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The dc conductivity, σ 0 , versus the characteristic frequency, ωc , for different
liquids as indicated. The data for all ionic liquids are obtained from dielectric
measurements at ambient pressure except for the [HMIM] [Cl] for which the
transport quantities are also measured at different pressures as indicated.
This plot experimentally demonstrates the universality of charge transport in
ionic liquids (project 2.6). J. R. Sangoro, C. Iacob, A. Serghei, C. Friedrich, F.
Kremer, Phys. Chem. Chem. Phys. 11, 913 (2009). J. R. Sangoro et al.,
(2010), under preparation.
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The year 2009
Significant progress was made in all the traditional fields of research of our group
including Broadband Dielectric Spectroscopy (BDS), time –resolved, polarized
FTIR-Spectroscopy and experiments with Optical Tweezers. For “Ionic Liquids”,
the inter-relationship between glassy dynamics and charge transport was unravelled
and traced back to the laws of Brownian fluctuations as discovered by Einstein and
Smoluchowski in 1905. Based on this, Joshua Rume Sangoro found a way to
extract diffusion coefficients in a broad temperature and frequency range from
dielectric measurements. This opens for BDS a completely new field of
applications. Furthermore, the approach using nanostructured electrodes was
succesfully employed to study the molecular dynamics in nm thin polymer layers.
With time-resolved polarized FTIR-Spectroscopy, details of the structural levels of
organization of spider silk were explored. Especially, the phenomenon of supercontraction could be understood on a molecular level. Optical tweezers proved to
be a versatile tool in Nano-(Bio)-Physics. Pioneering experiments on the interaction
between polymer-grafted colloids and Single-Colloid-Electrophoresis could be
carried out, to name a few.
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Fig. 1: Experimental verification of the TFT
The graph shows the comparison of the lefthand side (LHS, ●) and the right-hand side
(RHS, red line) of the TFT, i.e.
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Broadband Dielectric Spectroscopy (BDS) and spectroscopic vis-Ellipsometry are combined to
study the glassy dynamics of thin (≥ 10 nm) layers of atactic poly(methyl methacrylate) (PMMA)
prepared under identical conditions. In order to unravel a possible effect of the underlying
substrate the interfacial interactions are systematically modified ranging from strong attractive
interactions for covalently bonded PMMA brushes with high grafting density and for native silicon
oxide (Si/SiOx) to weak and strong repulsive interactions as realized by Au coated and HMDS
treated Si/SiOx surfaces,
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M. Tress, E. U. Mapesa, A. Serghei* and F. Kremer

T (K)

Since spring of 2008 we have been working on the experimental verification and application of
several universal theorems of stochastic thermodynamics by means of optical tweezers. One of
the major objectives of this new branch of modern thermodynamics is to find a consistent linkage
between a macroscopic description and approaches at the nano- and micrometre scale. For this
purpose, well-known macroscopic quantities such as work, heat and entropy have to be
generalized in such a way that their definitions prove reasonable, consistent and eventually
useful even for single microparticles, e.g. micrometre-sized colloids. As a result, the
corresponding, usually distinct levels of microscopic and macroscopic description of irreversible
processes are finally unified.
Starting from the widely accepted formal framework established by U. Seifert and others [7, 8],
we follow and extend the experimental approaches of G. M. Wang et al. first published in 2002
[4-6]. In this way, we experimentally demonstrate the validity of several so-called fluctuation
theorems for special non-equilibrium states of optically trapped colloids. In general, these
fluctuation theorems form rigorous quantitative rules describing the emergence and quantitative
evolution of irreversibility form a microscopic point of view. In detail, our measurements confirm
the theoretical prediction that the microscopic total system entropy intriguingly may decrease on
sufficiently short time scales. Our pertinent results in this context exceed the scope of Wang et
al. 2002-2005 [4-6]. For instance, we have been able to verify the so-called detailed transient
fluctuation theorem (TFT) and the universal integral fluctuation theorem (UIFT) as well as the
integral fluctuation theorem (IFT) for a reproducible transient non-equilibrium state of a single
colloid system.

