By this means a modular struc-
ture was assembled to investigate shielding, targeting and endo-

somal escape performance of the delivery devices. The structure 
is built up of a poly(aminoamide) backbone capable of nucleic 
acid complexation together with a shielding poly(ethylene gly-
cole) and targeting ligand attached to a defined position. The 
endosomal escape can be enhanced by introduction of several 
histidine residues in order to increase the ‘proton sponge effect’ 
or by use of endosomolytic siRNA. The model shows the op-
portunity to investigate the effect of the different modules and 
to suit the carriers’ properties to the separate delivery steps and 
biological barriers.

Dynamic photonic crystal membranes based on responsive polyelectrolyte gels
Cheng Li, Bettina V. Lotsch

Department of Chemistry, Ludwig-Maximilians-Universität Munich, D-81377 Munich, Germany

Building plasmonic nanostructures with DNA origami
Anton Kuzyk1,2, Robert Schreiber2,3, Zhiyuan Fan4, Günther Pardatscher1, Eva-Maria Roller3, Alexander Högele3,  
Friedrich C. Simmel1,2, Alexander O. Govorov4, Tim Liedl2,3

1 Physik-Department, Technische Universität München, Am Coulombwall 4a, 85748 Garching, Germany

2 Center for Nanoscience, Ludwig-Maximilians-Universität, Schellingstr. 4, 80799 München, Germany

3 Fakultät für Physik, Ludwig-Maximilians-Universität, Geschwister-Scholl-Platz 1, 80539 München, Germany

4 Department of Physics and Astronomy, Ohio University, Athens, OH, 45701, U.S.A.

Metal nanostructures can support collective electronic oscil-
lations at optical frequencies, known as surface plasmons 

(SPs).  Existence of plasmons allows using subwavelength metal 
nanostructures to manipulate electromagnetic fields at the na-
noscale. Moreover, the optical properties of such structures strong-
ly depend on their geometry. This fact makes possible to engineer 
optical response of metal nanostructures over a broad range. 

In this work we demonstrate DNA origami templated assembly 
of plasmonic nanostructures, specifically, assembly of helical 
complexes composed of metal nanoparticles.  Such complexes 
show strong circular dichroism response in the visible wave-
length range originating from the helical spatial arrangement of 
nanoparticles. To our best knowledge this is the first example of 
DNA origami templated assembly of plasmonic structures with 
engineered optical response.
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Optoelectronic properties of TiO2 lamellas fabricated by focused ion beam lithography
Hideyuki Maki1,2, Selcuk Zorlu1, Monika Rawolle3, Peter Müller-Buschbaum3, Alexander Holleitner1

1 Walter Schottky Institut and Physik-Department, TUM Garching, Germany

2 Department of Applied Physics and Physico-Informatics, Keio University, Hiyoshi, Yokohama, Japan

3 Physik-Department, Lehrstuhl für Funktionelle Materialien, TUM Garching, Germany

We present studies towards revealing a correlation between 
the nano-morphology of optoelectronic devices fabricated 

by a focused ion beam (FIB) lithography and their optoelectron-
ic properties. For the device fabrication, first a thin film of TiO2 
with a sponge-type morphology is prepared by a sol-gel process 
on a glass substrate [1]. Then, a carbon protective layer (thick-
ness: ~2 μm) is deposited by an ion beam induced deposition 
(ibid), and in turn, a lamella is cut out by FIB-milling. The la-
mella is picked up with the help of a micro-manipulator, and it is 
transferred to an electronic circuit with two Au electrodes with 
a gap of ~10 μm. On both sides of the lamella, Pt contacts are 

deposited by an ibid-process for electronically contacting the 
TiO2 film. The cross-section characteristics of the lamellas are 
investigated by a spatially resolved optoelectronic technique. 
We observe the effects of Schottky contacts, trap state dynam-
ics, indications of a bolometric photoresponse, and a photocon-
ductance originating from a multi-photon absorption process.

[1] J. Perlich, M. Memesa, A. Diethert, E. Metwalli, W. Wang, S. V. 
Roth, A. Timmann, J. S. Gutmann, P. Müller-Buschbaum, Chem.
Phys.Chem., 10, 799 (2009).

Assembly of a multi-color TIRF setup
Sushi Madhira1, Don C. Lamb1,2

1 Department of Chemistry and Center for Nanoscience (CeNS), Ludwig-Maximilians-Universität, München, Germany 

2 Department of Physics, University of Illinois at Urbana-Champaign

Biophysical processes at the cellular level are best under-
stood when no ensemble average distorts the overall pic-

ture, but rather single molecules are investigated sequentially.

Foerster or Fluorescence resonance energy transfer (FRET) mea-
sured between a single donor fluorophore and a single acceptor 
fluorophore is an ideally suited technique to measure distances 
and dynamics at single-molecule level. Though single-pair FRET 
is a powerful tool to study biological molecules undergoing In-
tra- and Inter-molecular interactions, it is restricted to only one 
measurable distance per molecule of interest. Owing to this limi-
tation, it cannot reveal intricate details of the global conforma-

tional changes during complex biomolecular interactions which 
are multi-dimensional. For large complexes, using multi-color 
FRET schemes helps reporting about conformational changes 
in separate domains of the macromolecule in real time and pro-
vides a more comprehensive picture.

In order to expand the single-molecule FRET to study com-
plex molecular interactions, we have assembled a Four-Color 
Total Internal Reflection Fluorescence (TIRF) Microscope sys-
tem which allows to measure distances between four fluoro-
phores and thus gives insight into complex molecular dynamics. 

Macroporous indium tin oxide (ITO) films as nanostructured transparent electrodes for organic 
photovoltaic devices
Yujing Liu1, Haiyan Sun2, Lukas Schmidt-Mende2, Thomas Bein1, Dina Fattakhova-Rohlfing1

1 Department of Chemistry and Center for NanoScience, University of Munich (LMU),  81377 Munich, Germany

2 Department of Physics and Center for NanoScience (CeNS), University of Munich (LMU), 80799 Munich, Germany
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 Organic photovoltaic devices attract tre-

mendous attention as potential sources of 
renewable energy. Their efficient performance 
requires an effective collection of photo-gen-
erated charges and their fast transport to the 
current collectors. One of the possible ways 
to achieve this goal is to integrate the nano-
structured transparent electrodes into the ac-
tive material, which could provide the efficient 
collection and transport of charge due to their 
large and accessible surface area and high 
conductivity. In order to prove this concept, 
we have fabricated polymer solar cells based 
on the nanostructured transparent indium tin 
oxide (ITO) electrodes instead of the com-
monly used flat ITO films (Figure 1).We have developed a strat-
egy to elaboration of macroporous ITO layers via co-assembly of 
poly-methylmetacrylate (PMMA) spheres with a diameter of ca.  
370 nm and preformed indium tin hydroxide nanoparticles. By 

Figure 1: (a) Scheme of the organic solar cell with the nanostructured ITO electrode. 
(b) AFM image of macroporous ITO layer.

this way,  periodic porous structure with uniform accessible 
pores with the size of ca. 250 nm and are obtained which were 
used for fabrication of inverted organic solar cells. 
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Ionic Liquids as alternative imaging media for  self-assembled nanostructures by (cryo-)TEM 
Ulrich Mansfeld, Stephanie Hoeppener and Ulrich S. Schubert

Laboratory of Organic and Macromolecular Chemistry, Friedrich-Schiller-University Jena and Jena Center for Soft Matter (JCSM), 
D-07743 Jena, Germany

With the development of modern po-
lymerization techniques in the last de-

cades an increased control over the molecular 
structure of polymers by means of composi-
tion, topology and functionality is achieved. 
Through this, defined polymer structures with 
tunable self-assembly in the nanometer di-
mension, such as into micelles, vesicles and 
worm-like structures, became available. Due 
to the resulting growing need for character-
ization, electron microscopy became a pow-
erful tool in polymer science caused by the 
nm-scale resolution and the visualization of 
individual structures in contrast to, e.g., dy-
namic light scattering. In this poster recent 
examples of the investigation of supramolecu-
lar aggregates by cryo-TEM will be presented. 
However, cryo-TEM is mostly restricted to 
water-based solutions and its compatible copolymer systems. 
Furthermore, low contrast for most of organic polymers often 
requires an additional staining procedure, which is poorly con-
trollable and impairs the formation of vitrified ice films. Recent 
studies were conducted to elucidate alternative preparation ap-
proaches to improve the contrast generation in self-assembled 
supramolecular micelles, thus allowing the structural character-
ization of the different constituents of the structures (Fig. 1b), by 
the utilization of ionic liquids (IL). They permit (i) tunable physi-
cal properties (e.g. polarity, hydrophilicity) by different cation/

Figure 1:   Investigation of PS-PMMA micelles (a) assembled in an ionic liquid. b) Detec-
tion of the shell thickness: The micelle/IL solution was immobilized on a grid and washed 
with acetonitrile, whereas the IL remains only in the loosely packed PMMA-block. c) 
cryo-TEM of the micelles in IL shows the PS-core with inverse contrast

anion combination allowing for assembly of a wider range of 
polymer systems, while forming stable films under common 
cryo-vitrification procedure; (ii) the intrinsic staining of the IL 
by the anion prevents staining procedures while enhances the 
contrast (Fig. 1c). In addition, due to their low vapour pressure 
in a wide range of temperature and their distinct surface tension 
– which allows the formation of stable free-standing liquid sup-
port films – ionic liquids were also used for the investigation of 
different block copolymer assembly by room temperature TEM.

Normally, genetic information is protected from free diffu-
sion into the environment by cell walls. The cells provide all 

conditions for the replication and mutation of genetic material 
- the basic prerequisite for Darwinian evolution. We modeled a 
fundamental principle in the laboratory, which allows for contin-
uous evolution of genetic material without cell membranes. We 
filled a thin capillary with DNA and nucleotides, solved in buffer 
as an aqueous solution (Figure c). A moving infrared laser spot 
then generated a thermal gradient realizing thermophoresis as 
well as a cyclic convection of the solution. The superposition 
of both effects caused the double-stranded DNA molecules to 

migrate to the cold area (Figure a), while simultaneously cycling 
the DNA between the cold and warm section of the capillary. In 
the hot area, the DNA separates into single strands. These are 
then elongated by a polymerase enzyme in the cold region to 
two double-stranded copies of the original template DNA (Fig-
ure b). Therefore, a simple temperature gradient drives both, 
an exponential replication as well as the selective accumulation 
of information. This is relevant as presumably similar thermal 
conditions prevailed in rock pores near hot undersea springs 
of prehistoric oceans. Our experiment shows how a simple  
disequilibrium setting may allow life to evolve. Furthermore, 

we are interested in the 
combination of polym-
erization/degradation 
and thermal trapping of 
DNA/RNA. Preliminary 
results show a massive 
boost of accumulation 
yielding towards a dou-
ble exponential selection 
and creation of longer 
polymers compared to 
shorter ones. 

