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The dependence of the ionic conductance of ultra-thin polyelectrolyte multilayer (PEM) films on the
temperature and the number of bilayers has been investigated by the recently developed low energy
bombardment induced ion transport (BIIT) method. To this end multilayers of alternating poly(sodium
4-styrene sulfonate) (PSS) and poly(allylamine hydrochloride) (PAH) layers were deposited on a metal
electrode and subsequently bombarded by a low energy potassium ion beam. lons are transported
through the film according to the laws of electro-diffusion towards a grounded backside electrode.
They are neutralized at the interface between the polymer film and the metal electrode. The detected
neutralization current scales linearly with the acceleration potential of the ion beam indicating Ohmic
behavior for the (PAH/PSS), multilayer, where x denotes the number of bilayers. The conductance
exhibits a non-monotonic dependence on the number of bilayers, x. For 2 < x < 8 the conductance
increases non-linearly with the number of bilayers. For x > 8 the conductance decreases with
increasing number of bilayers. The variation of the conductance is rationalized by a model accounting
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for the structure dependence of the conductivity. The thinnest sample for which the conductance has
been measured is the single bilayer reflecting properties dominated by the interface. The activation
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Introduction

Polyelectrolyte multilayers (PEM) synthesized by the layer by
layer (LbL) assembly are tailor-made materials with specific
transport properties." The variation of preparation parameters
like pH-value, salt concentration and temperature can tune
the physical and chemical properties of PEMs.>® The LbL
technique intrinsically allows precise adjustment of the thick-
ness of the film.

Polyelectrolyte multilayers consisting of poly(allylamine
hydrochloride) (PAH) and poly(sodium 4-styrene sulfonate)
(PSS) are promising materials in applications such as catalysis,*
organic thin-film transistors,” vehicles for drug delivery® and
sensors. Sensors have been for example demonstrated which
consist of PEM shells which act as a semi-permeable membrane
and contain encapsulated analyte-sensitive fluorophores for
determination of the analyte concentration using fluorescence
response measurements. This method is applicable for small
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energy for the ion transport is 0.49 eV.

molecules like urea, CO,, ions like sodium, potassium and
chlorine’” and for pH value determination,® i.e. for analytes that
are small enough for being able to diffuse through the PEM
shell. The basis of the sensor function is the transport of the
ions through the PEM shells to the ion-sensitive fluorophores,
i.e. the ion conductivity of the PEM shell. A limited number of
conductivity measurements - mainly based on impedance
spectroscopy - have been reported to date. The nature of the
charge carrier is not automatically clear.

First results investigating the parameters affecting the ion
transport through such PEM shells and films were published
recently.’” Objectives of the investigation were the diffusion
time of ions into the PEM capsules detected by fluorescence
response measurements and the temperature dependent ionic
conductivity of (PAH/PSS);s and (PAH/PSS)(PAH/AuNPs/PSS);5
measured by the low energy bombardment induced ion transport
(BIIT) technique. BIIT is an ideal technique for determining the
ionic conductivity of ultra-thin sensitive films as (PAH/PSS), since
only one electrode at the backside is necessary for conduction
measurements.'®™* A second electrode that would cause the
risk of damaging the fragile sample is not required. As reported
in recent work,'>" BIIT-measurements yield the same results
for the conductance as obtained by impedance spectroscopy.
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BIIT measurements have been carried out on PEM films with and
without integrated Au nanoparticles.” The BIIT results showed
no significant difference in the overall conductance for PEM
films with or without gold nanoparticles (NP), the conductance
values being on the order of 1.0 x 10~° S.° However, details
of the recorded current-voltage relation were different. While
the multilayer without gold nanoparticles exhibited a linear
current-voltage relation with Ohmic behavior over the complete
temperature range, the sample with gold nanoparticles incor-
porated showed more complex, non-linear current-voltage
characteristics.