Tg (K)

O. Ueberschär and F. Kremer

2. Projects
2.1 Interfacial interactions and their impact on the glassy dynamics of
thin layers of atactic poly(methyl methacrylate)

Tg (K)

2.20 Microscopic fluctuations and the emergence of irreversibility:
Investigating stochastic thermodynamics

Film thickness (nm)

Film thickness (nm)

Fig. 1: Glass transition temperature Tg measured by ellipsometry (filled symbols) and characteristic
temperature Tα measured by BDS (open symbols) plotted versus film thickness. The measurements
were carried out on different substrates having hydrophilic (a, Si/SiOx) to hydrophobic (b, gold coating;
c, silanized with HMDS) surfaces. Additionally, covalently bonded PMMA brushes on Si/SiOx with
strong attractive interfacial interactions were studied. As guidance for the eyes the calorimetrically
determined Tg is shown as dashed line (an experimental error of ± 0.5 K was plotted for comparison).
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2.19 Electrokinetics and Charge Inversion as studied by Single Colloid
Electrophoresis (SCE)

E. U. Mapesa, M. Tress, A. Serghei* and F. Kremer

Fig. 1: Thickness dependence of T at 1 kHz for different molecular weights of polystyrene as indicated. Empty symbols stand for
measurements prepared with evaporated electrodes while filled symbols indicate the application of nanostructured electrodes.
Within the limits of experimental uncertainty, down to 4.8 nm, dielectric relaxation dynamics are independent of both film
thickness and molecular weight.
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Single Colloid Electrophoresis (SCE) [1] is employed to measure in a specifically designed
microfluidic cell the electrophoretic mobility of a single particle and the electro-osmotic mobility of
a surrounding liquid using the identical colloid. Charge inversion in dependence on concentration
and valency is observed and is proved to be fully reversible
In aqueous solution, electrostatic interactions play an important role for various properties of
charged systems. The determination and prediction of the surface charge density of the particle’s
surface are thus of prime importance. This requires an accurate model for the electric double
layer at the solid/liquid interface. The standard electrokinetic model [2,3], especially based on its
mean field approximation, where the ions are treated as charged hard spheres and the solvent
as a dielectric continuum is often used to describe these systems. However, this theory is not
accurate in strongly coupled systems. That is, for systems containing multivalent ions, high ionic
concentration and/or strong surface charge.. A phenomenon known as charge inversion may be
seen in electrokinetic measurements such as electrophoresis in presence of multivalent ions,
where the sign of the electrokinetic potential appears to be opposite to the expected one. The
interpretation of such a result is still controversial. Often it’s explained by specific chemical
adsorption of multivalent counter-ions [4]. However, the pure electrostatic interactions, i.e. the
ion–ion correlations, can cause charge inversion by the strong accumulation of counter-ions in
contact with a charged surface [5]. In the present experimental study the complex electrophoretic
response of a single colloid in monovalent (KCl), divalent (CaCl2) and trivalent (LaCl3) aqueous
solutions is measured. Electrophoretic mobility of a single particle vs. ionic strength and ion
valency are obtained.
24
Mobility - [m2/Vs] 10-8

T (K) at 1.0 kHz

The glassy dynamics of ultra-thin (≥ 5 nm) layers of polystyrene (PS) is studied by means of
Broadband Dielectric Spectroscopy (BDS) and vis-Ellipsometry under identical and well
controlled conditions for a wide range of molecular weights (58.9 kg/mol - 8090 kg/mol). This
revisits a controversial discussion raised 15 years ago by Keddy and Jones, who found
pronounced changes of the glass transition temperature Tg in thin PS layers in their ellipsometric
studies. Since that time numerous investigations focussed on this effect which is supposed to be
caused by geometrical confinement. Instead of unravelling its origin the results are contradictory
as some studies do not observe confinement effects at all while others do definitely and even the
used method seemed to affect the particular finding. Knowing about the strong impact of the
sample preparation the present investigation emphasizes the identical preparation procedures in
both applied methods and the
coincidence of the results.
406
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Tg, no change of the mean
404
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398
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0
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4 K while the experimental
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error is as big as ± 2 K.
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2.2 Molecular weight dependence of the glassy dynamics of thin
polystyrene layers
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Fig. 1: Electrophoretic mobility and Phase vs. ionic strength as indicated respectively for the identical negatively charged PS
colloid (diameter: 2.23 μm), within a channel of length l = 8 mm. Laser power 0.2 W. The lines represent the Standard
Electrokinetic Model (dashed line represent predictions for monovalent ions, solid line for divalent ions and dotted line for trivalent
ions).
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2.18 Interaction forces between a single pair of blank Silica surfaces as
measured by Optical Tweezers

2.3 Real and apparent changes in the glassy dynamics of thin polymer layers theoretical considerations
M. Tress, A. Serghei* and F. Kremer

T. Stangner, M. M. Elmahdy, C. Gutsche and F. Kremer
Optical Tweezers are an excellent tool to investigate the interaction force between a single pair
of spherical blank SiO2 colloids (diameter ~ 4.85 ± 0.05 μm) with an extraordinary resolution of
± 0.5 pN. The concentration dependence was recorded under different conditions e.g. varying
salt concentration and valancy (see Figure 1). The data are well described by Derjaguin-LandauVerwey-Overbeek (DLVO) theory [3]. The mean results are: i) the potential becomes steep with
increasing the salt concentration (fig. (a)), ii) the effective surface charge decreases with
increasing valancy (inset) and iii) the interaction length λ decreases with increasing salt
concentration and increasing valancy (fig. (b))

