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Abstract—Broadband Dielectric Spectroscopy as one of the major tools in molecular
physics, benefits from the extraordinary advantage that its sensitivity increases with
decreasing thickness of a sample capacitor and hence with a decreasing amount of sample
material. This enables one, for instance, to carry out broadband spectroscopic measurements
on quasi-isolated polymer coils in nano-structured capacitor arrangements having thicknesses
as small as 10 nm. It is demonstrated that for polymers like atactic polystyrene (PS) or poly-
2-vinyl-pyridine (P2VP), the dynamic glass transition can be measured for (averaged) sample
thickness as small as ~ 2 nm in a wide spectral range (10 mHz to 10 MHz) and temperature
interval (150 K to 350 K). No shift of the mean relaxation rate and no broadening of the
relaxation time distribution function are found compared to the bulk liquid. Electrode
polarization is a ubiquitous phenomenon that takes place at the interface between a metal
and an ionic conductor. A quantitative theory is presented, which enables one to deduce from
its characteristic frequency, temperature and concentration dependencies — by use of a novel
formula - the bulk conductivity of the ion conducting liquid under study. It is shown that the
electrical relaxation processes take place within a nanometric layer at the (ionic
conductor/metal) interface.

I. INTRODUCTION

Broadband Dielectric Spectroscopy (BDS) is besides Nuclear Magnetic Resonance
(NMR) spectroscopy the experimental tool to study molecular dynamics in a broad
frequency (10° Hz to 10 "' Hz) and temperature range [1-6]. It has the additional
advantage that the sensitivity of the measurements increases with decreasing separation
of the electrodes and hence with decreasing amount of sample material. Using nano-
structured electrode arrangements, the ultimate goal of measuring the dynamics of single
molecules or isolated molecular assemblies becomes feasible [7]. This offers exciting
perspectives for sensor applications and for bio-physics.
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II. NANO-STRUCTURED ELECTRODES

A. Experiments with nano-structured electrode arrangements

To perform a dielectric measurement, a sample is usually placed between two metallic
electrodes. For um thick layers of low molecular weight or polymeric samples,
conventionally either appropriate spacers or evaporated electrodes are used (Fig.1a). This
may not be possible for samples having thicknesses of 5 nm or below because of the
increasing probability to obtain electrical shorts. Using nano-structured electrode
arrangements (Fig.1b) this difficulty can be circumvented and the uncertain impact of the
evaporation of a metal on soft material like thin polymer layers can be avoided [8,9].

As electrodes, ultra-flat and highly doped silicon wafers separated by a regular matrix
of insulating nano-structures (root-mean-square roughness of 0.3 nm on a micrometer
lateral scale, resistivity of 0.003 Qcm) are employed [7]. The latter are produced by
thermal oxidation and standard optical lithography on the surface of one of the electrodes
(microFAB Bremen GmbH). Its height can be adjusted between 100 nm to 1500 nm. On
the counter-electrode, a thin polymer layer is deposited by spin coating. Depending on
the polymer concentration in the solvent and on the spin-coating parameters, layer
thicknesses ranging from a few to several hundred nanometres are easily realized.
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Fig. 1. (a) Scheme of the conventional sample geometry where thin metal layers are evaporated as electrodes.
(b) Sketch of the novel arrangement of nano-structured electrodes based on highly doped silicon. As insulating
spacers, nanopillars made of SiO, having a height ranging between 100 nm to 1500 nm, are attached to the
upper electrode.

Focusing on the field of dynamics in thin polymer layers, there is an on-going
controversy, raised by the early Ellipsometry measurements of Keddie and Jones [10]
about shifts of the glass transition temperature with decreasing thickness. Investigation
by means of BDS provides - in addition to its advantage of increased signal intensity
with decreasing sample size - the benefit of measuring a microscopic quantity, namely
molecular fluctuations, rather than macroscopic quantities measured by Ellipsometry or
Calorimetry. Furthermore, this method allows tracing the dynamic glass transition (o-
relaxation) in a wide frequency and temperature range.