A thermal trap for DNA replication and polymerization
Christof B. Mast, Severin Schink, Dieter Braun

Fakultät für Physik und Center for NanoScience (CeNS), Ludwig-Maximilians-Universität, Munich, Germany
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Thermodynamics and kinetics of cruciform extrusion in a coarse-grained DNA model
Christian Matek1,2, Thomas E. Ouldridge1, Adam Levy1, Ard A. Louis1,  and Jonathan P. K. Doye3

1 Rudolf Peierls Centre for Theoretical Physics, University of Oxford, United Kingdom

2 Center for NanoScience and Department of Physics, LMU, Munich, Germany

3 Physical and Theoretical Chemistry Laboratory, University of Oxford, United Kingdom

Cruciforms are noncanonical conformatons of DNA that can 
occur in strands whose sequence exhibits an inverted re-

peat (IR) symmetry (Fig. 1). This permits the formation of intra-
strand bonds as hairspins situated opposite to each other along 
the double-stranded B-helical DNA. Cruciform structures are 
favoured in the presence of undertwist, where they provide a 
means to relax torsional stress. They have been implied to be 
relevant in a number of essential cellular processes, including 
gene regulation and DNA repair [1]. We use a coarse-grained 
model of DNA developed by Ouldridge et al. [2] in order to 
study free energy landscapes and determine extrusion kinetics  
of cruciform formation at different temperatures and degrees of 
supercoiling (Fig. 2). We find a rapid transition behaviour be-
tween the B-helical and cruciform states relative to the lifetime 
of the respective conformation. Cruciform hairpins are found to 
nucleate in a correlated, but not synchronous way, providing a 
more detailed picture of the S-type kinetics inferred from bulk 

Figure 1: (A) Schematic of cruciform formation in a DNA strand ex-
hibiting a palindromic sequence. (B) Typical bubble, single arm and 
fully formed cruciform states from simulations.

Figure 2: Free energy landscapes of cruciform extrusion at T = 333K 
and superhelical densities σ=-0.68 (left) and σ=-0.44 right).

thermodynamic experiments such as 2d gel electrophoresis.Our 
findings are consistent with recent single molecule probes of 
cruciform extrusion [3].

[1] Bikard D, Loot C, Baharoglu Z, Mazel D, Microbio Mol Biol Rev. 
74(4):570-88 (2010)

[2] Ouldridge TE, Louis AA, Doye JPK,  J. Chem. Phys. 134, 085101 
(2011)

[3] Ramreddy T, Sachidanandam R, Strick TR, Nucl Acids Res. 
39(10):4275-83 (2011)

Targeted delivery of gene vectors into cancer cells
F. M. Mickler,  Y. Vachutinsky, M. Oba,  N. Ruthardt, E. Wagner, M. Ogris, K. Kataoka, C. Bräuchle

Department of Chemistry, Ludwig-Maximilians-Universität Munich, D-81377 Munich, Germany

Optical lithography techniques are widely used for  fabri-
cation of nanoscale devices. The ability to fabricate such 

structures with arbitrary size and shape is essential for their 
wide applications in optoelectronics, biological and medical 
sciences. The conventional far-field lithography  is a diffraction 
limited technique which is not suitable for structures with lateral 
feature size beyond the diffraction limit. Some far-field lithogra-
phy techniques can  go beyond this limit, but they do not allow 
arbitrary pattern formation. Scanning near-field optical micros-
copy techniques can also be used for nanostructure production 
beyond the diffraction limit. However, they are characterized by 
low throughput, due to their serial scanning nature and pose 

restriction for maximal structure size. Here we introduce a new 
optical lithography technique, optical force stamping lithog-
raphy (OFSL). This approach employs optical forces on single 
nanoparticles in multiple focused Gaussian beams produced by 
a spatial light modulator. The so formed optical stamp provides 
rapid immobilization of single nanoparticles onto a substrate 
with positioning accuracy well beyond the diffraction limit. The 
optical stamp can be changed tens of times per second due 
to the optical nature of the process. OFSL is not restricted to 
nanoparticle type  or substrate. We believe that these evident 
advantages of the optical force stamping lithography will make 
it a standard tool for fabrication of nanodevices.
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Bioaffinity separations employing thermally-responsive polymers
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We present an integrated bioseparation and detection sys-
tem comprising thermally-responsive nanoparticle mix-

tures for point- of-care diagnostic immunochromatography. 
The system allows for labeling of the target biomarker with col-
loidal gold, followed by magnetic separation and enrichment. 
Detection by lateral flow immunoassay is used to visualize the 
biomarker target at the test line of a nitrocellulose flow strip. 
The nanoparticle system is composed of a mixture of iron ox-
ide and gold nanoparticles, each with a thermally-responsive 
poly(N-isopropylacrylamide) (pNIPAm) coating. These “smart” 
polymers undergo a hydrophilic to hydrophobic phase transi-
tion upon heating above the lower critical solution temperature 
(LCST) of ~32 degrees celsius. Upon raising the temperature, 
the two particle types co-aggregate, forming magnetic/gold ag-
glomerates. Subsequent application of a magnetic field results 
in magnetophoresis and separation of the biomarker bound to 
the gold nanoparticles (AuNPs). Enrichment is achieved upon 
discarding the supernatant, and dissolving the captured aggre-
gates into a smaller volume of cold carrier fluid. Detection of the 
enriched gold-labeled biomarker by immunochromatography is 
shown to be more sensitive than conventional non-concentrat-
ing approaches.

Optical force stamping lithography
Spas Nedev, Alexander S. Urban, Andrey A. Lutich and Jochen Feldmann

Photonics and Optoelectronics Group, Physics Department and CeNS, Ludwig-Maximilians-Universität München, 80799 Munich, 
Germany

Optical lithography techniques are widely used for  fabri-
cation of nanoscale devices. The ability to fabricate such 

structures with arbitrary size and shape is essential for their 
wide applications in optoelectronics, biological and medical 
sciences. The conventional far-field lithography  is a diffraction 
limited technique which is not suitable for structures with lateral 
feature size beyond the diffraction limit. Some far-field lithogra-
phy techniques can  go beyond this limit, but they do not allow 
arbitrary pattern formation. Scanning near-field optical micros-
copy techniques can also be used for nanostructure production 
beyond the diffraction limit. However, they are characterized by 
low throughput, due to their serial scanning nature and pose 

restriction for maximal structure size. Here we introduce a new 
optical lithography technique, optical force stamping lithog-
raphy (OFSL). This approach employs optical forces on single 
nanoparticles in multiple focused Gaussian beams produced by 
a spatial light modulator. The so formed optical stamp provides 
rapid immobilization of single nanoparticles onto a substrate 
with positioning accuracy well beyond the diffraction limit. The 
optical stamp can be changed tens of times per second due 
to the optical nature of the process. OFSL is not restricted to 
nanoparticle type  or substrate. We believe that these evident 
advantages of the optical force stamping lithography will make 
it a standard tool for fabrication of nanodevices.

Figure 1: Time-lapse images showing magnetic separation of AuNPs.  
(Image 1) A temperature stimulus is applied to the AuNP/ mNP mix-
ture, causing polymer phase transition. (Images 2-6) A magnetic 
field is applied and the AuNPs are pulled to the side of the cuvette 
via polymer-induced co-aggregation with mNPs. Capture time=30 
min.
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Molecular games using interacting replicators
Natan Osterman, Franziska Kriegel, Erwin Frey and Dieter Braun
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Game theory was used to model the interactions of humans 
and animals. Recently, game theory was also applied to the 

behavior of yeast and bacteria. As games are played at smaller 
and smaller scales, which is the most minimal level at which 
games can be played? Here we show that replicating molecules 
implement the standard games of game theory (e.g. snowdrift 
game, Figure a). The replicator sequence determines the mol-
ecule's strategy by means of mutual and intramolecular bind-
ing interactions. In RNA, such interactions are typically strong 
and cannot be easily overcome by for example temperature 
cycling. For competing replicators in an RNA-world scenario, 
molecular games are likely to play a prominent role. We explore 
the possible cooperating interactions to replicate the fastest.  
We implement replication by the DNA-based Polymerase Chain 
Reaction (PCR). Depending on replicator sequences they can 

either inhibit or activate each other or have no interaction at 
all. Inhibition is achieved when primer binding region of one 
replicator (“target”) is blocked by competing replicator (“inhibi-
tor”) (Figure b). As a result the “target” growth is much slower. 
Activation plays a prominent role in the replication of hairpins. 
Such molecular configuration is self-blocking its primer region 
and therefore can't be replicated. However, if another molecule 
(“activator”) binds to the hairpin loop, the loop is opened and 
the molecule is free to replicate (Figure c).

The exponential growth phase is used to derive game dependent 
fitness and payout matrices (Figure d). Interestingly, a change 
of the boundary conditions let identical molecules to switch 
between for example by-product mutualism and the snowdrift 
game.	

In-situ characterization of the formation of a pentacene / C60 heterojunction in an ambipolar   
organics thin film transistor: thickness resolved transport
Simon Noever, Bert Nickel

Fakultät für Physik and Center for NanoScience (CeNS), LMU München, Germany

Organic-organic semiconductor heterojunctions have  
become subject to intense research over the last few years 

due to their importance for plastic electronic devices such as  
organic solar cells, organic light emitting diodes and light emit-

ting thin-film transis-
tors (TFTs). In contrast 
to regular, inorganic 
p-n junctions, the situ-
ation of the level of 
doping and the den-
sity of interface states 
in organic junctions is 
unclear. The active ma-
terials are often chosen 
to work as either p-type 
or n-type semiconduc-
tors based on their 
band alignment to the 
electrode work func-
tions and their intrinsic 
charge carrier mobili-
ties. 

Pentacene and C60 show the highest mobilities for holes and 
electrons in organic thin films, respectively. Here we study the 
pentacene / fullerene C60 heterojunction. Structural analysis of 
the system on silicon nitride (Si3N4) substrates via AFM and X-
ray reflectometry show a correlated growth of C60 on pentacene 
and good crystallinity of the organic semiconducting layers.

For the thickness resolved experiment we first assembled a bot-
tom-gate, top contact pentacene transistor on a COC (cyclic ole-
fin copolymer) finished  Si3N4 dielectric. While growing the C60 
layer on top of the unipolar TFT by vapour deposition, the I-V 
curves of the device are measured constantly. Thus we gain in-
formation on the fullerene thickness dependent characteristics, 
namely the mobilities, threshold voltages and hysteresis effects.

A key result is the threshold shift of the p-channel to more posi-
tive values once the n-channel opens. This bias suggests the 
heterojunction to act as an additional top-gate. The thickness 
information of the junction combined with the electrical char-
acteristics of the transistor represent a basis for spatial trap and 
channel models for organic heterojunction setups, complement-
ing established methods such as UPS and XPS.

Atomic force microscopy hight image of 
a 20nm pentacene / 25nm C60 dual lay-
er, grown on a cyclic olefin copolymer 
finished silicon nitride substrate.
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Precise control of the heterojunction 
morphology is one of the key issues 

for the improvement of organic photovol-
taic devices.[1] Interdigitated interfaces 
of the organic materials on the nanome-
ter length scale allow for comprehensive 
exciton harvesting in the active layer and 
provide ideal charge extraction pathways 
for separated charge carriers towards the 
electrodes. Thus increased current gener-
ation and reduced bimolecular recombina-
tion can be accessed in the organic pho-
tovoltaic devices (OPV). Using anodized 
aluminum oxide (AAO) hard templates as 
stamps nanostructured organic layers can be realized on ITO 
support. Precise control of the anodization process facilitates 
the control of the template dimensions including pore length, 
pore to pore distance and diameter independently. As shown 
recently, a direct replica of the template structures can be trans-
ferred into the organic compounds using thermal and photo-
induced polymerization processes.[2] Experience in fabrication 
techniques including solution processing and vacuum sublima-
tion techniques [3] as well as different device geometries [4] 

enables us to study the device physics of these novel architec-
tures in OPV devices. Exciton generation and recombination are 
studied by spectroscopic measurements such as photolumines-
cence analysis and transient absorption spectroscopy. Intensity 
and temperature dependent measurements on the devices will 
provide insight to charge carrier trapping and help to quantify 
the bimolecular recombination. Furthermore, imprinting in-
duced changes on the molecular alignment can be probed by 
x-ray analysis.