In the current work we investigate the variation of the
conduction properties as a function of the number of bilayers
in a PEM and the temperature. To this end the conductance of
(PAH/PSS), multilayers ranging from 1 bilayer to 18 bilayers
have been studied. In this work the outermost layer is always a
PSS layer. The investigation sheds new light on the mechanism
of ion conduction in PEM’s. For reasons of completeness
we mention that studies also have been performed on half-
numbered bilayers such that the top most layer can be switched
from PSS to PAH."*

Experimental setup

The (PAH/PSS), multilayer were synthesized using the layer by
layer (LbL) deposition technique (Fig. 1). Therefore, a copper
backside electrode was rinsed with Milli-Q water and sonicated
in acetone for 30 min at room temperature. The rinsed copper
plate was dipped in a hydrogen peroxide solution (Roth) at
373 K for 15 min and then in 7 M HNO; for 1 min in order to
remove the oxide layer. Further rinsing with Milli-Q water,
EtOH and drying under nitrogen stream followed. For functiona-
lization of the copper surface, the copper disc was immersed in
an aqueous solution of 3-mercaptopropionic acid (Sigma-
Aldrich) over night and rinsed again with Milli-Q water. The
negatively charged surface was then dipped into a 0.0317 M
poly(allylamine hydrochloride) solution (PAH, Sigma Aldrich)
with 0.5 M NaCl and a pH = 6.5 for 30 min. The free PAH
was then removed by washing with Milli-Q water. The attached
PAH causes an inversion of the surface charge. The copper
disc was subsequently dipped into a 0.0589 M poly(sodium
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Fig. 1 Schematic representation of the layer by layer assembly of PEMs.
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4-styrenesulfonate) solution (PSS, Sigma-Aldrich) with 0.5 M
NaCl and a pH = 6.5 for another 30 min and rinsed afterwards
with Milli-Q water to remove the free PSS. For generation of
more multilayers, the dipping processes with PAH and PSS
solution and the rinsing with Milli-Q water were repeated until
the final architecture had been reached. The immersion time
was reduced to 10 min for these additional layers. The increased
immersion time for the first layer has been chosen in order to
improve the sticking characteristics.

The experimental setup for the bombardment induced ion
transport experiments is shown schematically in Fig. 2. All
experiments were performed under reduced pressure around
10~ mbar. The spectrometer comprises a rod system on which
the essential components are mounted. These components
contain the ion source (thermionic emitter) and the ion optics
for guiding the ion beam. A conducting metal electrode at
the end of the rod system is used either pure for reference
experiments or with the sample of interest deposited on the
metal surface. The temperature control of the electrode is
realized by a PID-controller (Eurotherm 3216), a Pt-100 and a
heating foil (MINCO) at the backside of the sample. Precise
temperature dependent measurements were carried out in the
range of 333-343 K with a deviation of £0.1 K.

The ion source is a home-made thermionic synthetic leucite
K[AISi,0¢] emitter. The properties of this thermionic ion source
are described elsewhere.">"® The emitter was synthesized by
mixing K,CO;3, Al,O; and SiO, in a ratio 1:1:4. The reactants
were ball milled and then transferred into a corundum tube
and heated to 1273 K. Milling and heating at 1473 K were
repeated for homogenization over a period of 12 h. To guarantee
homogeneous electronic and thermal distribution in the emitter
material molybdenum powder was added in a ratio of 1:4 and
pressed in a stainless steel husk and sintered (under high
vacuum) at 1473 K for another 12 h. Mounting the hull on a
glow plug allows heating during the experiment using heating
currents of up to 4.5 A.

The potassium ions leaving the emitter surface are repelled
by a conical repeller lens Upp,. The voltages applied to this lens
ultimately define the initial kinetic energy of the ions. In the

Ue AL HL1

4711111,

Erl —— v

WITTT !l

A/D
converter

|| electrometer

PC - i
amplifier

Fig. 2 Setup for BIIT experiments with the repeller lens U,e,, the abstraction
lens AL, and five lenses; HL1, HL2 allow adjusting the direction of the ion
beam, lenses L3-L6 are used for refocusing the ion beam ensuring a
homogeneous beam profile.
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current case, we applied voltages between 0.5 V and 5 V
with respect to ground. The ions are accelerated towards the
abstraction lens AL which is kept at a constant voltage of
—469 V. The ion beam is then focused and guided through a
set of five lenses as indicated in Fig. 2. A funnel L6 placed 1 mm
in front of the sample serves both, as focusing device of the ion
beam and as geometrical restriction for the bombarded area
due to the small diameter of the funnel opening (2 mm).
Eventually, the ions hit the surface of the sample and land softly.