Manifold methods like Ellipsometry, Calorimetry and BDS were applied to unravel the mechanisms of
confinement-effects in thin polymer layers. These effects are supposed to rise due to the changes of the
polymer glassy dynamics in the nanometric vicinity of confining interfaces. However, beyond factors that can
lead to real changes in the polymer dynamics, in the case of BDS measurements there are passive effects
which can mimic confinement effects.
To which extent this passive effect contributes to observed changes of the dynamics depends strongly on
parameters describing the heterogeneity of the system. A fairly simple model allows to calculate (equ. 1 and 2
for evaporated and nanostructured electrodes, respectively) some of these dependencies analytically while
further investigation requires numerical analysis.

evaporated aluminum
electrodes
evaporated aluminum
electrodes
sample
thickness
D=d+d

nanostructured electrodes
polymer film
bulk-layer
='vli
+i'' d

highly conductive, ultra-flat
silicon electrodes

insulating
silica spacer



interfacial layers
(altered dynamics)

+i'' d
d/2 ='vli

air gap

=1

da a=

total
thickness
D=d+d+da

Fig. 1: Sketch
of
the
proposed layer
model of a
polymer film in
two accessible
sample
arrangements.

In the frame of the simplest approach (a 2-layer-model with one dead layer) it is shown, that the ratio of
thicknesses of both layers has strong impact on whether a change in the measured relaxation time is observed
or not. This is supported by numerical considerations of more complex model systems. Comparison with
experimental results suggests that in thin polymer films an “interfacial” layer of 1-2 nm thickness (which might
be immobilised polymer segments as well as oxide layers of the electrodes) can explain the observed effects.
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Fig. 1: (a) Force vs. surface – to – surface distance D for a single pair of blank SiO2 colloids (diameter ~
4.85 ± 0.05 μm) in aqueous solution of varying KCl concentration: 4x10-5 M (black squares), 6x10-5 M (green
up-triangles), 10-4 M (blue down-triangles), 2x10-4 M (cyan diamonds), 3x10-4 M (magenta left-triangles), 4x10-4
M (yellow right-triangles), 10-3 M (dark yellow diamonds), 4x10-3 M (navy blue stars). At the end of this circle
the cell was flushed again with c = 4x10-5 M (open red squares) to ensure the full reproducibility of the medium
exchange. The dataset was fitted by DLVO theory [3]. Inset: Valancy dependence of the effective surface
charge as obtained from the fits. The surface charge decreases with increasing valancy (orange bar: KCl, violet
bar: CaCl2, pink bar: LaCl3). (b) The interaction length λ at a certain force of 2 pN in dependence of salt
concentration and valancy (black squares: KCl, red circles: CaCl2, green up-triangles: LaCl3).
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2.4 Impact of a novel preparation method on the glassy dynamics of thin
polymer layers studied by means of Dielectric Spectroscopy
E. U. Mapesa, M. Tress, A. Serghei* and F. Kremer

M. M. Elmahdy, A. Synytska, A. Drechsler, C. Gutsche, P. Uhlmann, M. Stamm and F. Kremer
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Fig. 2: Normalized dielectric loss of PVAc layers on silica
layers (thicknesses varied as indicated) prepared with
evaporated (a) and nanostructured (b) electrodes at 123,9 kHz.
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Forces of interaction within single pairs of poly(2-vinylpyridine) (P2VP) grafted colloids have been
measured by optical tweezers (OT) with an extraordinary resolution of ±0.5 pN [1].
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The impact of a recently developed preparation method on the measured glassy dynamics of thin polymer
layers by means of BDS is investigated for different materials and compared to the results obtained with a
common sample preparation. The new sample arrangement employs highly conductive ultra-flat silicon
wafers as electrodes whereof one acts as support of the polymer layer while the other one is covered with
silica nanostructures as spacers. The latter caps the polymer layer and acts as counter electrode, thus
evaporation (like in common sample arrangement) is avoided and an additional air gap is created. The
glassy dynamics of thin layers of PS
1,0 (b)
1,0 (a)
(≥ 5 nm) were studied in both sample
geometries. No shift of the mean
relaxation time is observed in both
geometries. However, using the
0,5
23 nm
45 nm
0,5
conventionally evaporated electrodes
7 nm
26 nm
leads to an increased broadening of the
5.9 nm
19 nm
relaxation time distribution with
4.8 nm
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0,0
decreasing layer thickness.
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Temperature (K)
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out on PVAc layers of constant
thickness which were spin-coated
Fig. 1: Normalized dielectric loss of thin PS layers prepared
onto silica layers of different
with evaporated (a) and nanostructured (b) electrodes at
thicknesses. These systems model the
0.8 kHz and 1 kHz, respectively.
simplest case of altered dynamics in
an interfacial layer, namely a “dead”
layer (ε’’=const.). In the samples
prepared with evaporated electrodes a
broadening is observed which
depends on the ratio of the
thicknesses of both layers while
samples prepared with nanostructured
electrodes do not show a broadening
in the same range of thickness ratios.