Mechanochemically induced hydrolysis of acyloxysilanes
Sebastian W. Schmidt,1,2,3 Michael Pill,1,3 Pavel Filippov,1 Alfred Kersch,1 Martin K. Beyer,2 Hauke Clausen-Schaumann1,3

1 Fakultät für Feinwerk- und Mikrotechnik, Physikalische Technik, Hochschule f. angewandte Wissenschaften München, Germany

2 Institut für Physikalische Chemie, Christian-Albrechts-Universität zu Kiel, Germany

3 Center for NanoScience (CeNS), Ludwig-Maximilians-Universität München, Germany

The mechanical degradation of macroscopic polymeric mate-
rials is directly related to the rupture of individual chemical 

bonds, which determine the properties of synthetic and natural 
materials.1 To obtain a deeper understanding of material failure 
it is essential to understand the breakdown of individual chemi-
cal bonds.

We investigated the temperature-dependent lifetime of indi-
vidual chemical bonds as a function of the clamp force at pH 
2.0 using an atomic force microscope (AFM) in the force spec-
troscopy mode. Single molecules of carboxymethylated amylose 
(CMA) were tethered between a silanized glass substrate and a 
silanized silicon nitride AFM tip via acid-catalyzed ester con-

densation forming an acyloxysilane.2 Individual CMA molecules 
were then stretched until the clamp force was reached, and the 
force was kept constant until a spontaneous bond scission was 
observed.

Reaction kinetics was followed at varying temperature and 
clamp force exhibiting a bi-exponential behaviour. Data analysis 
with two alternative models both based on Arrhenius kinetics 
point to the hydrolysis of the acyloxysilane in the surface anchor 
depending on the residues at the silicon.3 This was corroborated 
by first quantum chemical calculations indicating that the reac-
tion kinetic of the Si-O bond rupture in the acyloxysilane is con-
siderably affected by the side groups at the silicon atom.

[1] Beyer M. K. and H. Clausen-Schaumann Chemical Reviews 2005, 105, 2921.

[2] Schmidt S. W., Christ T., Glockner Ch., Beyer M. K. , and H. Clausen-Schaumann Langmuir 2010, 26, 15333.

[3] Hudrlik P. F. and R. Feasley Tetrahedron Letters 1972, 18, 1781.

[1] Hoppe, H. and N. Sariciftci, Journal of Materials Chemistry, 2006, 16

[2] Hesse, H.C., D. Lebmbke, L. Doessel, X. Feng, K. Muellen, and L. Schmidt Mende, Nanotechnology, 2011, 22,055303

[3] Hesse, H.C., J. Weickert, H. C., X. Feng, K. Muellen, B. Nickel, and L. Schmidt Mende, Advanced Energy Materials, 2011, accepted

[4] Weickert, J., H. Sun, C. Palumbiny, H.C. Hesse, and L. Schmidt-Mende, Solar Energy Materials and Solar Cells, 2010, 94,2371
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Quantitative analysis of bacterial interaction leading to pattern formation
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Bacterial communities represent complex and dynamic  
ecological systems. Different environmental conditions 

as well as bacterial interactions have determining influence 
on establishment and conservation of bacterial diversity and 
can lead to so-called pattern formation. Stable coexistence of  
several bacterial strains is often only possible under well- 
defined conditions. 

To study the development of bacterial populations we use 
time-lapse microscopy to investigate the colicin E2 system of 
three Escherichia coli strains labeled with different fluorescent  
proteins. Combinations of these strains, with distinct growth 

parameters, lead to either instable, metastable or stable coexis-
tence. Besides growth rate and colicin production, coexistence 
was mainly influenced by lag time variations. In accordance 
with the results, two main strategies lead to survival: sensitive 
strains need short lag phases and rapid growth rates, while toxin  
producing strains even with extended lag phases and slower 
growth rates can prevail. 

Specific growth parameters enable cyclic dominance, where the 
colicin-producing strain kills the sensitive strain, outgrows the 
resistant one. This in turn has a growth advantage over the first.

Single molecule cut and paste for protein based functional sssembly
Diana A. Pippig1, Angelika Kardinal1, Stephan F. Heucke1, Kamila Klamecka1,2, Philip M. Severin1, Stefan W. Stahl1, Mathias 
Strackharn1, Heinrich Leonhardt2 and Hermann E.  Gaub1

1 Physics Department and Center for Nanoscience, Ludwig-Maximilians-Universität, 80799 Munich, Germany

2 Department of Biology II and Center for Nanoscience, Ludwig Maximilians University, 82152 Martinsried, Germany

Single-molecule cut-and-paste surface assembly (SMCP) has 
formerly been employed in the controlled deposition of in-

dividual fluorophores in well-defined nanometer sized patterns 
[1]. The technique allows for the creation of patterns of arbitrary 
shape and with arbitrary numbers of single molecules consist-
ing of multiple species. The accuracy has been shown to be  
±10 nm with the given spacer and DNA sequence lengths [2]. 
SMCP has been also used to build up a Biotin scaffold that 
Streptavidin-coated nanoparticles could bind to [3]. Utilizing 
specific molecular interactions, for example between DNA-bind-
ing proteins and DNA or antibodies and antigens, this technique 
is capable of providing a scaffold for the controlled self-assem-
bly of functional complexes. Furthermore, this allows for the 
introduction of SMCP into protein science. We aim to employ 
DNA-binding Zinc-finger variants and GFP-binding nanobodies 
as shuttle-tags fused to the proteins of interest. Thus a fully ex-
pressible system that can be used for the step-wise assembly of 
individual building blocks to form, for example, large enzyme 
complexes or protein networks, is provided.

Figure 1:	 Cartoon of a DNA-based single-molecule cut-and-paste 
process. Length and binding geometry of the oligomer handles are 
chosen so that a hierarchy of unbinding forces allows the repetition 
of this process over and over again [1].

[1] Kufer, S. K., Puchner, E. M., Gumpp, H., Liedl, T. & Gaub, H. E., Single-Molecule Cut-and-Paste Surface Assembly, Science 319, 594-596 
(2008)

[2] Kufer S.K., Strackharn M, Stahl S.W., Gumpp H., Puchner E.M. & Gaub H.E., Optically monitoring the mechanical assembly of single 
molecules, Nature Nanotechnology, Vol. 4, (2009) 

[3] Puchner, E. M., Kufer, S. K., Strackharn, M., Stahl, S. W. & Gaub, H. E., Nanoparticle Self-Assembly on a DNA-Scaffold written by Single-
Molecule Cut-and-Paste, Nano Letters, Vol. 8, No. 11 (2008)
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Colloidal porous frameworks for the fabrication of photonic multilayer systems
Annekathrin Ranft, Bettina V. Lotsch
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Zeolitic imidazolate frameworks (ZIF) are a class of micro-
porous compounds in which metal atoms such as zinc are 

connected through imidazolate ligands to form rigid frame-
works. Due to their tailorable porosity, ZIFs represent attrac-
tive candidates for gas separation or sensing applications.[1, 2] 
Recently, prototypical ZIF-8 has been described as a selective 
sensing material for gases and vapors.[3,4] According to Lu and 
Hupp, the infiltration of guest species in ZIF 8 thin films can 
be monitored by the change of the effective refractive index.
[4] Theoretically, this detection method can be transferred to 
photonic multilayer systems by stacking alternatingly thin films 

of different dielectrics such as ZIF-8 and TiO2, yielding 1D pho-
tonic crystals dubbed Bragg stacks. In principle, the resulting 
interference colour of the Bragg reflector can be tuned by the 
ad- and desorption of guest species such that the multilayer sys-
tem can be used as an optical sensing device.[5] By successively 
spin-coating colloidal suspensions of TiO2 and ZIF-8, we were 
able to produce functional photonic multilayer stacks.[6] Optical 
sensing measurements have recently shown that the infiltration 
of guest species leads to spectral changes which are specific for 
particular analytes.[6]

Aggregation and polydispersity of lipid coated, colloidal, mesoporous silica nanoparticles
Tobias Preiß, C. Argyo, S. Milani, S. Lippok, T. Bein, J.O Rädler

Center for Nanoscience (CeNS) and Faculty of Physics, Ludwig-Maximilians-Universität München, Germany

Fluorescence correlation spectroscopy (FCS) is an optimal 
technique for exploring diffusion dynamics and interaction 

of nanoparticles.  Previous studies have shown that colloidal 
mesoporous, silica (CMS) nanoparticles [1] show a great poten-
tial as versatile multifunctional drug delivery system for selec-
tive targeting of malignant cells [2]. Recently we showed that 
lipid bilayer encapsulated CMS nanoparticles can be achieved 
using a solvent exchange method to fuse lipids and nanoparti-
cles [3]. However, for biomedical applications a fine control size 
distribution and surface functionalization of nanoparticles is  
important to achieve optimal biodistribution and to avoid blood 
clotting. Here we investigate the size distribution and aggrega-

tion behavior of CMS nanoparticles compared to lipid bilayer 
coated CMS nanoparticles as well as study their interaction 
with proteins (transferrin, VWF). We use FCS with one- and 
two-photon excitation and electron microscopy to character-
ize the nanoparticles. The home-build two-photon FCS setup is  
dedicated to studies in complex media like blood plasma and  
tissue. Two-color cross correlation measurements of the lipids 
and the nanoparticles allow to determine binding. We find a 
wide range (20nm-200nm) of CMS nanoparticle-diameters as 
well as an intrinsic polymorphism depending on nanoparticles 
synthesis. After lipid deposition cross correlation measurements 
show a ratio of more than 60% lipid coated nanoparticles.

[1] Kecht, J., Schlossbauer, A., & Bein, T. (2008). Selective Functionalization of the Outer and Inner Surfaces in Mesoporous Silica Nanopar-
ticles. Chemistry of Materials, 20(23), 7207-7214. doi:10.1021/cm801484r

[2] Ashley, C. E., Carnes, E. C., Phillips, G. K., Padilla, D., Durfee, P. N., Brown, P. a, Brinker, C. J.,  et al. (2011). The targeted delivery of 
multicomponent cargos to cancer cells by nanoporous particle-supported lipid bilayers. Nature materials, 1-54. doi:10.1038/nmat2992

[3] Cauda, V., Engelke, H., Sauer, A., Arcizet, D., Bräuchle, C., Rädler, J., & Bein, T. (2010). Colchicine-loaded lipid bilayer-coated 50 nm 
mesoporous nanoparticles efficiently induce microtubule depolymerization upon cell uptake. Nano letters, 10(7), 2484-92. doi:10.1021/
nl100991w
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[3] A. Demessence, C. Boissière, D. Grosso, P. Horcajada, C. Serre, G. Férey, G. J. A. A. Soler-Illia, C. Sanchez, J. Mater. Chem. 2010, 20, 
7676.

[4] G. Lu, J. T. Hupp, J. Am. Chem. Soc. 2010, 132, 7832.

[5] J. Kobler, B. V. Lotsch, G. A. Ozin, T. Bein, ACS Nano 2009, 3, 1669.