The soft landing of the potassium ions and hence the
attachment of them to the sample surface create a finite surface
potential. Once the surface potential reaches the potential
applied at the repeller lens, excess carriers are deflected such
that eventually a homogeneous surface potential is reached.
Due to the grounded backside electrode a potential gradient
arises across the sample. Additionally, the deposition of potassium
ions to the front side of the sample also induces a gradient of
the potassium ion density. Both gradients contribute to the total
ion flux, where the prevailing effect originates from the
potential gradient. In other words, the electro-diffusive flux is
dominated by migration rather than diffusion. The ion trans-
port is detected as a neutralization current Iy at the backside
electrode of the film. The detection of the current is carried out
with a home-made electrometer amplifier directly at the heated
copper electrode. In general, the detected ion current exhibits a
time dependence which is not in the focus of this manuscript.
Here, we focus on the steady-state situations that occurs after
several hours. Such a steady-state situation is reached when the
deposited ionic charge per unit time Ij,p, at the surface
becomes equal with the detect current at the backside electrode,
Iqet- The detected current is A/D converted and processed in a
personal computer. The value of the surface potential depends
on the potential Uy, applied to the ion source. Further details
have been described elsewhere.®

In the following sections the backside current is investigated
as a function of the initial ion kinetic energy, i.e. of the applied
repeller voltage Uy, for (PAH/PSS), multilayers with different
numbers of bilayers x (x from 1 bilayer to 18 bilayers) at 333 K.
In addition, temperature dependent measurements of the PEM
consisting of 12 bilayers (PAH/PSS);, has been carried out.
From the temperature dependence of the conductivity, the
activation energy was derived.

Experimental results and discussion

In order to determine the conductance of (PAH/PSS), as a
function of the number of bilayers, samples from 1 bilayer to
18 bilayers have been bombarded with a spatially homogeneous
potassium ion beam at a constant temperature of 333 K.

The ion current has been detected at the backside electrode
as a function of the repeller voltage where voltages between
0.5V and 5V are applied. The ion current arriving at the sample
position has been detected in a reference experiment where the
sample has been replaced by a copper plate. The reference
current has been chosen > 140 pA during the entire experiments,
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Fig. 3 Current—voltage characteristics for a variation of the number of
bilayers.

sufficiently large to guarantee that the surface potential reaches
the repeller potential everywhere, thus ensuring a homogeneous
surface potential. For the temperature dependent measurement,
a (PAH/PSS);, film has been investigated in a temperature range
from 333 K up to 342 K in order to determine the activation
energy for the ion transport process.

In order to quantify the conductance as a function of the
number of the multilayers we present in Fig. 3 the results of
current-voltage measurements for (PAH/PSS), multilayers with
x=1,2,4,6, 8,10, 12, 14, 16, 18 bilayers. The measurements
were performed at a constant temperature of 333 K. Conduction
characteristics obeying Ohm’s law are observed for each multi-
layer. The conductance G of each sample can be determined
directly from the slope of the current-voltage curves using

eqn (1)

Al det
. 1
AUrep (1)

G=

Physically the current-voltage data all have finite offsets in
current and voltage. The current offset is —15 pA £ 5 pA due to
the electrometer amplifier. Taking into account this current
offset the relevant voltage offset is approximately 1.5 V. This
offset is connected to the electrical contact between the PEM,
the layer of neutralized charge carrier at the backside electrode
and the metal electrode itself. However, it may also contain
contributions from the ion source. In the current work,
we focus on the slope of the current-voltage data, i.e. the
conductance, which is not affected by these offsets. The offset
will be discussed in a forthcoming paper. The data presented
in Fig. 3 show that the current-voltage traces depend charac-
teristically on the number of bilayers x.

The corresponding conductance G is shown in Fig. 4a as a
function of x. Two regimes with different trends are observed.
While the conductance increases non-linearly between 2 and
8 bilayers, a pronounced decrease of the conductance with the
number of bilayers is observed for more than 8 bilayers. All
detected conductance values lie between G = 9.22 x 10~ ** § (for
2 bilayers) and G = 2.97 x 10~ "' S (8 bilayers). In the frame of
the BIIT theory, a purely Ohmic conductor with homogenous
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Fig. 4 Representation of conductance G (a) and the bilayer conductivity
(b) vs. number of bilayer x. The solid line is the result of a model calculation.
For further details see the text.

charge carrier density and homogenous diffusion coefficient
would exhibit a neutralization current according to the relation™®