2.17 Forces of Interaction between Poly(2-vinylpyridine) Brushes As
Measured by Optical Tweezers
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Fig 1: (a) Forces vs. separation D as measured for a single pair of P2VP-grafted colloids in media of varying
pH: 2 (full squares), 2.5 (full circles), 3 (full up-triangles), 3.5 (full down-triangles), 4 (full diamond), 4.3 (full lefttriangles), 4.6 (full right-triangles), 5 (full hexagon) and 5.5 (full stars) at 10-3 M KCl. To ensure full
reproducibility of the exchange of the medium the sample cell was flushed again with 10-3 M at pH 2 (open
squares) at the end of a measurement cycle. The solid lines represent the fits to the experimental data with
Jusufi model. Inset: brush height L vs. pH at 10-3 M KCl obtained from analyzing the data using Jususfi model
(full circles). The line of slope 0.24 indicates theoretical scaling law predictions for comparison. Right:
Schematic illustration of the P2VP conformations with increasing and decreasing pH values. (b) At pH < 4 the
P2VP chains are stretched away from the surface forming a brush-like conformation. (c) At pH > 4 the P2VP
segments adsorb strongly to the underlying surface in a “pancake”-like conformation.

Parameters to be varied are the concentration and type of salt (KCl, CaCl2, and LaCl3) of the
surrounding medium as well as its pH. The observed force-distance relation is quantitatively
described by the Jusufi model [2] for spherical polyelectrolyte brushes which takes into account
the entropic effect of the counterions and enables one to estimate the ionic concentration inside
the brush. The transition from an osmotic to the salted brush regime is analysed in detail. For the
scaling of the brush height a power law is found having an exponent of 0.24±0.01 which ranges
between the values expected for spherical and planar brushes. At pH 4 a strong transition from
a brush to a pancake conformation takes place.
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2.16 Forces between Blank Surfaces As Measured by the Colloidal
Probe Technique and by Optical Tweezers – A Comparison

2.5 Signatures in charge transport and glassy dynamics of molecular
liquids

M. M. Elmahdy, A. Drechsler, C. Gutsche, A. Synytska, P. Uhlmann, M. Stamm and F. Kremer
The well established AFM-based Colloidal Probe Technique (CPT) and Optical Tweezers (OT)
are combined to measure the interaction forces between blank SiO2 surfaces in aqueous ionic
solutions (CaCl2) of varying concentration at pH 7 [1].
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Fig. 1: (a) Scheme of the experimental set-up of the CPT. (b) Scheme of the experimental setup of the OT
technique. (c) Combined CPT and OT measurements: Interaction energy E vs. separation D between a blank
SiO2 colloid and a blank SiO2 surface (CPT: open symbols) and two SiO2 colloids (OT: full symbols) in media of
varying CaCl2 concentration at pH 7: 4×10-5 M (squares), 10-4 M (circles), 2×10-4 M (up-triangles), 4×10-4 M
(rhombus), 10-3 M (hexagon). All colloids (diameter~4.63±0.05 µm) were taken from the same batch. The lines
are fits based on the DLVO equation. Inset: CaCl2 concentration dependence of the effective surface charge
density  as obtained from the fits.

Spherical colloids (SiO2, diameter ~ 4.63±0.05 μm) taken out of the same batch are used by both
methods. In case of CPT – a single colloid is glued to a cantilever and the interaction forces with
a plain SiO2 surface are determined in dependence on the concentration of the surrounding
medium. For the OT studies two colloids (one fixed to a micropipette by capillary action, the other
held with the optical trap) are approached to each other in nm-steps and the resulting forces are
measured for the same media as in the CPT experiment. Both techniques fit well to each other
-5
and enable one to cover interaction energies ranging from 10 to 1 mN/m. The experimental data
are well described by the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [2] revealing that
the effective surface charge density changes slightly with concentration.
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Charge transport and glassy dynamics in a variety of amorphous materials are investigated by
1
Broadband Dielectric Spectroscopy (BDS) . Despite the apparently similar Vogel – Fulcher –
Tammann – type thermal activation of the characteristic quantities (structural -relaxation rate,
diffusion rate and dc conductivity [Fig.1a]) significant differences are revealed by applying a
1,2
model free derivative technique [Fig.1b]. A detailed analysis of the dielectric strength and its
temperature dependence shows distinct characteristics caused by the differences in the type of
molecular interactions involved in the materials studied.