[6] A. Ranft, F. Hinterholzinger, H. Feckl, S. Wuttke, T. Bein, B. V. Lotsch, to be submitted.
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Collective motion of cooperating molecular spiders
Matthias Rank, Louis Reese, and Erwin Frey

Center for Nanoscience (CeNS) and Faculty of Physics, Ludwig-Maximilians-Universität München, Germany

Molecular motors are known to carry cargo along tracks. 
While ubiquitous in nature, it is still a challenge to con-

struct molecular motors synthetically. Recent theoretical [1] and 
experimental [2] studies suggest that so-called molecular spi-
ders might act as molecular motors. Molecular spiders consist 
of an inert body and several legs which walk on a lattice. The 
legs cleave the substrate on the lattice which enhances the hop-
ping rates. For 1-dimensional tracks, single spiders experience a 
bias towards uncleaved sites. However, this bias is rather small. 
Motivated from cooperative mechanisms of molecular motors, 
we consider a minimal model in which molecular spiders dis-
play collective behaviour. This leads to cooperative transport of 
cargo on a 1-dimensional track. Using analytical calculus and 
extensive stochastic simulations, we found that two or more co-
operating spiders show better transport properties compared 
to single spiders. In particular, the mean traveled distance is 
increased significantly for cooperative spiders. Likewise, the 
spatial distribution of the spiders is sharpened, what reduces 
the noise. We expect that these results on cooperative behaviour 
may hold for other classes of molecular motors as well. 

Figure 1: Two molecular spiders pulling a cargo. Hats indicate lattice 
sites with substrate.

[1] T. Antal and P. Krapivsky. Molecular spiders with memory. Phys. Rev. E, 76(021121), 2007.

[2] R. Pei, S. K. Taylor, D. Stefanovic, S. Rudchenko, T. E. Mitchell, and M. N. Stojanovic. Behavior of polycatalytic assemblies in a substrate-
displaying matrix. Journal of the American Chemical Society, 128(39):12693 12699, 2006.

Nonadiabatic dynamics of two strongly coupled nanomechanical resonator modes
Johannes Rieger, T. Faust, P. Krenn, J. P. Kotthaus, and E. M. Weig 

Center for Nanoscience (CeNS) and Faculty of Physics, Ludwig-Maximilians-Universität München, Germany

Landau-Zener transitions1,2,3,4 play an important role in nu-
merous quantum phenomena and have been investigated 

both experimentally and theoretically in many fields of phys-
ics. We present a single nanomechanical resonator as a classical 
model system with which such a dynamical behaviour can be 
realised and studied. 

Our experiments are performed on a doubly clamped high stress 
silicon nitride beam which is dielectrically coupled to a λ/4  
microwave cavity to enhance signal sensitivity for the detection 
of both the in- and out-of-plane modes of the resonator. It also 
allows for the tuning of the respective resonance frequency of  
both modes via the incident microwave power.

When changing the detuning between the fundamental in- and 
out-of-plane mode we observe a characteristic anticrossing re-

flecting strong coupling between the two modes. The model of 
two linearly coupled harmonic oscillators is fitted to the data 
with excellent agreement in order to extract the coupling pa-
rameters of our system. 

To explore the dynamic behaviour we perform pulsed measure-
ments. Here, the system is initially driven in one of the branches 
of the spectrum, then the detuning is swept through the anti-
crossing region at different speeds and the oscillation amplitude 
in each of the branches after passage through minimal detuning 
is monitored. For faster sweep rates, the probability of transfer-
ring energy between the low and high energy branch (diabatic 
transition) increases, whereas it becomes less likely to remain 
within the same branch (adiabatic transition). Thus our findings 
are well described by the model of a classical Landau-Zener 
transition. 

[1] L. D. Landau, Phys. Z. Sowjetunion 2, 46 (1932)

[2] C. Zener, Proc. R. Soc. London, Ser. A 137, 696 (1932)

[3] E. C. G. Stueckelberg, Helv. Phys. Acta 5, 369 (1932)

[4] E. Mayorana, Nuovo Cimento 9, 43 (1932)
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Highly oriented mesoporous silica channels synthesized in microgrooves and visualized with 
single molecule diffusion
Bastian Rühle, Melari Davies, Christoph Bräuchle, Thomas Bein

Department of Chemistry and Center for NanoScience (CeNS), University of Munich (LMU), D-81377 Munich, Germany

Mesoporous silica materials play an important role in 
host-guest chemistry. Their well-defined periodic pore 

system and their enormous flexibility regarding functionaliza-
tion enable them to accommodate a variety of different guest 
molecules. For many applications it is highly desirable to have 
large ordered domains of channels and a high mobility of guest 
molecules inside the latter. Here we describe the synthesis and 
characterization of mesoporous silica thin films with large, well-
aligned mesopores.[1] The alignment was achieved by com-
bining an evaporation-induced self-assembly (EISA) approach 
with guided growth inside poly(dimethylsiloxane) (PDMS) mi-
crogrooves. The characterization and visualization of the mes-
oporous network was done with single-molecule fluorescence 
microscopy. Fluorescent dyes that are incorporated into the me-
sochannels during synthesis can be used as probes to map the 
internal structure of the pore system in the as-synthesized silica 
films and provide direct feedback for tuning synthesis condi-

Figure 1: a) Schematic representation and b,c) “maps” of the different porous silica hosts obtained with single molecule microscopy (false-
colored in blue; scale bars are 5 µm).

tions (see Figure 1). Additionally, high-accuracy single molecule 
tracking experiments provided even deeper insight into the real 
nanoscale structure of the silica host. The high spatial resolution 
of this technique showed that the guest molecules diffuse in a 
1D-random walk-like manner along the highly-oriented paral-
lel channels and occasionally switch from one channel to an-
other through small defects in the pore walls. These findings 
demonstrate that imperfections which may block the diffusional 
pathway of molecules may be counterbalanced by defects in the 
side-walls allowing the molecule to circumvent dead ends. Pres-
ent studies also address issues such as the influence of electric 
fields on charged guest molecules (e.g., charged dyes or biomol-
ecules) inside a porous silica host.

Financial support by SFB 749 and the cluster of excellence 
Nanosystems Initiative Munich (NIM) is gratefully acknowl-
edged.

Wave localization and focussing in bistable systems
Steffen Rulands, Ben Klünder and Erwin Frey

Center for Nanoscience (CeNS) and Faculty of Physics, Ludwig-Maximilians-Universität München, Germany

Bistable systems arise in a broad range of fields in biology, 
chemistry and physics. Such systems are often subject to 

external gradients, which may be morphogen gradients in cell 
biology or temperature gradients in ecology. In many scenarios 
these inhomogeneties allow for the localization and focussing 
of propagating fronts. We here study a biologically motivated 
class of models with different types of external gradients. Our 
analytical calculations reveal the complete phase diagram of pa-

rameters, which allow wave localization. Beyond that localized 
waves are subject to external perturbations and internal noise. 
We investigate the optimal conditions which minimize those 
sources of defocussing. Our results have possible implications 
for bio-technology, population dynamics and cell biology.

[1] B. Rühle, M. Davies, T. Lebold, C. Bräuchle, T. Bein, Highly Oriented Mesoporous Silica Channels Synthesized in Microgrooves and 
Visualized with Single Molecule Diffusion, submitted.
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Integrin generated forces on prostate cancer bone metastasis
Ediz Sariisik1,2, Martin Benoit1,2, Denitsa Docheva3, Hauke Clausen Schaumann2,4

1 Experimental Physics, Department of Physics, Ludwig-Maximilians-University (LMU), Munich, Germany

2 Center for NanoScience (CeNS), Ludwig-Maximilians-University (LMU), Munich, Germany

3 Experimental Surgery and Regenerative Medicine, Department of Surgery, Ludwig-Maximilians-University (LMU), Munich, 
Germany

4 Precision- and Micro-Engineering, Engineering Physics, Munich University of Applied Sciences, Munich, Germany

Integrins are heterodimeric cell receptors which take part in 
cell attachment processes between a cell and the tissue sur-

rounding it, which may be other cells or the ECM. Since the 
most abundant extracellular matrix protein in bone are the col-
lagen type-I proteins, collagen receptor integrins (α1β1, α2β1 
and α11β1) may have an important role in attachment of pros-
tate cancer (PC) cells to bone tissue and development of cancer 
metastasis. In this study we have used atomic force microscopy 
(AFM) to identify cell adhesion forces generated by collagen re-
ceptor Integrins. The measurements were performed with PC 
Cells (PC3-Bone metasis Type, LnCAP-Lymph node metastasis 

type) and bone residing mesenchymal stem cells (SCP1). The 
effects of integrin generated forces on cell to matrix (collagen 
type-I) and cell to cell (PCs to MSCs) adhesions are investigated. 
According to our AFM results, we found that PC3 cells adhere 
with a higher rate, higher number of binding steps and stronger 
binding forces than LnCAP cells to collagen matrix proteins and 
mesenchymal stem cells. Moreover our gene expression stud-
ies showed that Collagen receptor integrins expression level are 
much lower for LnCAP than PC3. Collagen receptor integrins 
seem to have an important effect on cell adhesion to ECM and 
other cells in PC metastasis in bone marrow.

Solid-phase supported synthesis of precise branched polymers for gene delivery
Eveline E. Salcher, David Schaffert, Thomas Fröhlich, Petra Kos, Ernst Wagner

Pharmaceutical Biotechnology, Center for Drug Research, Department of Pharmacy, Ludwig-Maximilians-Universität München

Missing or defective genes are the cause of multiple severe 
diseases like various cancer forms. Therefore, scientists 

working in the field of gene therapy have been striving for 
decades to find a safe and efficient gene carrier system. This 
quest emerged due to the inability of “naked” genes to over-
come the biological barriers associated with systemic or lo-
cal delivery on their own. Among others, cationic polymers 
like polyethylenimine have the ability to reversibly compact 
pDNA through electrostatic interaction into stable polyplexes. 
Thus, the payload can reach undamaged the target cell com-
partment, namely the nucleus, where it can fulfil its task.   
Such polymers, although showing promising results in terms of 
transfection efficiency and cytotoxicity, are still accompanied by 
a crucial drawback which hampers essential structure-activity 
relationship studies: polydispersity. The concept of solid-phase 
supported synthesis (SPS) shows a way out of this dilemma. 
This method allows step-by-step polymer chain elongation 
and therefore exact position control of the inserted compound. 

Hence, we present here two classes of precise branched cationic 
polymers for gene delivery consisting of cationic building blocks 
and amino acids: 

1) Branched non-biodegradable polymers were directly assem-
bled on solid phase, implying the advantage that with only few 
synthetic steps a higher molecular weight (Mw) can be achieved, 
which is required for efficient gene delivery. 

2) Linear chains synthesized on solid phase were used for the 
modification of an activated precise dendritic core via disulfide 
bond formation. The resulting biodegradable product dissoci-
ates in the cytosol due to the reducing environment, thus pre-
venting cytotoxicity related to high Mw. 

Still, this is not the end of the story, as SPS offers a broad spec-
trum of possible site-controlled modifications, encouraging the 
hopes for very efficient and well tolerated gene carriers.  

How to open a ligand gated ion channel by the Patch-Clamp-AFM
Stefan Scheuer1, Andrea Brüggemann2, Hubert Krammer3, Martin Benoit1

1 LS Gaub; Department of Physics, Ludwig-Maximilians-Universität München, Munich, Germany

2 nan]i[on, Munich, Germany 

3 Braun Lab, Department of Physics, Ludwig-Maximilians-Universität München, Munich, Germany

Ligand gated ion channels are transmembrane proteins which 
form membrane pores and open upon specific binding of 

chemical messangers. We use a planar Patch-Clamp-AFM setup 
which is a combination of a custom made atomic force micro-
scope, a planar patch-clamp unit (nan]i[on, munich) and an  
inverse microscope to open ligand gated ion channels with  
ligands bound to a cantilever. With this setup we immobilize  
living cells and are able to contact and manipulate them both  
electrically and mechanically. Therefore we aim to  
measure simultaneously ion channel currents and binding forc-
es of the ligand to its gating receptor and thus to characterize 
the channel opening event.