Fig. 2 presents measurements of the o-relaxation of thin layers of polystyrene (PS)
prepared in both conventional and novel sample arrangements. Both approaches show
that the a-relaxation peak is not shifted with decreasing layer thickness. Furthermore, the
samples prepared with conventionally evaporated aluminum electrodes show a gradual
increase of the maximum of the net dielectric loss ¢, in the thinnest layers (Fig. 2a)
and an extended broadening with decreasing layer thickness (Fig. 2b). In contrast, when
nano-structured silicon electrodes are applied, the maximum of the net dielectric loss
&' e decreases with decreasing layer thickness. This is expected when the amount of
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sample material in the capacitor is reduced (Fig. 2c). Rescaling with respect to the
maxima of the curves shows no broadening even for the thinnest layers as thick as 4.8
nm (Fig. 2d).
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Fig. 2. Temperature dependence of the net dielectric loss ¢ "', of polystyrene layers measured at a frequency of
1 kHz and prepared with conventionally evaporated electrodes (a) and measured at a frequency of 0.8 kHz in a
novel approach using nano-structured silicon wafers (b). The graphs (c) and (d) show the corresponding plots
rescaled with respect to the maximum loss value. The layer thickness varies as indicated

The measured net imaginary part &’ ',,. is different for the two sample geometries
used. This can be immediately comprehended within a layer model that treats the
contributing layers as a serial arrangement of capacitances [9].

The model is based on the summation of N serial capacitances C, as follows

L ii )
Ctotal n=l1 Cn

and the geometrical definition of the capacitance C

« A
C=¢c¢g,— 2
0 2)

where ¢* = ¢’ - i¢’’ is the complex dielectric function, ¢, represents the permittivity of the
vacuum, and 4 and d are the area and thickness of the capacitor, respectively. For an
identical area of all contributing capacitors, the net dielectric function &*,; of the whole

arrangement is
D Ld,
— = (3)
& =1 € ,

with the total sample thickness D, the complex dielectric function of the n™ layer &*, and
the corresponding thickness d,. This allows a direct calculation of the expected dielectric
signature of a layered sample if the single components are known. However, due to the

net
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fact that complex quantities are reciprocally added up, unexpected effects like shifts or
broadening of relaxation peaks in the net dielectric loss can appear and hence a detailed
analysis is necessary.
In a first approach, we only consider the gap that is created due to the use of spacers in
the nanostuctured electrode arrangement and the net dielectric function becomes
D _drs s e @)

3 net 3 PS 3 gap
Since this gap is typically filled with a gas, for example nitrogen in our BDS
measurements, the complex dielectric function of this component is e*,, = 1. Given a
filling ratio below 10% and very low losses, like in the case of polystyrene, the thickness
of the total arrangement D can be roughly determined using the capacitance as well as the
lateral dimensions of the sample and setting ¢ to one. The thickness of the polymer layer
dps 1s determined by AFM after the BDS measurement; hence, the thickness of the gap
yields

dy,, =D—dp (5)

Theoretically, it is possible to eliminate the effects due to the air gap. However, due to
the fact that the amount of polymer inside the sample capacitor is much smaller
compared to the empty space, the removal of the contribution from the latter is marred by
large uncertainty.

It is more convenient to describe the layers involved by existing model functions. The
complex dielectric function of polymers such as polystyrene can be described by the
Havriliak-Negami function [11]

" Ag
Eyy =€, + (6)

o ¥
(1+(ZO)’CHN )B)
with the dielectric strength Ag, permittivity of the unrelaxed material €., the parameters
for symmetric and asymmetric broadening B and vy, the relaxation time tyy and the
angular frequency of the external electrical field w=2nf. The temperature dependence of
the relaxation time can be modeled by a Vogel-Fulcher-Tammann equation.
Fig. 3 shows schemes of the layer arrangements that were adopted to model both the
conventional (a) and the novel (b) sample geometry. In the conventional approach with
evaporated electrodes, a bulk-like polymer layer and oxide layers of the metal electrodes
are considered. The oxide layers (alumina in this case) are assumed to have identical
dielectric properties. Thus, they can be mathematically treated as a single layer of double
thickness in the total sample arrangement
D _dy , Luo ™

nee € ps € a0,

&

Similarly, the arrangement prepared by nano-structured silica electrodes including an
additional gap of empty space can be described as follows
D — d*PS + aLSiOZ + {gap (8)
Eps €50, €

k3

&

net gap
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Fig. 3. Schemes of the adopted layer models for the conventional (a) and the novel (b) approach of sample
preparation