log  (s-1)

(a)

T. Schubert, J. R. Sangoro, C. Iacob and F. Kremer

4,8

Fig. 1: (a) Temperature dependence of the dc conductivity as well as the activation plot of the structural 
relaxation for Glycerol. Inset: structural formula for Glycerol. (b) Experimentally determined difference quotients
of the dc conductivity ((-(log(0))/(1/T))-1/2 vs 1000 / T; two VFT-fits are applied) and the structural 
relaxation ((-(log( ))/(1/T))-1/2 vs 1000 / T with one VFT-fit).
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Rotational and translational diffusion in ionic liquids

C. Gutsche, O. Ueberschär, M.M. Elmahdy, G. Dominguez-Espinosa and F. Kremer
Common position detection methods in video microscopy typically produce significant artefacts
when two or more colloids under observation are in close proximity to each other. In the paper [1]
we present a new technique (Fig. 1) which is not subject to such artefacts up to a spatial
experimental uncertainty and thus
resolution of 2 nm, the latter being the
20
lower limit of the used optical tweezers setup.
(b)
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Fig. 1. (a) Example of an obtained video image of
polystyrene beads in the described experimental
situa-tion. The left-hand colloid is held by the tip of a
micropipette whereas the right-hand one is trapped by
0
the photonic potential. The effects of the superposition
of the corresponding diffraction patterns as the cause for 20
the deformation of the outer dark diffuse ring are
apparent for distance-diameter ratios of r/d <1.4. The
yellow dotted circle indicates the area of deformation
while the green small dotted circles adumbrate the
0
(hypothetical) spherical diffraction patterns of the
0
5
10
15
20
single colloids.
The cyan and red lines illustrate the fitting framework for the measured step width [nm] position
detection. (b) (top) Obtained step width of the colloid fixed to the pipette which was moved by the piezo stage
in 10 nm steps versus the distance between the two colloids. The step width was measured by means of the
discussed edge detection algorithm. The black spheres represent a measurement on polystyrene beads with a
diameter of 2.24 µm whereas the green spheres correspond to an experiment with silica beads having a
diameter of 2.04 µm. The red error bar indicates the position uncertainty of the piezo stage. (bottom)
Distribution of the measured step widths. The upper histogram shows the distribu-tion for polystyrene beads
(black bars) while the lower histogram was obtained for silica beads (green bars). The red lines indicate the
respective Gauss fits.
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2.15. A novel position determination technique for polystyrene and
silica colloids using video microscopy

number

J. R. Sangoro, C. Iacob, and F. Kremer
Charge transport and glassy dynamics of a variety of glass-forming ionic liquids (ILs) are
investigated in a wide frequency and temperature range by means of Broadband Dielectric
Spectroscopy (BDS), Pulsed Field Gradient Nuclear Magnetic Resonance (PFG NMR), AC
Calorimetry, Differential Scanning Calorimetry and Rheology. The dielectric spectra are
dominated – on the low-frequency side – by electrode polarization effects while, for higher
frequencies, charge transport in a disordered matrix is the underlying physical mechanism. While
the absolute values of dc conductivity and the characteristic charge transport rate vary over more
than 11 decades with temperature, pressure and upon systematic structural variation of the ILs, a
universal plot of the transport parameters is obtained (Fig. 1 (a)). This is discussed within the
framework of the concept of dynamic glass transition driven hopping traced back to Einstein,
Einstein-Smoluchowski, and Maxwell relations. A novel approach is applied to extract diffusion
coefficients from BDS spectra in quantitative agreement with PFG NMR values but in a much
broader range. It becomes possible to extract from the dielectric spectra separately the number
density and the mobilities of the charge carriers and the type of their thermal activation (Fig. 1
(b)). It is shown that the observed Vogel-Fulcher-Tammann (VFT) dependence of the dc
conductivity can be traced back to a similar temperature dependence of the mobility while for the
number density an Arrhenius-type thermal
activation is found.

step width [nm]