In experiments on the motor protein prestin we already  
measured the mechanical interaction of cells with the canti-
lever while applying voltage pulses across the membrane and  
demonstrated the possibility to measure simultaneously electri-
cal properties of the cell and forces resulting from the electrical 
pulses. In experiments with functionalized cantilevers we could 
measure specific interaction between lever bound ligands and 
binding sites of transmembrane proteins. As ligand gated ion 
channel we chose the purinergic receptor P2X7 which opens 
upon ATP binding. Planar patch-clamp experiments with ATP 
derivates revealed EDA-ATP as a promising candidate for 
a channel opening ligand which is covalently linked to the  
cantilever. 
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Biased Brownian motion in extremely corrugated channels
S. Martens, Gerhard Schmid, L. Schimansky-Geier, and P. Hänggi

Institut für Physik, Universität Augsburg, 86135 Augsburg (Germany)

Particle transport in micro- and nanostructured channel 
structures exhibits peculiar characteristics which differ from 

other transport phenomena occurring for energetic systems [1]. 
The theoretical modelling involves Fokker-Planck type dynam-
ics in three dimensions which cannot be solved for arbitrary 
boundary conditions imposed by the geometrical restrictions. 
Recently, much effort is drawn on a reduction of the complexity 
of the problem resulting in the so-called Fick-Jacobs approxima-
tion in which (infinitely) fast equilibration in certain spatial di-
rections is assumed. We derive a reduction method [2] which (i) 
corresponds in zeroth order in the expansion parameter, which 

Artificial Fmoc/Boc- protected amino acids for the solid-phase-assisted synthesis of defined  
polyaminoamides
Claudia Scholz, David Schaffert, Naresh Badgujar, Ernst Wagner

Pharmaceutical Biotechnology, Department of Pharmacy, Ludwig-Maximilians-Universität München

In recent years the design of synthetic carriers for gene deliv-
ery has become a research field of high interest. Cationic poly-

mers have shown promising results with polyethylenimine (PEI) 
being a prominent example, although its toxicity is still an issue 
of concern. Therefore modified structures have been designed 
aimed at reducing toxicity and increasing the delivery efficiency. 
A further disadvantage of PEI is the high degree of polydisper-
sity resulting in a wide range of molecular weight fractions.

Here the construction of Fmoc/Boc- protected artifical poly-
amino acids which are applicable to standard solid phase syn-
thesis conditions is presented. These new building blocks offer 
the opportunity to design precise, sequence-defined polyamino-
amides. Partial protonation at physiological pH provides posi-
tive charges allowing the condensation of negatively charged 

nucleic acids like DNA or siRNA. Further protonation at endo-
somal pH after cellular uptake enables the so-called “proton 
sponge effect”, leading to endosomal release of the carrier into 
the cytosol.

The synthesis on solid phase provides the advantage of produc-
ing defined structures that facilitate the analytic characteriza-
tion and fulfil an important criterion for a possible clinical appli-
cation in the future. Based on this approach a library of effective 
gene delivery vectors was produced in our group. Furthermore, 
a novel convergent synthesis strategy is presented. This con-
cept should allow to produce polymers of increased molecular 
weight in higher purity and with less laboratory effort for their 
use as efficient gene delivery carriers of low toxicity.

describes the corrugation of the tube wall, to the celebrated 
Fick-Jacobs result and (ii) extends the validity of the Fick-Jacobs 
approximation towards extremely corrugated tube structures.

[1] P. S. Burada, P. Hänggi, F. Marchesoni, G. Schmid, and P. Talkner,  ChemPhysChem 10, 45 (2009).

[2] S. Martens, G. Schmid, L. Schimansky-Geier, and P. Hänggi, Phys. Rev. E 83, 051135 (2011).
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Photoluminescence dynamics of quantum dots and quantum wells modulated by  
surface acoustic waves
Florian J. R. Schülein1, J. Pustiowski1, K. Müller2, M. Bichler2, G. Abstreiter2, J. J. Finley2, D. Reuter3, A. D. Wieck3, 
A. Wixforth1, and H. J. Krenner1

1 Lehrstuhl für Experimentalphysik 1, Universität Augsburg, 86159 Augsburg, Germany

2 Walter Schottky Institut, TU München, 85748 Garching, Germany

3 Lehrstuhl für Angewandte Festkörperphysik, Ruhr-Universität Bochum, 44780 Bochum, Germany

We present a detailed study on the influence of surface 
acoustic waves (SAW) on the photoluminescence (PL) of 

self-assembled quantum dots (QDs) and the surrounding 2D 
wetting layer (WL) [1]. The data is acquired in a conventional 
micro-PL setup using a stroboscopic excitation scheme of a 
pulsed picoseconds diode laser which is actively phase-locked 
to RF signal generator exciting the SAW [2]. We perform nu-
merical calculations which reproduce our experimental findings 
and provide insights into the dynamics of electrons and holes 
subjected to the electric fields induced by the high frequency 
strain fields of the SAW.

The influence of a SAW on the PL of a quantum well has been 
investigated for more than 10 years. For the WL emission we 
also observe the characteristic quenching with increasing SAW 
power, which is explained by exciton dissociation in a Type-II 
bandedge modulation induced by the SAW. The dissociated 
charge carrier species are spatially separated at their respective 
stable points in the bandstucture separated by half the acoustic 
wavelength and conveyed by the SAW [3,4]. Our phase-resolved 
technique allows us to resolve the full dynamics of this process 

which we study for different SAW power levels: In the low SAW 
power regime, we observe one PL maximum per SAW cycle 
which we attribute to the electrons being conveyed, whereas the 
holes remain at the position at which they are photogenerated. 
This difference arises due to the different mobilities of electrons 
and holes. The maximum PL intensity is observed at the local 
SAW phase at which electrons are generated at a local mini-
mum in the conduction band [4]. In contrast, in the high SAW 
power regime, we observe two PL maxima per SAW cycle which 
are separated by 180°. These two maxima are attributed to the 
stable region for electrons and holes in the conduction and va-
lence band, respectively. These experimental observations are 
found in good agreement with our numerical modeling of the 
SAW-induced carrier dynamics.

The emission of individual QDs shows a similar dynamic modu-
lation by the SAW. Different exciton configurations show either 
one or two maxima per SAW cycle with characteristic relative 
phase dependincies. These observations can be understood by 
the dynamic acoustic modulation of the local electron and hole 
densities at the position of the QD.

Direct quantification of antibody concentration and affinity in human serum using microscale 
thermophoresis
Susanne A.I. Seidel, Dieter Braun

Department of Physics, Ludwig-Maximilians-Universität München, Munich, Germany

Antibodies are commonly used as indicators for differential 
diagnosis and therapy monitoring of infections, allergic re-

actions and autoimmune diseases. Based on Microscale Ther-
mophoresis (MST) we developed an autocompetitive strategy to 
directly quantify both absolute concentration and binding affin-
ity of antibodies in human serum. 

We successfully measured autoantibodies against the cardiac 
beta-1 adrenergic receptor found in patients suffering from di-
lated cardiomyopathy. The peptide COR1 was designed to mim-
ic the dominant epitope of the receptor's second extracellular 
loop. The binding of this fluorescently labeled, artificial antigen 
to the autoantibodies was analyzed using optically generated 
thermal gradients. Antibody concentrations from 2 to 200 nM 
were resolved and the dissociation constant was measured to be 
75 nM in 50% untreated human serum. 

MST combines the advantages of established binding assays 
like ELISA (Enzyme-linked Immunosorbent Assay), RIA (Ra-
dioimmunoassay) and methods based on FRET (Fluorescence 
Resonance Energy Transfer). It allows immobilization free, non 
radioactive measurements in microliter volumes and requires 
only one fluorescently labeled binding partner. Furthermore, 
the simple mix and probe protocol minimizes systematic errors. 
Our autocompetitive approach is not only a promising new tool 
for serological diagnosis. As it can also be employed for binding 
analysis in complex biological fluids, for example cell lysate, it is 
likely to find various applications in the increasingly quantitative 
field of molecular biology research. 

[1] S. Völk et al., Nano. Lett. 10, 3399-3407 (2010)

[2] S. Völk et al., Appl. Phys. Lett. 98, 023109 (2011)

[3] C. Rocke et al., Phys. Rev. Lett. 78, 4099 (1997)

[4] F. Alsina et al., Phys. Rev. B 64, 041304(R) (2001)
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Trithiolates on Cu(111) – LEED as a powerful technique for structure determination and phase 
transition analysis
Thomas Sirtl2,3, Wolfgang Moritz1, Michael Schmittel4, Wolfgang M. Heckl2,3, and Markus Lackinger1,2,3

1 Department for Earth and Environmental Sciences, Ludwig-Maximilians-University, Munich, Germany

2 School of Education, Technical University, Munich, Germany

3 Deutsches Museum, Munich, Germany

4 Center of Micro and Nanochemistry and Engineering, University of Siegen, Siegen, Germany

Well ordered surface supported organic monolayers are 
highly topical and many experiments aim at both an 

atomically precise structure determination and characterization 
and understanding of frequently observed phase transitions. 
We demonstrate STM and LEED experiments on aromatic tri-
thiolate molecules on Cu(111) as versatile model systems for 
both strongly anchored molecules but also metal-coordinated 
networks based on thiolate-copper-thiolate interconnects.[1] 
Metal-coordinated networks are prepared from an initial well 
ordered precursor structure of 1,3,5-tris(4-mercaptophenyl)ben-
zene (TMB) by means of thermal annealing. This initial structure 
is prepared under UHV conditions by room temperature deposi-
tion of TMB onto the reactive Cu(111) surface, whereby all thiol 
groups become deprotonated and the resulting trithiolate mol-
ecules are strongly anchored to the substrate by means of Cu-S 
bonds. The aim of the present work is obtaining detailed knowl-

edge of this initial structure by quantitative Low Energy Elec-
tron Diffraction (LEED) experiments. Structure determination 
by quantitative LEED experiments includes recording of LEED 
patterns as a function of electron energy, extracting I(V) curves 
for several unique reflections from these diffraction patterns, 
and comparison of experimental I(V) curves to dynamic simula-
tions considering multiple scattering. As in common diffraction 
experiments, structure refinement is carried out by variation 
of atomic coordinates in order to obtain the best fit between 
experimental and theoretical I(V) curves. We also demonstrate 
that LEED is a powerful technique for monitoring thermally in-
duced adsorbate superstructure phase transitions in real time. 
In this respect, the chosen system of 1,3,5-benzenetrithiol (BTT) 
is particularly promising, because an initial precursor structure 
undergoes two phase transitions upon thermal annealing. 