If the properties, in particular the thicknesses and the complex dielectric functions, of

all contributing layers including the polymer are known, the net dielectric function of the
whole sample arrangement can be calculated and compared with the experimental data.
While the thicknesses of the oxide layers are well known (1-2 nm for silica [12] and 2-3
nm for aluminum [13]) the corresponding dielectric functions of such thin layers are
unknown. Additionally, in the case of aluminum even bulk samples show a large
variation especially in their dielectric loss spectra, depending on the particular type and
amount of impurities [14]. For this analysis, values & yming = 9.6, € wjumina = 0.03  best
describe our experimental results in the studied temperature range. The dielectric
function of the silica layer is taken from the measurement of a 200-nm thick sample of
evaporated silica (¢ e = 9.6, € sitica = 0.001).
Thus, considering the oxide layers of the electrodes allows a further, more detailed
simulation of the net dielectric function of the investigated sample arrangements. As seen
in Fig. 4, the same features as observed in the experiment (Fig. 2) are recovered, at least
qualitatively. This indicates that the presence of oxide layers has an impact on the
measured curves and needs to be considered in the analysis.
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Fig. 4. Calculation of the expected net dielectric functions for polystyrene layers of different thicknesses in the
two applied geometries with conventionally evaporated aluminum electrodes (a) and nano-structured silicon
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electrodes (c). The calculations are based on a layer model as described in the text. The graphs (b) and (d)
present the corresponding normalized curves and labels indicating the thicknesses of the respective polystyrene
layers

To show that there is indeed no shift of the glassy dynamics with decreasing layer
thickness (which is the gist of our results), identical material was prepared in a similar
way on silicon wafers for measurements by means of spectroscopic vis- Ellipsometry.
Fig. 5 (a) shows the temperature dependence of the measured layer thickness normalized
with respect to the initial thickness. In all studied samples ranging from 17 nm to 224
nm, a kink occurs which indicates the calorimetric glass transition. Its position is the
ellipsometrically-determined glass transition temperature 7,. In this study the second
derivatives of interpolated curves of d(7), as seen in Fig. 5 (b) were used to determine T,
because a higher accuracy is thereby attained [15]. Within the experimental error of £2 K
no shift of T, is detected down to thicknesses of 17 nm. This finding coincides with the
results of the dielectric measurements presented above.
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Fig. 5. Ellipsometrically determined temperature dependence of the layer thickness of PS layers (initial

thickness as indicated) normalized with respect to the layer thickness at 300 K (a). The second derivative of

these curves served for the determination of the exact position of the discontinuity (b)
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As already mentioned, many earlier experiments report drastic thickness-dependent
shifts of T in thin polystyrene layers [10,16-18] in contradiction to the results presented
in the current article. In contrast, there are now studies that do not find indications for
such dramatic changes in the glassy dynamics [19-21].

To put this controversy into proper perspective, a close look at the preparative
conditions is helpful. It is well known that remaining solvent—even if in very small
amounts—acts as a plasticizer and thus changes the molecular dynamics dramatically.
This can be monitored in thin polymer layers by means of BDS. Typically during the
annealing (keeping the sample for a sufficient long time at elevated temperatures in an
inert atmosphere or vacuum) the measured curves of ¢, and ¢"’,.,, show a pronounced
decrease indicating the extraction of solvent. Subsequently, it is imperative that proper
annealing is performed to obtain reliable and robust results. The particular conditions of
a proper annealing need to be checked carefully; typically, annealing at 50 K above T,
for at least 12 h for thin layers is sufficient. Furthermore, mechanical strains in polymer
layers, created by the spin coating preparation procedure and referred to as meta-stable
“non-equilibrium” states (a glassy system, of course, has no equilibrium state, so the
terms stressed or unrelaxed are more accurate) can be relaxed during such an annealing
procedure.