2.6

Fig. 1: (a) The dc conductivity, σ0, versus the characteristic frequency, ωc, for different liquids as indicated. The
data for all ionic liquids are obtained from dielectric measurements at ambient pressure except for the HMIM Cl
for which the transport quantities are also measured at different pressures as indicated. This plot
experimentally demonstrates the universality of charge transport in ionic liquids. (b) Diffusion coefficient
determined by the novel approach involving application of the Einstein-Smolukowski equation to dielectric
spectra compared to diffusion coefficients measured by PFGNMR (blue colour) for two ionic liquids: BMIM BF4
and MMIM Me2PO4 [1]. Inset: effective number density of charge carriers as a function of inverse temperature
(the respective activation energies are as indicated). The error bars are comparable to the size of the symbols,
if not specified otherwise. Log is used to refer to logarithm to base 10.
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2.14 Infrared transition moment orientational analysis (IR-TMOA)
W. Kossack, P. Papadopoulos, F. Kremer

2.7 Charge transport and dipolar relaxations in hyper-branched
polymers
J. R. Sangoro, G. Turky, and F. Kremer

A novel spectroscopic method is developed for unravelling the mean orientation and molecular
order parameter in any IR-transparent or translucent material. Combining the variation of
inclination and polarization of the incoming electromagnetic wave the electric field can be chosen
nearly arbitrarily. Taking advantage of the specificity of the IR spectral range, the directional
dependence of the absorption coefficient provides detailed information concerning the directional
distributions of the molecular moieties of the sample under study [1]. Furthermore a theory was
developed, that takes into account the special properties of polymer films in the near infrared
region and corrects for scattering and reflection [2]. Based on numerical solutions of Maxwell's
equations the (three-dimensional) complex refractive index tensor can be determined for nonscattering samples [3].

(a)

(c)

Broadband Dielectric Spectroscopy, Pulsed Field Gradient Nuclear Magnetic Resonance (PFG
NMR) and differential scanning calorimetry are combined to study charge transport and
dipolar relaxations in novel hyper-branched polyamide amines (1-3). The dielectric spectra is
dominated by conductivity contributions at higher temperatures (masking out the structural relaxation process)- whereas two secondary dipolar relaxation processes are observed at lower
temperatures for the two samples investigated (Fig. 1). Based on Einstein and EinsteinSmoluchowski relations the diffusion coefficient is extracted from the dielectric spectra – in
quantitative agreement with independent PFG NMR measurements. It exhibits a VogelFulcher-Tammann–temperature dependence, while the effective number density of the charge
carriers varies only weakly with temperature. Charge transport and structural -relaxation are
found to be characterized by a decoupling index of ~7 for the hyper-branched polymers
studied.
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Fig. 1: (a) Measurement principle used for the IR TMOA technique. The electric field vector of the IR beam
(green) can be rotated with a polariser, while the sample can be tilted. This way the electric field can have any
direction. (b) Geometry of the shear measurement with definition of the shear angle Φ; The sample is indicated
as the grey rhombus. (c) and (d) Application of IR-TMOA to a smectic liquid crystalline elastomer, (c)
Normalized absorption coefficients are shown for three perpendicular directions. Since they are proportional to
the quadratic averaged probabilities to find a molecule in that direction, it can be seen, that the sample is
nearly uniaxial at the beginning but evolves with shear to a biaxial configuration before it returns to uniaxiality.
The corresponding biaxiality parameter, which records the difference of the two minor absorption axes, is
shown in (d).
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Fig. 1: Imaginary part of the complex dielectric function versus frequency at different temperatures illustrating
the secondary relaxation processes in the hyper-branched polyamide amine (see inset).
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2.13 Electromechanical properties of smectic C* liquid crystal
elastomers under shear

2.8
Characteristic hopping lengths and molecular volumes of
imidazolium-based ionic liquids
J. R. Sangoro, C. Iacob, and F. Kremer

P. Papadopoulos and F. Kremer
Liquid crystal elastomers combine the electrical and optical anisotropy of liquid crystals with the
mechanical properties of polymer networks. In smectic C systems, doping with chiral mesogen
induces the formation of domains with permanent electric dipole moment. During the
simultaneous crosslinking and orientation of the mesogen in a uniaxial mechanical field a
polydomain morphology is obtained, where the piezoelectric effects are averaged out. Shear
breaks the symmetry and induces the formation of monodomain structure (Fig. 1a) [1]. The
piezoelectric coefficient reaches its maximum at a certain shear angle that corresponds to the
completion of polydomain to monodomain transformation (Fig. 1b). The complex coefficient
shows a strong dependence on temperature, especially near the smectic to isotropic transition
(Fig.2), but also on the static mechanical stress and frequency [2].