[1] Walch et al., J. Am. Chem. Soc., 2011, 133, 7909-7915

Study the magnetotactic bacteria with optical tweezers
Farzad Sekhavati, Alexander M. Gigler, Michael Winklhofer and Wolfgang W. Schmahl

Department for Earth and Environmental Sciences, Ludwig-Maximilians-University, Munich, Germany

Magnetotactic bacteria (MTB) are a group of motile bacteria 
that produce intracellular chains of single-domain nano-

magnetic crystals made of magnetite (Fe3O4) or greigite (Fe3S4). 
These chains impart a permanent magnetic dipole moment to 
the cell body, allowing it to navigate along geomagnetic field. 
Understanding the evolutionary advantage of magnetic navi-
gation and the biomineralization mechanism of single-domain 
magnetic particles fascinates scientists in biology and material 
science. MTB also serve as model system for understanding 
magnetite biomineralization and magnetic navigation in migra-
tory animals such as salmon or songbird. We have developed an 
“optical tweezers” (OT) system to study the swimming dynam-
ics of MTB. This is a non-invasive technique and can be used in 
liquid environment. OT use a focused laser beam with Gaussian 
intensity profile to trap a transparent particle in its focal point 
and control its position in space. It can apply forces in range 

0.1-100 pN and with spatial resolution of 0.1-2 nm [1] which is 
the range of stoke forces for bacteria. The 1064 nm laser wave-
length induces small photo-damage to living cells and allows 
us to do long term experiments.Our optical tweezers setup is 
in an inverted configuration, which allows us to combine it with 
other microscopy and spectroscopy techniques in up-right posi-
tion; such as optical microscope (current configuration), confo-
cal microscope (for MTB studies), Raman spectroscopy or even 
AFM. In addition, setup has a Helmholtz-coil system for mag-
netic manipulation of MTB. Later on, the possibility of trapping 
a magnetotactic bacterium will be investigated. In all further 
steps a microfluidic device will be used to increase the accu-
racy of measurement, control and design the growth condition 
of bacterium.

[1] Neuman, K. C. & Nagy, A, Nature Method, 2008, p.492

Functionalization of wire-frame DNA nanostructures
David M. Smith1, Verena Schüller1, Carsten Forthmann2, Robert Schreiber1, Christian Engst1, Felix Münning1,  
Philip Tinnefeld2,3, and Tim Liedl1,3 

1 Physik Weicher Materie und Biophysik, Ludwig-Maximilians-Universität, 80539 Munich, Germany 

2 Physikalische und Theoretische Chemie, NanoBioScience, Technische Universität Braunschweig, 38106 Braunschweig, Germany 

3 Center for NanoScience, Ludwig-Maximilians-Universität, 80799 Munich, Germany 

Nanometer-sized polyhedral wire-frame objects hold a wide 
range of potential applications both as structural scaffolds 

as well as a basis for synthetic nanocontainers. The utilization 
of DNA as basic building blocks for such structures allows the 
exploitation of bottom-up self-assembly in order to achieve mo-
lecular programmability through the pairing of complementary 
bases. We present here two different areas of work undertaken 
to utilize such hollow DNA-based frameworks.  A structurally 
variable, multi-functional tetrahedral framework of 75 nm strut 
length constructed from the DNA origami method.  While its 
rigidity offers use as a precisely measured spacing scaffold, flex-

ible hinges at each of their four joints provide a means for struc-
tural variability of the object.  The intrinsic site addressability 
provided by this technique allows the unique targeted attach-
ment of dye and/or linker molecules at any point on the struc-
ture’s surface, which has made it suitable as a tool for emerging 
superresolution microscopy techniques such as DNA-PAINT.  
Additionally, initial work towards the construction of biocompat-
ible DNA-based wire-frame containers is presented.  Here, we 
seek to exploit multi-component self-assembly processes to fuse 
DNA nanostructures with soft materials and other molecules for 
the generation of functional constituents.
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Controlled aggregation of magnetic nanoparticles and formation of gold-iron oxide 
nanocomposites
Jacek Stolarczyk1,2, Carla Meledandri2,3, Dermot Brougham2

1 Department of Physics, Ludwig-Maximilians-University Munich, Amalienstrasse 54, 80799 Munich, Germany

2 School of Chemical Sciences, Dublin City University, Dublin 9, Ireland

3 Department of Chemistry, University of Otago, P.O. Box 56, Dunedin, New Zealand

We present a new route to stable magnetic-plasmonic nano-
composite materials with exceptional control over com-

posite size and very high monodispersity. The method involves 
the assembly of magnetic iron oxide nanoparticles, of any size 
in the superparamagnetic size range. Their steric repulsion is 
gradually reduced by competitive stabilizer desorption aris-
ing from the presence of a tertiary silica phase. This process is 
analysed using Smoluchowski aggregation equation and Fuchs 
stability ratio dependent on nanoparticle-nanoparticle interac-

tions. Subsequent addition of gold nanoparticles results in hi-
erarchical assemblies in the form of gold-decorated magnetic 
nanoparticle clusters, in a range of possible sizes from 20 to 
150 nm, selected by the timing of the addition. This approach 
potentially adds plasmonic and chemical functionality to the 
magnetic clusters and improves the physical robustness and 
processability of the suspensions. Most critically, the clusters 
remain superparamagnetic in nature. These advantages en-
hance the potential of the materials as size-selected contrast 	

  agents for magnetic resonance imaging.

[1] J. K. Stolarczyk, S. Ghosh, D. F. Brougham “Controlled growth 
of nanoparticle clusters through competitive stabilizer desorption”, 
Angew. Chem. Int. Ed. 2009, 48, 175-178.

[2] C. J. Meledandri, J. K. Stolarczyk, D. F. Brougham “Hierarchical 
gold-decorated magnetic nanoparticle clusters with controlled size” 
ACS Nano 2011, 5, 1747-1755.

Single-molecule four-color FRET visualizes energy-transfer paths on DNA origami
Ingo H. Stein1,2 Christian Steinhauer1,2,3 and Philip Tinnefeld2,3

1 Angewandte Physik - Biophysik, and 2 Center for NanoScience, Ludwig-Maximilians-Universität, 80799 Munich, Germany

3 Physical and Theoretical Chemistry - NanoBioScience, TU Braunschweig, 38106 Braunschweig, Germany

Directing energy by fluorescence resonance energy transfer 
(FRET) is utilized by nature in light-harvesting complex-

es for photosynthesis. To artificially build a system where the 
path of energy transfer can be manipulated on the nanoscale 
we used rectangular DNA origami as a molecular breadboard to 
precisely assemble fluorophores in a desired fashion.[1] In the 
origami technique one ~7.3 kbases long single-stranded DNA 
is hybridized with ~200 short synthetic DNA “staple” strands 
to build a desired structure.[2] By modifying the respective 
“staple” strands, the fluorophores were incorporated such that 
the light from the “blue” input dye (ATTO488) could either be 
guided to the “red” (ATTO647N) or “IR” (Alexa 750) output dye, 
by a “green” dye (ATTO565) that was placed at two alternative 
positions. 

For analysis of the energy transfer paths on the DNA origami, 
we used a single-molecule four-color FRET approach with  
alternating laser excitation and individual detection of the four 
different fluorophores. This setup advances previous multi-color 
schemes and has the potential to monitor six distances within 
a biomolecular complex simultaneously, as well as the capabil-

ity to sort subpopulations of heterogeneous samples. Specifi-
cally, the molecules were sorted with the aid of stoichiometric 
ratios to select the fully labeled species for further analysis. The 
calculated FRET-related ratios demonstrate that the position of 
the green dye determines the energy-transfer path towards the 
“red” or the “IR” output dye.

To summarize, we show that the energy-transfer path can be 
manipulated on the nanoscale. The red and IR dyes provide an 
output signal that can be easily read out. DNA origami might 
therefore serve as a circuit board for photonic devices beyond 
the diffraction limit and could additionally offer new possibilities 
for nanoscale sensors by replacing the jumper strand by sensor 
strands that could report on binding of biomolecules.

[1] Stein, I.H., Steinhauer, C. and Tinnefeld, P. Single-Molecule 
Four-Color FRET Visualizes Energy-Transfer Paths on DNA Origami, 
JACS, 133, 4193–4195 (2011). (including cover)

[2] Rothemund, P.W.K. Folding DNA to create nanoscale shapes 
and patterns, Nature 440, 297-302 (2006).

We present progress in the development of a mechanical 
single electron shuttle.  The shuttle is composed of a gold 

island on a silicon nitride beam situated in a gap between source 
and drain electrodes. Oscillation of the beam brings the island 
into contact with the electrodes, and in the presence of a DC 

bias charging of the island results in electron transport. The is-
land is equipped with a gate electrode and the motion of the 
beam can be driven dielectrically. The current design has poten-
tial to function as a mechanical single electron transistor at 4K.

Development of a Mechanical Single Electron Transistor
Darren Southworth

Department of Physics and Center for NanoScience, Ludwig-Maximilians-Universität, 80799 Munich, Germany
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Photocatalysis with carbon nitride and hybrid materials
Brian Tuffy, Hongji Wang, Prof. Bettina Lotsch

Department of Chemistry and Center for NanoScience, Ludwig-Maximilians-Universität München, Germany

Carbon nitride (CNx) and CN-titanate hybrid materials offer 
great potential for their use in photoreactions such as the 

reduction of volatile organic compounds, water splitting, CO2 
reduction and efficient photovoltaics. Polymeric carbon nitrides 
are cheap, functional and easily synthesised materials which 
have shown promising visible light photoactivity.

 In this project, various carbon nitride based materials are syn-
thesised, chemically analysed and their photocatalytic activity 

measured by gas chromatography. These materials are charac-
terised with FT-IR, XRD, UV-VIS, XPS, NMR and GC. Our carbon 
nitride materials are also compared to other well known CNx 
species. i.e. melem, melon etc.

Interestingly our materials indicate different structures depend-
ing on calcination conditions and have distinctly different photo-
catalytic activity (UV illumination). The best activity is from one 
of our materials assumed to be previously unreported. It is yet to 
be seen if this trend changes for visible light illlumination and if 
a correlation exists between the degree of condensation and the 
bandgap for which photocatalytic activity is observed.

Photoactivity is measured in two seperate experiments, water 
splitting to produce hydrogen and CO2 reduction resulting in 
methanol production. The results presented show a detailed 
study of CN materials and their resulting photoactivity. The ef-
fects of synthesis conditions, solution conditions and measure-
ment conditions provide insights into the effect of CNx doping 
for new photocatalysts.

[1] Bettina V. Lotsch et al., “Unmasking Melon by a Complementary 
Approach Employing Electron Diffraction, Solid-State NMR Spec-
troscopy, and Theoretical Calculations—Structural Characterization 
of a Carbon Nitride Polymer,” Chemistry - A European Journal 13, 
no. 17 (June 2007): 4969-4980

[2] Xinchen Wang et al., “A metal-free polymeric photocatalyst for 
hydrogen production from water under visible light,” Nature Mate-
rials 8, no. 1 (11, 2008): 76-80.

[3] Kazuhiko Maeda et al., “Photocatalytic Activities of Graphitic 
Carbon Nitride Powder for Water Reduction and Oxidation under 
Visible Light,” The Journal of Physical Chemistry C 113, no. 12 (3, 
2009): 4940-4947.

Analytical methods for the physico-chemical characterization of siRNA polyplexes
Christina Troiber1, J. Kasper2, S. Milani3, M. Scheible4, F. Schaubhut5, S. Küchler2, J. Rädler3, F.C. Simmel4, W. Friess2, E. 
Wagner1

1 Department of Pharmacy, Pharmaceutical Biotechnology, LMU München, Munich, Germany

2 Department of Pharmacy, Pharmaceutical Technology, LMU München, Munich, Germany

3 Department of Physics and Center for Nanoscience (CeNS), LMU München, Munich, Germany

4 Department of Physics and ZNN/WSI, Biomolecular Systems and Bionanotechnology, TUM, Garching, Germany

5 Coriolis PharmaService GmbH, 82152 Martinsried, Germany  

Silencing of gene expression by RNA interference offers the 
possibility to cure diseases that are associated with the over-

expression of a gene or the expression of a pathogenic gene. 
To date, in the field of polymer-based siRNA delivery, the main 
focus has been on the development of more efficient polymers. 
For the development of a siRNA-polyplex drug product, it is es-
sential to have reliable characterization techniques to ensure 
quality, reproducibility and stability of the polyplexes. 