The idea of keeping the sample in an inert atmosphere or vacuum during the annealing
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has a major impact on the chemical stability of the sample. It is clear that exposing a
polymer sample, especially a thin layer, to high temperatures in the presence of oxygen
leads to chemical degradation. Further, the presence of water vapour can lead to
pronounced mechanical deformations and thus change the intended geometry. Moreover,
dewetting can also happen when the sample is stored in an inert atmosphere, especially in
low molecular weight polymers. This needs to be excluded by a detailed check of the
surface topography.

Modern dielectric spectroscopy faces a special challenge when it comes to
measurement of molecular dynamics in “sub-molecular” layers of polymers or biological
molecules. Obviously, every approach using evaporated electrodes would not make
sense. In Fig. 6 an Atomic-Force-Microscope (AFM) image is displayed for the edge of a
2.5 nm thick layer of the polymer poly-2-vinyl-pyridine (P2VP). It is evident that at this
thickness already quasi-isolated polymer coils are observable.
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Fig. 6. (a) AFM-image of a 2.5 nm thick layer of the polymer Poly-2-Vinyl-Pyridine (P2VP), and (b) height
histograms of the image in (a). It is evident that the electrode surface is not continuously covered

Using nano-structured electrodes having a spacer height of 250 nm, it is straight-
forward to measure the molecular dynamics with sufficient signal to noise ratio (Fig. 7).
Comparing the normalized spectra of the dynamic glass transition in the bulk liquid and
in the “sub-molecular” layer, one finds that neither the position at maximum dielectric
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loss nor the width of the relaxation peak is changed. Thus the fluctuations of the dynamic
glass transition must take place at a length-scale that is considerably smaller than the
averaged layer thickness of 2.5 nm.
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Fig. 7. (a) Normalized dielectric loss €”” versus temperature at different frequencies as indicated for bulk and a
2.5 nm thick layer of Poly-2-Vinyl-Pyridine (P2VP). (b) A comparison showing that the frequency position of
the dynamic glass transition (o-relaxation) is not shifted in the 2.5 nm layer

B. Perspectives for dielectric experiments with nano-structured electrodes

Using nano-structured electrode arrangements in BDS enables one to address a multiple
of novel physical topics. As already shown above, it is possible to measure the molecular
dynamics of submolecular layers of polymers. With refinement of this approach, it will
be possible to study the dynamics of isolated grafted polymers in a wide frequency and
temperature range. Furthermore it is - using modern preparative techniques - possible to
anchor biological macromolecules on surfaces of doped silicon. Thus one can also expect
measurements of the molecular dynamics in proteins and DNA. For sensor applications,
it could be of interest to determine the dielectric properties of immobilized enzymes
interacting with an appropriate partner molecule. For applications of polymer batteries,
charge transport in polyelectrolytes close to solid-state surfaces is of central importance;
this can be studied using nano-structured electrodes as well.
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III. ELECTRODE POLARIZATION

Electrode polarization (EP) is a ubiquitous phenomenon that takes place at the
interface between a metal and an ionic conductor. Till now, a detailed quantitative
description is missing. The general spectral features are presented in Fig. 8 for the
dimethylimidazolium dimethylphosphate (2-MMIM-2MEPO4) ionic liquid [6].

4
fw
(@]
o
0
228 K i
,I"
: -4
—~ ~—~
5 5
%) a
B 5
(@] -8 [e))
o o

0
log f (Hz)

Fig. 8. Complex dielectric function & and complex conductivity " versus frequency at temperatures as
indicated. The spectral range where the spectra are dominated by electrode polarisation depends strongly on