(a)

Piezo coefficient d33 / pC N

-1

Translational diffusion in bis(trifluoromethylsulfonyl)imide-based glass-forming ionic liquids (ILs)
is investigated in a wide frequency and temperature range by means of Broadband Dielectric
Spectroscopy (BDS), and Pulsed Field Gradient Nuclear Magnetic Resonance (PFG NMR) [1-3]
as shown in Fig. 1. It is experimentally shown that in the time-scale characterising the cross-over
from sub-diffusive to diffusive ion dynamics, the hopping lengths are of the order of molecular
diameters determined from quantum-chemical calculations [3]. This provides a direct means –
via Einstein-Smoluchowski relation – to determine diffusion coefficient by BDS over more than 8
decades unambiguously and in quantitative agreement with PFG NMR measurements.
Unprecedented possibilities in the study of charge transport and dynamic glass transition are
thus opened.
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Piezo coefficient d33 / pC N

Fig. 1: (a) Diffusion coefficients determined from
broadband dielectric spectra (open symbols) upon
applying the Einstein-Smoluchowski equation for a series of ionic liquids based on
bis(trifluoromethylsulfonyl)imide anion as well as the diffusion coefficient measured by PFG NMR (filled
symbols) versus inverse temperature. Inset: the effective number density of charge carriers as a function of
inverse temperature. (b) The experimentally obtained hopping lengths (upon combining PFG NMR and BDS)
versus the sum of molecular volumes of anions and cations obtained from quantum chemical calculations for
the different ionic liquids based on the same bis(trifluoromethylsulfonyl)imide anion. The calculations are
carried out in the temperature ranges spanned by both techniques. The mobility at two selected temperatures
are also compared to the computed volumes.

-1

Fig. 1. Shear dependence of the piezoelectric coefficient. (a) The polydomain morphology is converted to
monodomain after shearing. (b) In all three independent measurements (three different samples) a clear
maximum around 15-20° is observed coinciding with the completion of polydomain to monodomain morphology
conversion [1]. The measurements were carried out at 40 °C, 100 Hz, static strain of 0.04 and static stress=0.5
MPa.
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Fig. 2. Dependence of the piezoelectric coefficient on temperature. The strain amplitude is 0.04, shear angle
22°, f=100 Hz. The static stress is ~ 0.10 MPa, in the regime where the piezoelectric coefficient is not affected
by stress. A sharp drop during the smectic to isotropic transition is observed.
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2.12 Spider silk: A soft solid with a unidirectional phononic band gap

2.9 Charge transport and diffusion of ionic liquids in nanoporous silica
membranes

P. Papadopoulos and F. Kremer
C. Iacob, J. R. Sangoro and F. Kremer,
Charge transport in 1-hexyl-3-methylimidazolium hexafluorophosphate ionic liquid in oxidized
nanoporous silicon membranes – prepared by electrochemical etching of (100) p-type silicon- is
investigated in a wide frequency and temperature range by a combination of Broadband
Dielectric Spectroscopy(BDS) and Pulsed Field Gradient Nuclear Magnetic Resonance (PFG
NMR). By applying the Einstein-Smoluchowski relation to the dielectric spectra, diffusion
coefficient is obtained in quantitative agreement with independent PFG NMR measurements
(Fig.1). More than 10-fold systematic decrease in the diffusion coefficient from the bulk value is
observed in silica nanopores. This is explained within the framework of a model taking into
account a decreased mobility at the interface of the pore and the nanoporous membrane due to
the ability of the hydrogen-bonded ionic liquid to attach to SiO2 surfaces. By that, it becomes
possible to probe the size of the adsorption layer and its temperature dependence. This has
direct technological implications to the use of ionic liquids in fuel cells and nanobatteries.

-10

Fig.1. BLS spectra and experimental dispersion diagram of the native spider dragline silk along two symmetry
directions. (a) BLS spectra at q//=0.0167 nm-1 (in blue) with two peaks (1 and 2) along the fiber and at
q=0.0365 nm-1 (in red) with one peak (1') normal to the fiber axis. (b) Dispersion relations for modes (1) and
(2) (●) and mode (1') (●) representing elastic wave propagation parallel and normal to the fiber, respectively.
The two dashed lines indicate the effective medium sound velocities in the two directions whereas the hatched
area denotes the unidirectional stop band.
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The superior properties of spider dragline silk, compared to synthetic polymers with similar
chemical structure, such as polyamides, are due to the hierarchical nanostructure that is created
in the spinning duct. Here we employ spontaneous Brillouin light scattering (BLS), a unique nondestructive and non-contact optical technique to probe propagation of thermally excited acoustic
waves (phonons) at hypersonic frequencies (and hence wavelengths at the sub-micrometer
length scale) in microstructures along different symmetry directions [1]. An unsuspected
unidirectional phononic band gap is observed along the fiber axis (Fig. 1). At low wavevector
values the dispersion diagram shows an acoustic behavior. The difference between the parallel
and perpendicular directions is due to the high orientation of the protein along the fiber axis. At
higher wavevector q in the parallel direction a stop band is observed, for the first time in
biological structures [2]. Unlike periodic structures, such as colloidal crystals, it is not a Braggtype band gap, since the nanocrystals do not form a periodic superstructure.
In order to investigate possible relations between the supramolecular structure and the
observed unidirectional gap, we study fibers with decreased or increased pre-strain, created by
supercontracting or stretching, respectively. The reduced pre-strain increases the contrast Z
between nanocrystals and the interconnecting amorphous chains and, therefore, between
domains of higher and lower crystallinity. Stretching has the opposite effect, increasing
mechanical anisotropy.
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2.10 Charge transport and dipolar relaxations in Imidazolium-based
Ionic Liquids