Uewr -Z2.62-A4-D-
rep e n (2)
L-kg-T

Lo =

where Z is the charge number of the ions, e is the elementary
charge, 4 is the bombarded area, D is the temperature dependent
diffusion constant, n the number of charge carriers inside the
film, L is the thickness of the PEM multilayer (which depends on
the number of bilayer x), kg is the Boltzmann constant and T the
temperature. According to this relation, the conductance should
scale inversely with the thickness of the sample, which is e.g.
observed for ion conducting glasses.'""® The current PEM data
qualitatively follow this characteristics for more than 8 bilayers.
For samples with less than 8 bilayers, however, a different trend
is observed. Here, the conductance increases with the number of
bilayers. Finally, the conductance of a single bilayer is larger than
that for two or four bilayers.

In order to normalize the conductance with respect to the
number of bilayers x, one may define a bilayer conductivity as
given by

G-x

OBL = 1 (3)

Using for A the size of the irradiated area A = 0.0314 cm”, we
find that the bilayer conductivity varies in the range between
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6 x 1077 S m~> (2 bilayers) and 8.5 x 10~> S m ™~ (12 bilayers).
The bilayer conductivity rises exponentially between 2 and
8 bilayers and then levels off, indicating that a bulk situation
is reached (Fig. 4b).

The entire dependence of the bilayer conductivity on the
number of the bilayers may be described in terms of a
sigmoid law

O'BL(X):O’] +# (4)
where 0, and o, essentially define the conductivity of an inter-
face dominated and a bulk dominated film, while a and b are
parameters that define at which number of bilayers and how
steep the exponential variation of the conductivity occurs.

Ultimately, we find good agreement between the experi-
mental results and the model for a = 19000, b = 1.5, o, =
1.11 x 100°S m 2, 6, = 8.59 x 10> S m 2 The conductance
and the bilayer conductivity predicted by these parameters is
given as red lines in Fig. 4. The mere fact of a constant
conductivity implies that the conductance must decrease from
x =1 to x = 2, as shown in Fig. 4a.

Most strikingly, the dependence of the conductance on the
number of bilayers is non-monotonous. Hence, we may state
that we find a fundamental change in the conduction behavior
between 6 and 8 bilayers. Obviously, samples with more than
8 bilayers behave as expected from a normal bulk material, i.e.
the conductance is compatible with a reciprocal variation with
the number of bilayers. Hence, we have to address the question
what is different for a smaller number of bilayers.

According to the literature, (PAH/PSS),-films often show a
variation in their fundamental conduction behavior between
6 and 8 bilayers, even though the preparation conditions as well
as the humidity and hence the exact thickness of the films in
these investigations may vary. For example Tarek et al. reported
a clear inhibition of the ferrocyanite transport for more than
8 bilayers.>® Han et al. reported that cyclic voltammograms
become irreversible for more than 7 or 8 bilayers.>* There have
been different attempts to explain the change of properties for a
certain number of bilayers. Ladam et al. introduced a three
zone model,”” where an approximately 6 bilayers thick zone I is
determined by the vicinity of the substrate. There, the substrate
influences the PEM properties. Zone II represents the bulk of
the sample while the sample in zone III is influenced by the
solution environment. Another model, the so called capillary
membrane model, has been introduced by Silva et al.>*** where
it is assumed that the coverage of the layers is not complete at
the early stage of the multilayer growth process. Uncovered
spots remain through which the transport is favored. The more
layers are added, the less important the spots become. Beyond
about 10 layers, the membranes behave like a homogeneous
material. Beside these two models, it is known that the growth
of PEM multilayers occurs non-homogeneously, ie. the first
layers are thinner than the layers deposited consecutively.'®?>™”
Tarek et al. reported that the first layers contain more small
ions, which in turn probably exhibit a stronger hydration.”® As a
consequence, the permeability of the sample becomes larger.