temperature. It is indicated as hatched area
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EP has a special signature in the frequency and temperature dependence of the
complex dielectric function ¢'(=¢-i¢”) and the complex conductivity 6 (=6 +i ¢") (Fig.
9a). It is remarkable that one can collapse all measured spectra into a single chart by
scaling with the critical frequency, fe, corresponding to the attempt-rate to overcome the
highest energy barrier determining the DC conduction (Fig. 9b). This proves that charge
transport and EP follow the same type of thermal activation [6, 22-27].
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Fig. 9. (a) Complex dielectric function &' and the complex conductivity c’’ versus frequency at temperatures
as indicated. The spectral features characterising electrode polarisation are obvious. b) Normalizing the
spectra in a) with respect to the critical frequency . proves that charge transport and electrode polarisation
have the identical thermal activation
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The most distinct spectral features of electrode polarization are illustrated in Fig. 10.
The characteristic frequency above which the bulk properties dominate is denoted by f,.
At this frequency, ¢” (and consequently, &' ) begins to increase with decreasing
frequency and reaches a peak at f},,,. Both show remarkable dependence on material of
the electrode as well as length of the sample. Upon systematic variation of various
parameters (such as length of the sample, electric field strength, concentration of the
sample, material of the electrode, and roughness of the electrode) the nature of electrode
polarization is investigated by monitoring the dependence of both f,, and fi,x.

For dielectric measurements (especially, of conducting materials), it is essential to
establish the threshold electric field above which non-linear response is observed (since
higher order effects must be taken into consideration and the usual concept of impedance
has no well-defined meaning for electric fields above this range). This was checked for
all the ionic liquids reported in this study. Unlike the usual dielectric materials for which
non-linearity typically sets in between 10° — 10° V/em (for instance, ~ 3 - 10° V/cm for
hyper-branched polyester), the threshold electric field of about 10 V/cm is observed for
ionic liquids. The applied electric fields for subsequent measurements were always set
below this remarkably low value.

Variation of the length L of the sample cell causes pronounced alterations of the
dielectric response in the low frequency region. Decreasing the sample length shifts the
position of f,, and f,.x to higher frequencies. In contrast to the temperature or
concentration dependence, no scaling with respect to variation of sample length was
found [6, 22]. This implies different scaling laws for f,, and f.x as functions of L.
Indeed, fyax ~ 1/L"""" while f,, ~ 1/L%7*"! as determined from the experimental data.

Another peculiar feature of electrode polarization is the dependence on the material of
the electrodes. This is exemplified in Fig. 11 where the complex conductivity is
presented as a function of frequency for different materials of the electrodes (while
keeping identical temperature, sample geometry, and applied electric field). A
remarkable shift is observed in the spectra attributed to electrode polarization upon
variation of the material of the electrode. This can be qualitatively explained by the
nature of the layers formed at the metal-IL interfaces. The electric double layer is
governed by the electrochemical potential (which depends only on the bulk properties of
the electrolyte and the metal/semiconductor electrode). For the same electrolyte, varying
the material of the electrode is tantamount to changing the electrochemical potential. It is
observed that the more negative the electrode potential the higher the frequency at which
electrode polarization sets in. This is understood by considering the fact that the more
negative the electrochemical potential the easier it is for the metal to donate its electrons
(and consequently, the higher the surface charge density when in contact with
electrolyte). It can be argued that more negative values of the electrochemical potentials
lead to further extension of the electrical double layer into the bulk electrolyte if other
factors are kept constant. Thus, the variation of the material of the electrode can be
pictured as changing of the length of the electrical double layer.

Despite the fact that the Helmholtz and diffuse double layers exhibit some different
characteristics, unambiguous determination of their capacitances from an actual dielectric
experiment is not feasible due to the complex relationships between the potential and
concentration distribution profiles. In addition, adsorption processes modify the
interfacial layer in a non-trivial manner. Due to these facts, we decided to represent the
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entire electrical double layer as a single layer (hereafter referred to as interfacial layer) of
length d; at each of the two electrodes with a separation L. The measured dielectric

function 6‘; = ffm — ig;'n consists of contributions from the bulk as well as interfacial
layer denoted by SZ = 8;7 - i&‘; and é‘j = 8;. - ié‘; respectively, as illustrated in the

scheme shown in Fig. 12. This can be expressed as

L 2dl L-2d,
e & €,

m 1

(€)

where L denotes the length of the sample cell and d; the thickness of the interfacial
region. This equation can be re-written in terms of the real and imaginary parts of the
complex dielectric function given by

"n: y 1( \2 " 2) Aé‘l’)-}—B&‘; (10)
‘ ( " ) (gb) +(€b) +(A£,;+B€;)2+(A€;+Be;)2

and ) )
(A1 ( \2 " 2) Ag, + Be,
fw=(4+1) (8,,) +(8,,) +(Ag,;+Bg;)2+(Ag;+B$;)2 v
2 2
where: 4 :L——2di and B = M Since 8:;, SZ, and L are known