Thus, the purpose of this study was to evaluate several analytical 
methods for the characterization of siRNA polyplexes. There-
fore, three sequence-defined polyamidoamines were synthe-
sized through solid-phase assisted synthesis. siRNA polyplexes 
were prepared by mixing siRNA solution (200µg/ml) with poly-
mer solution (at the ratio of N/P12). After incubation, the formed 

polyplexes were characterized using dynamic light scattering 
(DLS), atomic force microscopy (AFM), fluorescence correlation 
spectroscopy (FCS) and nanoparticle tracking analysis (NTA). 
The sizes of polyplexes were 20-40nm (Polyplex 1), around 
150nm (Polyplex 2) and 100-430nm (Polyplex 3). Whereas 
all methods were suitable for medium sized polyplexes of 80-
200nm, the size determination of very small polyplexes was not 
possible with NTA. For large and heterogeneous polyplexes only 
DLS and AFM led to satisfying results.

In conclusion, the use of comprehensive analytical techniques is 
required for a complete picture of the siRNA polyplexes, espe-
cially in order to characterize samples that contain very small or 
large polyplexes, as well as mixtures of both. 
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Extracting band-gap from 2-dimensional nanostructures with high spatial resolution
Kulpreet Singh Virdi1, Yaron Kauffmann2, Pirmin Ganter1, Christian Ziegler1, Wayne Kaplan2, Bettina Lotsch1, Christina 
Scheu1

1 Department of Chemistry, Ludwig-Maximilians-Universität Munich, Germany 

2 Department of Materials Engineering, Technion – Israel Institute of Technology, Haifa 32000, Israel 

With advancements in nanotechnology and the ever decreas-
ing size of the structures used in devices, understanding 

their properties at such diminishing dimensions has gained prime 
importance. Valence energy electron loss spectroscopy (VEELS) 
used in scanning transmission electron microscopy (STEM) mode 
of a transmission electron microscope (TEM) offers an attractive op-
tion to ascertain band-gaps locally at high spatial resolution (<2nm). 
VEELS measurements require a very low full width half maximum 
of energy for the microscope; hence usage of a monochromat-

ed TEM becomes a necessity. In this work a perovskite structure  
KCa2Nb3O10 was investigated for structure and electronic proper-
ties variation between bulk and exfoliated forms. Electronic band-
gap of the perovskite KCa2Nb3O10 in bulk and exfoliated forms has 
been measured. In addition the structure of exfoliated nanosheets 
has been determined with the help of high resolution transmission 
electron microscopy (HRTEM) acquired with the help of aberration 
corrected objective lens system. 

Simulation of hydrodynamic interactions in active systems
Cornelius Weig and Erwin Frey

Center for Nanoscience (CeNS) and Faculty of Physics, Ludwig-Maximilians-Universität München, Germany

The study of systems of active particles aims at revealing  
generic organizing principles for the emergence and conser-

vation of collective phenomena. Being complex by nature, such  
research has to some extent to rely on simulations of these systems. 
These models often suffer from ad-hoc interaction rules for the  
active particles which are not rigorously justified. Here we propose 
to use multi-particle collision (MPC) techniques for the study of  
active systems with hydrodynamic interactions. The MPC tech-

nique is well established for the study of hydrodynamics in the low  
Reynolds number regime and allows for larger simulation boxes than  
other techniques. Using the MPC approach for active systems it is 
also possible to separate the role of hydrodynamics from that of 
other interaction mechanisms for collective behavior. This method 
is then applied to study the synchronization of rotating linear poly-
mers.

TEM investigation of material properties of anodized TiO2 nanotubes
Andreas Wisnet1, Markus Thomann1, Jonas Weickert2, Lukas Schmidt-Mende2, Christina Scheu1

1  Department of Chemistry, LMU, 81377 Munich, Germany

2 Department of Physics, LMU, 80799 Munich, Germany

TiO2 is a metal oxide with broad application spectrum due 
to its adaptable electronic and material properties as well 

as an easy workability. Over the last years, nanostructur-
ing of thin TiO2 films is an interesting and well-pursued is-
sue, mainly to gain increased surface area and optimized 
properties, e.g. for implementation in thin-film solar cells. 

In this study, we focus on an array of TiO2 nanotubes which has 
been fabricated by anodizing a thin film of sputtered Ti on a 
conducting substrate composed of ITO and a thin TiO2 compact 
layer. Transmission electron microscopy (TEM) has been cho-
sen for an in-depth investigation on these nanotubes due to its 
high resolution and matchless ability in analysis of local material 
properties. The samples were fabricated using three different an-
odization voltages to get a basic comparison of the sample char-
acteristics. Bright-field images show increasing dimensions of 

the tubes as result of increas-
ing the anodization voltage.  
 
In order to obtain information 
about the tubes' crystalline 
features, electron diffrac-
tion, dark-field imaging and 
high-resolution transmission 
electron microscopy tech-
niques were employed. These 
methods show considerably 
larger crystals than expected 

from former X-ray diffraction studies, with grain sizes easily ex-
ceeding 100 nm in at least one dimension along the tube walls.  
 
These results suggest high electron mobility along the tubes and 
encourage their implementation in diverse applications.
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High-mobility organic thin-film transistors with photolithographically patterned top contacts
Ute Zschieschang1, Nis Hauke Hansen2, Jens Pflaum2, Tatsuya Yamamoto3, Kazuo Takimiya3, Hirokazu Kuwabara4,  
Masaaki Ikeda4, Tsuyoshi Sekitani5, Takao Someya5, Hagen Klauk1

1 Max Planck Institute for Solid State Research, 70569 Stuttgart, Germany

2 University Würzburg and ZAE Bayern e.V., Germany 

3 Hiroshima University, Higashi-Hiroshima, Japan

4 Nippon Kayaku Co., Ltd., Kita-ku, Tokyo, Japan

5 University of Tokyo, Tokyo, Japan

Due to its high resolution, photolithography is the preferred 
patterning method for pentacene thin-film transistors 

(TFTs). Since the morphology of thin pentacene films is very 
sensitive to solvents and heat, the photolithographic patterning 
of the source/drain contacts is ideally performed prior to the 
pentacene deposition, which explains the general preference 
for the bottom-contact TFT structure. However, as experiments 
and simulations have shown, the bottom-contact structure is 
associated with larger contact resistance than the top-contact 
structure, so that top-contact TFTs generally have larger trans-
conductance and higher cutoff frequency than bottom-contact 
TFTs. The key to realizing high-mobility organic TFTs with pho-
tolithographically patterned top contacts is a semiconductor 
which in the pristine state has transport properties like penta-
cene, but is less sensitive to solvents and heat than pentacene. 
An example is dinaphtho-thieno-thiophene (DNTT) which pro-
vides mobilities similar to pentacene in shadow-mask-patterned 

top-contact TFTs, but unlike pentacene crystallizes in a single 
polymorph. We have fabricated pentacene and DNTT TFTs with 
Au top contacts deposited by vacuum evaporation and patterned 
by either shadow-masking or photolithography. The shadow-
mask-patterned TFTs both have mobilities above 1 cm2/Vs 
(pentacene: 1.5 cm2/Vs, DNTT: 2.2 cm2/Vs). Photolithographic 
patterning of top contacts on pentacene causes the mobility to 
drop to 0.16 cm2/Vs, while DNTT is much less affected by pho-
tolithography (0.46 cm2/Vs). X-ray diffraction on pentacene and 
DNTT films before and after photolithography reveal a structural 
phase change in the pentacene film, associated with a distinct 
evolution of the pentacene bulk phase at d = 14.4 Å. This bulk-
phase evolution, presumably initiated by solvent exposure, is 
correlated with the pronounced drop in mobility in the case of 
pentacene. The DNTT films, in contrast, are characterized by a 
single phase, both before and after photolithography.

2D nanosheets such as graphene and exfoliated layered tran-
sition metal oxides (TMO) have been emerging recently as 

new materials with unique structure and size dependent proper-
ties.[1-2] With a height of only a few nanometers and a lateral 
size in the micron range nanosheets show great potential as 
functional building blocks to construct 3D hybrid superlattices. 
Tailor-made electronic, optical or magnetic properties can be 
achieved by the combination of different nanosheets or by varia-
tion of their arrangement with nanoscale precision.

Here we focus on the assembly of ‘Ca2Nb3O10-‘ nanosheets with 
exfoliated  MnII-AlIII-layered double hydroxides.[3] ‘Ca2Nb3O10-‘ 

nanosheets are obtained via common solid-state synthesis of 
the Dion-Jacobson phase KCa2Nb3O10, cation-proton exchange 
of the as-obtained bulk-material, and exfoliation upon tetrabu-
tylammonium hydroxide combined with mechanical treatment. 
Flocculated and layer-by-layer arranged samples were charac-
terized by X-ray powder diffraction, scanning-electron micros-
copy, energy-dispersive X-ray spectroscopy, atomic force mi-
croscopy and transmission electron microscopy to demonstrate 
the wide spectrum of nanomorphologies that can be obtained.

Exfoliated layered transition metal oxides used as 2D building blocks for new nanostructured 
hybrid materials
Christian Ziegler, Christina Scheu, Bettina V. Lotsch

Department of Chemistry, University of Munich (LMU), 81377 Munich, Germany

 

[1] R. Ma, T. Sasaki, Adv. Mater. 2010, 22, 5082.

[2] M. A. Bizeto, A. L. Shiguihara, V. R. L. Constantino, J. Mater. Chem. 2009, 19, 2512.

[3] S. Werner, B. V. Lotsch, to be submitted.
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Hotels
DOMUS CILIOTA 

Calle delle Muneghe - S. Marco, 2976  
Tel: +39.041.5204888 - Fax: +39.041.5212730  
http://www.ciliota.it, info@ciliota.it

Directions from hotel to workshop location: 
Walk to the boat stop “S. Zaccaria” (~ 15 min) or take boat 
No. 1 from “S. Angelo” to “S. Zaccaria” (~19 min, every  
10 min) and take boat No. 20 to San Servolo (10 min).

CENTRO CULTURALE DON ORIONE ARTIGIANELLI 
 
Rio Terra’ Foscarini - Dorsoduro 909/a  
Tel. +39 041.5224077 - Fax +39 041.5286214 
www.donorione-venezia.it, info@donorione-venezia.it

Directions from hotel to workshop location: 
Walk to the boat stop “S. Zaccaria” (~20 min) and take boat 
No. 20 to San Servolo.  
OR 
Take boat No. 2 (~15 min) or 51 (~7 min) from stop “Zattere” 
to “S. Zaccaria”. Then take boat No. 20 to San Servolo.

FORESTERIA VALDESE DI VENEZIA 

Calle Lunga S. Maria Formosa  - Castello 5170  
Tel +39 041.5286797 - fax +39 041.2416238

Opening hours reception desk: 8:30 am - 8:00 pm.  
http://foresteriavenezia.it/uk/index.html 
info@foresteriavenezia.it

Directions from hotel to workshop location: 
Walk to the boat stop “S. Zaccaria” and take boat No. 20 to 
San Servolo (boat trip: 10 min).

ISTITUTO CANOSSIANO

Fondamenta de le Romite - Dorsoduro 1323 
Tel. +39  0412409711 - Fax. +39 0412409712		

The Institute closes at midnight and opens at 6 a.m. 
http://www.romite1323.com/english/contacts-of-canossiano-
college-venice.htm 
info@romite1323.com

Directions from hotel to workshop location: 
Walk to the boat stop “Cà Rezzonico” and take boat No. 1 
(~14 min, every 10 min) to “S. Zaccaria”, then change to 
boat No. 20 to San Servolo. 
OR 
Walk to the boat stop “Zattere” and take boat No. 2 (~14 
min, every 10 min) or No. 51 (~7 min, every 20 min) to “S. 
Zaccaria”. Then take boat No. 20 to San Servolo.