Roxana Ene, Periklis Papadopoulos, Friedrich Kremer

Charge transport and dipolar relaxations in a series of imidazolium-based ionic liquids are
studied by means of broadband dielectric spectroscopy. Despite the shift of more than 5 decades
in the dielectric spectra upon systematic variation of the anion, scaling with respect to the dc
conductivities and the characteristic rates yields a collapsing plot. The dielectric spectra are
described at higher frequencies in terms of dipolar relaxations whereas hopping conduction in a
random spatially varying energy landscape is quantitatively shown to dominate the spectra at
lower frequencies. The β-relaxations observed for both the precursor and the ionic liquids are
assigned to librational motion of the imidazolium ring. The corresponding dielectric strength
exhibits a strong dependence on the anion.
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Fig.1: Temperature dependence of the structural α-relaxation rates of 1-hexyl-2-methylimidazole and the
characteristic rates of charge transport as well as β- relaxations for the different ionic liquids. Inset: dc
conductivity σ0 as a function of inverse temperature ([HMIM][BF4] (open squares), Tg= 187 K; [HMIM][Br] (open
circles), Tg= 216 K; [HMIM][Cl] (open triangles), Tg= 220 K; [HMIM][I] (inverted open triangles), Tg=208 K;
[HMIM][PF6] (open pentagons), Tg=194 K; 1-hexyl-2-methylimidazole (open stars), Tg =166 K). The error bars
are smaller than the size of the symbols, if not specified otherwise. The experimentally determined values of
calorimetric glass transition temperature Tg indicated by open symbols with vertical line.
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Combined time-resolved mechanical and polarized Fourier-transform infrared measurements
allow us to determine the interconnection of the nanocrystal and amorphous phases in major
ampullate spider silk in the native and supercontracted states [1]. Crystal stress can be
measured from the frequency shift of main-chain vibrations (Fig. 1a) [2]. In native silk the crystal
stress is proportional to the external stress, regardless of strain, suggesting that a serial
arrangement between the crystalline and amorphous phase dominates the nanostructure.
However, supercontracted silk shows a different behavior. At low strain, before being stretched to
a threshold of ~ 0.2 GPa, the ratio of crystal to external stress is higher. At higher strain is
irreversibly reduced to a value similar to native. These observations suggest that a hydrogenbonded network is formed in the amorphous phase, due to release of pre-stress and hydrophobic
effects. A three-component combined model of crystals in serial arrangement with amorphous
chains and a fraction of chains bypassing them can describe all states of spider silk, assuming
hydrogen bonding of worm-like chains at low pre-strain (Fig 1a)-inlet) [3].
The understanding of the role of water in the formation of the hydrogen-bonded network in the
supercontracted state is essential in the effort of relating the mechanical properties to the
nanostructure. For this reason, water permeability of dragline silk is studied by measuring
changes in amide deuteration (Fig.1b) [4]. The results show that the chemical exchange of amide
hydrogen occurs in a large fraction of amino acids, including -sheeted alanine residues,
suggesting that also the crystalline regions are accessible to water. It is noteworthy that
hydrogen at highly oriented moieties are most easily exchanged.
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2.11 Hierarchies in the structural organization of spider silk- A
quantitative combined model

Ea2 > Ea1

-1
-2

1,5
1,0
0,5

-3
-4

a)

0,0

0,2

0,4

0,6

0,8

stress (GPa)

1,0

1,2

1,4

0,0
4000

b)

3000

2000

1000

wavenumber ( cm-1)

Fig.1a) Crystal stress as a function of external stress. Inlet-combined structural model of organization in native
and supercontracted spider silk. b) IR absorption spectrum of major
ampullate silk from Nephila edulis in native state (black curve) and supercontracted state ( D2O-red curve). The
spectral region between 2750 and 2250 cm-1 contains the ND bands resulted from the exchange of hydrogen
with deuterium.
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