2 2
2, () +(2)
quantities, it remains to determine 8? , and d;. The microscopic approach to electrical

conduction in ionic liquids adopted in this study assumes that the charge carriers hop in a
spatially randomly varying energy landscape deriving from the random network structure
of the disordered system. The process is thermally activated and follows the Boltzmann
distribution. Near the electrodes, the Poisson-Boltzmann equation predicts potential
energy substantially greater than the thermal energy £7. This implies that the hopping
times in the interfacial layer compared to the bulk can be expressed as

1. (interface) ~ exp AE, o1 12)
T (bulk) k,T

The activation energy AE. has a well-defined physical meaning in terms of the
electrochemical potential (a function of the Galvani potential of the electrode and the
electrochemical potential of the electrolyte). It can be demonstrated that
o,(bulk

_ootbull) (13)

o, (interface)
The complex dielectric and conductivity functions can now be calculated based on the
fact that & = igoa)g*. Figures 13 and 14 show comparison of the dielectric spectra

calculated based on the model with the assumption that the interfacial layer has a
thickness of 1 nm. In a wide frequency range covering about 10 orders of magnitude, the
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spectral dependence of the electrode polarization effect (leading to changes by about 6
orders of magnitude in the intensity of the measured dielectric responses) i
quantitatively reproduced. This approach, successful in describing the frequency
dependence of the experimentally obtained dielectric and conductivity spectra in detail,
can be approximated to a simpler form, suitable to treat analytically an important aspect
related to the electrode polarization effects, namely: the scaling relations in respect to the
variation of temperature, concentration, length of the sample cell and material of the
electrodes. Contrary to dilute electrolytes where the double layer thickness is often less
than 1 nm, ionic liquids exhibit unusual characteristics in this respect. In collaboration
with researchers from the University of California and Princeton University, we recently
made direct experimental measurements of the structure and dynamics of ILs at the solid-
liquid interface comparable to the double-layers of electrolyte solutions using Surface
Force Apparatus technique. We found typical lengths between 1-4 nm (much longer than
expected from traditional theories and strongly dependent on the size and molecular
structure of the anion/cation) [28]. The imaginary part of the complex conductivity
exhibits distinct turning points corresponding to f,.x and f,,. From elementary calculus, it
can be demonstrated that

f 1/ (14)
on 80 27 labs

L% 1 24
max ~ '
) 2me ; L
where g,’ and g are the dielectric permittivities of the material in the bulk and at the
interface respectively. The approximation enables one to examine the scaling laws of the

electrode polarization resulting into formulae for f,, and f,,.x in dependence on oy, &/, &/,
L and d;. It is immediately clear that:

and

(15)

1. f . ~f_ ~ 0, consistent with the scaling laws observed experimentally upon
varying the temperature or the concentration of the charge carriers.

2. f ~ 1 while £~ 1 , in quantitative agreement with the measured values and
on \/f 4 ax L

with the experimental observation that the dielectric response does not scale with respect

to the variation of the sample length.

3. f,~y/d,, whilef  ~d., which delivers a qualitative explanation of the

dependence on the material of the electrodes, since varying the material of the electrodes
is expected to change the thickness of the interfacial layers due to changes in the
electrochemical potentials (and the Galvani potentials). Fig. 15 illustrates the picture of
material dependence and a manifestation of the effect of the length of the interfacial
layer. In addition, possible effects arising from adsorption processes on the electrodes
should be considered as well. Furthermore, the experimental observation that the
dielectric response does not scale upon variation of the electrode material is as well
recovered.
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d d
4. f,. is a solution of both —(G;;l) =0 and —(8:;) = 0. This explains the
do do