TRAIN TO VENICE AND BACK TO MUNICH

To Venice (18.09.) Back to Munich (23.09.)

Munich  
Main station

Venezia 
 Santa Lucia

Venezia 
Santa Lucia 

Munich  
Main station

11:31 18:10 13:34 20:25

Internet
Two PC rooms with internet connection are accessible for the 
participants located next to the conference hall. Please ask for 
the keys and login in the conference office next to the lecture 
hall.

Access to the WLAN internet will be available. Information will 
be provided at the conference. 

Timetables

To San Servolo Back to Venice

S. Zaccaria S. Servolo S. Servolo S. Zaccaria

6:55 7:05 8:35 8:45

7:15 7:25 8:45 8:55

8:15 8:25 9:10 9:20

8:35 8:45 9:40 9:50

9:00 9:10 10:00 10:10

9:20 9:30 10:50 11:00

9:50 10:00 11:20 11:30

10:30 10:40 12:10 12:20

11:10 11:20 12:40 12:50

11:50 12:00 13:30 13:40

12:30 12:40 14:00 14:10

13:10 13:20 14:50 15:00

13:50 14:00 15:30 15:40

14:30 14:40 16:00 16:10

15:10 15:20 16:50 17:00

15:50 16:00 17:30 17:40

every 40 min until

18:00 18:10

18:50 19:00

19:20 19:30

20:30 20:40 20:10 20:20

every hour until 20:40 20:50

23:30 23:40 21:50 22:00

0:25 0:35 22.40 22.50

1:30 1:40 23.40 23.50

BOAT LINE 20 TO WORKSHOP LOCATION (SAN SERVOLO)



59 CeNS Workshop Venice 2011

D
on

 O
ri

on
e

C
il

io
ta

V
al

d
es

e

C
an

os
si

an
o



C
eN

S
 W

or
ks

h
op

 2
01

1:
 N

an
os

ci
en

ce
s 

– 
F

ro
m

 m
ol

ec
u

la
r 

sy
st

em
s 

to
 f

u
n

ct
io

n
al

 m
at

er
ia

ls
 /

 V
IU

, S
an

 S
er

vo
lo

, (
It

al
y)

 /
 S

ep
te

m
b

er
 1

9 
– 

23
, 2

01
1

T
im

e
M

on
d

ay
, S

ep
te

m
b

er
 1

9t
h

T
u

es
d

ay
, S

ep
te

m
b

er
 2

0t
h

W
ed

n
es

d
ay

, S
ep

te
m

b
er

 2
1s

t
T

h
u

rs
d

ay
, S

ep
te

m
b

er
 2

2n
d

F
ri

d
ay

, S
ep

te
m

b
er

 2
3r

d
T

im
e

09
:0

0
B

oa
t 

d
ep

ar
ti

n
g

 a
t 

9:
00

B
oa

t 
d

ep
ar

ti
n

g
 a

t 
9:

00
B

oa
t 

d
ep

ar
ti

n
g

 a
t 

9:
00

B
oa

t 
d

ep
ar

ti
n

g
 a

t 
9:

00
B

oa
t 

d
ep

ar
ti

n
g

 a
t 

9:
00

09
:0

0

09
:2

0
D

an
ie

l M
ü

ll
er

 
E

ve
ly

n
 H

u
P

ao
lo

 L
u

g
li

K
la

u
s 

S
en

g
st

oc
k 

S
u

n
n

y 
X

ie
09

:2
0

10
:0

5
H

el
m

u
t 

G
ru

b
m

ü
ll

er
M

ar
ku

s 
A

n
to

n
ie

tt
i

W
il

li
am

 S
h

ih
B

er
t 

N
ic

ke
l 

Jö
rg

 S
ch

m
al

ia
n

10
:0

5

10
:5

0
C

of
fe

e 
b

re
ak

C
of

fe
e 

b
re

ak
C

of
fe

e 
b

re
ak

C
of

fe
e 

b
re

ak
W

or
ks

h
op

 e
n

d
in

g
10

:5
0

11
:1

5
G

er
d

 B
in

n
ig

S
eb

as
ti

an
 G

ön
n

en
w

ei
n

H
ir

oa
ki

 M
is

aw
a 

S
te

fa
n

 D
u

h
r 

 
11

:1
5

S
om

e 
lik

e 
it

 h
ot

 -
 B

io
m

ol
ec

ul
ar

 
In

te
ra

ct
io

n 
S

tu
di

es
 u

si
ng

 M
ic

ro
sc

al
e 

C
h

ri
st

in
e 

W
u

rm
   

   
   

   
 

S
tr

uc
tu

re
 a

nd
 d

yn
am

ic
s 

in
 A

ct
in

 
ne

tw
or

ks
12

:0
0

L
u

n
ch

 (
12

:0
0 

h
 -

 1
4:

30
 h

)
L

u
n

ch
 (

12
:0

0 
h

 -
 1

4:
30

 h
)

A
ll

an
 M

ac
D

on
al

d
L

u
n

ch
 (

12
:1

5 
h

 -
 1

4:
30

 h
)

12
:0

0

14
:3

0
K

la
u

s 
E

n
ss

li
n

C
ar

lo
s 

S
il

va
U

ri
 B

an
in

 
14

:3
0

L
u

n
ch

 (
12

:4
5)

15
:1

5
O

li
ve

r 
S

ch
m

id
t

15
:1

5

16
:0

0
C

of
fe

e 
b

re
ak

16
:0

0

16
:3

0
H

ag
en

 K
la

u
k

16
:3

0

17
:1

5
T

h
om

as
 C

ar
el

l
Je

ff
 G

or
e

E
ri

c 
S

ta
va

17
:1

5

18
:0

0
A

n
d

re
as

 W
al

lr
af

f
Jö

rn
 D

u
n

ke
l

18
:0

0

F
un

da
m

en
ta

l c
on

ce
pt

s 
an

d 
po

te
nt

ia
l 

ap
pl

ic
at

io
ns

 o
f 

st
ra

in
ab

le
 a

nd
 

sh
ap

ea
bl

e 
na

no
m

em
br

an
es

Lo
w

-v
ol

ta
ge

 o
rg

an
ic

 t
ra

ns
is

to
rs

 a
nd

 
ci

rc
ui

ts
 f

or
 f

le
xi

bl
e 

el
ec

tr
on

ic
s

B
oa

t 
le

av
es

 a
t 

11
:2

0/
12

:1
0 

T
ra

in
 t

o 
M

u
n

ic
h

 le
av

es
 a

t 
13

:3
4 

h
 f

ro
m

 
tr

ai
n

 s
ta

ti
on

C
he

m
ic

al
 s

tu
di

es
 o

f 
ge

no
m

e 
m

ai
nt

en
an

ce
 a

nd
 s

te
m

 c
el

l 
de

ve
lo

pm
en

t

W
el

co
m

e 
re

ce
p

ti
on

G
ra

ph
en

e 
qu

an
tu

m
 c

ir
cu

it
s

T
he

 f
ir

st
 m

om
en

ts
 o

f 
S

T
M

 a
nd

 s
om

e 
th

ou
g

ht
s 

ab
ou

t 
th

e 
fu

tu
re

 o
f 

na
no

te
ch

no
lo

g
y

P
os

te
rs

 S
es

si
on

 I
 &

 C
of

fe
e

C
oo

pe
ra

ti
on

, c
he

at
in

g,
 a

nd
 c

ol
la

ps
e 

in
 m

ic
ro

bi
al

 e
co

sy
st

em
s

E
xp

lo
ri

ng
 t

he
 q

ua
nt

um
 p

hy
si

cs
 o

f 
lig

ht
 w

it
h 

m
ic

ro
- 

an
d 

na
no

el
ec

tr
on

ic
 

ci
rc

ui
ts

In
fo

rm
al

 D
is

cu
ss

io
n

s

P
os

te
rs

 S
es

si
on

 I
I 

&
 C

of
fe

e

N
an

om
ec

ha
ni

ca
l a

nd
 m

ic
ro

fl
ui

di
c 

co
nt

ro
l o

ve
r 

io
n 

ch
an

ne
ls

H
yd

ro
dy

na
m

ic
s 

of
 m

ic
ro

or
ga

ni
sm

s

H
yb

ri
d 

m
et

al
-s

em
ic

on
du

ct
or

 
na

no
pa

rt
ic

le
s;

 F
ro

m
 p

ho
to

ca
ta

ly
si

s 
to

 d
op

in
g

P
la

sm
on

-a
ss

is
te

d 
ph

ot
oc

ur
re

nt
 

ge
ne

ra
ti

on
 s

ys
te

m

E
xc

it
on

 d
yn

am
ic

s 
in

 s
em

ic
ry

st
al

lin
e 

po
ly

m
er

ic
 s

em
ic

on
du

ct
or

s

O
rd

er
 in

 g
ra

ph
en

e

V
ol

ta
g

e-
co

nt
ro

lle
d 

sp
in

 m
ec

ha
ni

cs

C
on

fo
rm

at
io

na
l d

yn
am

ic
s 

in
 

bi
ol

og
ic

al
 n

an
om

ac
hi

ne
s:

 A
to

m
is

ti
c 

si
m

ul
at

io
n 

an
d 

si
ng

le
 m

ol
ec

ul
e 

ex
pe

ri
m

en
ts

A
rt

if
ic

ia
l p

ho
to

sy
nt

he
si

s 
an

d 
he

te
ro

ge
ne

ou
s 

or
ga

no
-c

at
al

ys
is

 b
y 

ca
rb

on
 n

it
ri

de
s

S
el

f-
as

se
m

bl
ed

 D
N

A
-n

an
os

tr
uc

tu
re

 
to

ol
s 

fo
r 

m
ol

ec
ul

ar
 b

io
ph

ys
ic

s
A

n 
or

ga
ni

c 
du

al
 g

at
e 

fi
el

d 
ef

fe
ct

 
tr

an
si

st
or

 f
or

 b
io

se
ns

in
g

N
on

-e
qu

ili
br

iu
m

 d
yn

am
ic

s 
in

 
gr

ap
he

ne
: P

er
fe

ct
 f

lu
id

 b
eh

av
io

r 
an

d 
st

im
ul

at
ed

 e
m

is
si

on
 o

f 
ph

ot
o-

ex
ci

te
d 

fe
rm

io
ns

C
el

l m
ec

ha
ni

cs
 a

nd
 t

he
 b

io
ph

ys
ic

s 
of

 
m

em
br

an
e 

pr
ot

ei
ns

 
G

ap
-m

od
e 

pl
as

m
on

ic
 c

av
it

ie
s:

 
E

ng
in

ee
ri

ng
 li

gh
t-

m
at

te
r 

in
te

r-
ac

ti
on

s 
in

 m
et

al
lic

 s
tr

uc
tu

re
s

S
ol

ut
io

n 
ba

se
d 

C
ar

bo
n 

N
an

ot
ub

e 
fi

lm
s 

fo
r 

el
ec

tr
on

ic
s 

an
d 

op
to

el
ec

tr
on

ic
s 

ap
pl

ic
at

io
ns

Q
ua

nt
um

 s
im

ul
at

io
n 

of
 f

ru
st

ra
te

d 
cl

as
si

ca
l m

ag
ne

ti
sm

 in
 t

ri
an

gu
la

r 
op

ti
ca

l l
at

ti
ce

s

Li
fe

 a
t 

th
e 

si
ng

le
 m

ol
ec

ul
e 

le
ve

l