experimental observation that f,,x occurs at the same frequency position for the two
Jon
max
denotes the static permittivity of the material under study. Using this formula, it becomes
possible to determine the dc conductivity of a material from the spectral features of
electrode polarization as demonstrated in Fig. 16. In cases where the dielectric response
is dominated by electrode polarization, this novel equation can be used to deduce the dc
conductivity. We have recently shown that this expression holds even in the case when
both £, and f,,,x show remarkable dependence on the material of the electrodes used [12].
In detail EP is characterized by the following spectral features (Fig. 10): (i) the mean
hopping time t. = 1/fe which is necessary to overcome the highest energy barrier
determining the DC conductivity o, (ii) the frequency f,, describing the onset of EP and
(iii) the frequency fi,,x describing the full development of EP. Additionally, EP depends
on the metal used as electrode (Fig. 11), but obviously f,, and f,.x do not scale similarly
(inset Fig. 11). The ionic liquids 1-hexyl-3-methyimidazolium hexafluorophosphate
(HMIM PF6) and dimethylimidazolium dimethylphosphate are measured to illustrate
these features.

quantities (see Fig. 10). It is also readily evident that o, = 27€,&, , Where &

HMIM PF6 (264 K, 421 ym cell thickness)
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Fig. 10. The characteristic features of electrode polarisation (EP) show up in the real and imaginary part of the
complex dielectric function & and the complex conductivity c" quite differently: 1.) t.: hopping time, 2.) G:
DC conductivity, 3.) f,,: onset of EP, 4.) slope of —1.86 in ¢" for f < f,;, 5.) fiux: full development of EP, 6.)
slope of 0.1 in &” for f < f,,,,x 7.) change in slope of " for f < f,,,« . An analysis of the complex response of both
quantities £ and " are required to unravel EP
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Fig. 11. The spectral features of electrode polarisation for different electrode materials as indicated. The ionic
liquid under study is 2-MIMM-2MEPO4. In the inset spectra of normalized ¢~ versus the normalized
frequency is shown in order to prove that f,, and f,. do not scale similarly with respect to the material of the
electrode

In order to model EP quantitatively a three-layer model (illustrated in Fig. 12) is
employed with nanometer thin interfacial layers in which the conductivity is reduced by
5 orders of magnitude compared to the bulk.
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interfaces
Fig. 12. Microscopic model of the sample cell with nanometer thick interfacial layers in which the conductivity
oy is strongly reduced compared to the bulk
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Fig. 13. Comparison between experiment and the predictions of the microscopic model
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Fig. 14. Comparison of experimental to model results for HMIM PF6 measured and calculated complex
dielectric permittivity (as well as complex conductivity) of HMIM PF6 versus frequency at 264 K. In addition
to the bulk contribution, interfacial regions of 1 nm thickness are assumed in the calculations, with

7, (interface)  o,(bulk) 10°

7,(bulk) o, (interface) B
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Fig. 15. Calculated complex conductivity of HMIM-PF6 versus frequency at 270 K for different interfacial
layer thicknesses as indicated. In addition to the bulk contribution, it was assumed that

7. (interface) _ o,(bulk) — 10% - Inset: No scaling obtained as experimental observed for
7,(bulk) o, (interface)

different electrode materials.

Working out this model [22] quantitatively enables one to compare it directly with
experimental results (Fig. 13). From the mathematical description of the model, it
follows that the frequencies f,, and f, are related to the DC conductivity o, by:

2
Son
max
Based on this novel formula it is possible to deduce from the spectral features of EP the

conductivity of the bulk ionic liquid. This works well independent of the material of the
metal electrodes as demonstrated in Fig. 14.

(16)

O, = 275,€,
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Fig. 16. The dc-conductivity as measured directly and as determined using the novel formula relating the
spectral features of EP and the dc conductivity, o,.

IV. ConcLusiIoON AND OUTLOOK

Broadband Dielectric Spectroscopy is — besides NMR — spectroscopy — the major tool to
study molecular dynamics. In combination with nano-structured electrode arrangements,
it enables one to reduce the amount of sample material to the nanogram range. With
further refinements, even measurements on the dynamics of single molecules or isolated
molecular compounds become feasible. That would address a multitude of novel topics in
molecular physics. Electrode polarization (EP) plays a huge role in modern technology.
Within the framework of the presented approach it can be described quantitatively. This
offers the chance to unravel in detail the (di)-electric properties of the nanometer thick
layer at the interface between a metal and an ionic conductor.
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