This journal is © the Owner Societies 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5cp04004c

Open Access Article. Published on 21 September 2015. Downloaded on 7/5/2025 11:23:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

In contrast to most reports in the literature, the samples
presented here are investigated under reduced pressure condi-
tions in a high vacuum setup (p < 10~° mbar). We assume that
under these conditions water is evaporated from the film such
that the film moisture is reduced. It is known that the humidity
of the environment and hence the moisture of the film has a
strong influence on the conductivity of (PAH/PSS),films.>®
A reduction of the humidity from 90% to 10% may decrease
the conductivity by 5 orders of magnitude.>® For the measure-
ments presented here, we assume that an inhomogeneous
growth occurs for the first few deposited layers of PAH/PSS,
which may be triggered by the relatively rough substrate surface
(polished copper). Under these conditions, we expect that water
may very efficiently gas out of the film into the vacuum chamber.
Hence, the corresponding films are in general dry and consequently
show a very low conductance.

For 4 to 8 bilayers, we observe an exponential increase of
the conductance. In this regime the openings or channels
become closed and consequently the loss of water is reduced.
The exponential increase of the conductance in this regime
matches nicely the exponential increase of the conductivity
with increasing moisture.>® For more than 8 monolayers, the
samples are homogeneous and open channels do not exist
anymore such that the water loss from the films is minimized.
Hence, for 8 or more layers, the sample conditions do not
change dramatically anymore and the conductance follows the
expected 1/x behavior.

If one compares the experimental data with the model given
by the red line, we find a very good agreement for all but the
single bilayer. The model calculation predict a minimum in the
conductance at x = 2 in line with the experimental observation.
Yet, the experimentally found conductance for the single
bilayer is higher than predicted. The conductance of the single
bilayer may well be strongly influenced by the close neighbor-
hood to the substrate. Most likely the structural characteristics
of the single bilayer differ from the multi layers. In this case,
the fraction of open channels may be very large such that the
conductance is increased.

|det / p/—\

Urep / V

Fig. 5 Temperature dependent current—voltage characteristics of (PAH/
PSS)1.
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Fig. 5 shows the temperature dependent measurement of a
bulk dominated sample comprising 12 bilayers, (PAH/PSS);,, in
the range of 333-341 K. One observes that with increasing
temperature, the conductance increases as well. Increasing the
temperature by 9 K correlates with rising the conductance
by a factor 1.5 from 2.24 x 107" S to 3.34 x 10™'" S. The
temperature dependent measurement for (PAH/PSS),, result in
bilayer conductivities ranging from 8.55 x 1077 S cm > to
1.276 x 10~° S cm™? within a temperature increase of 9 K.

The temperature dependence of the ionic conductance is
depicted in Fig. 6 as an Arrhenius plot of In(GT) versus 1/7,
where the slope of the linear regression is given by —E,/kg. The
activation energy is derived as E5 = 0.49 eV = 0.04 eV. Silva et al.
reported IS measurements for a (PSS/PAH); multilayer on
gold electrodes leading to a slightly higher activation energy
of E, = 0.61 eV.>*

Previously published data for (PAH/PSS);¢ showed an activa-
tion energy E, = 1.77 eV for potassium ion transport through
PEM. The reason for the difference is most likely connected to
the preparation method. In the current work as well as in the
work by Silva et al. the PEMs were synthesized by a layer-by-
layer dipping process. In ref. 9 the 16 bilayers were prepared by
dripping the PAH respectively the PSS solution onto the copper
electrode. It appears conceivable that structural and electronic
differences may cause the difference in the activation energies.
The conductivities reported in the literature have all been
obtained by IS. In previous work we demonstrated that BIIT
and IS yield identical conductivity for native ion bombardment.
At this point we cannot completely rule out a possible differ-
ence between BIIT and IS experiments in the case where an ion
species not contained in the ion beam contributes to the
conductivity.

The PEMs investigated in this manuscript exhibit a linear
current-voltage characteristic in close accordance to the tem-
perature dependent measurements on a 16 bilayer thick
(PAH/PSS); film, which was dripped on the copper backside
electrode.’ Linear current-voltage curves are also observed in
ion conduction glasses" or in polymers when non-intermitted
ion paths are present that reach through the entire sample.*°
In both cases, the concentration of charge carriers inside the
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sample is in first approximation space independent. The fact,
that we observe Ohmic behavior for the PEMs suggests that the
number of charge carriers introduced by the BIIT must be small
compared to the number of carriers that are already contained
in the sample prior to the bombardment.'® Possible mobile
charge carriers within the PEMs include protons as well as ions
from the salt solution which may have remained in spite of
thorough rinsing in the LbL process. In the current experiment
the most relevant cation from the preparation step is the
sodium ion. The primary effect of the ion attachment in the
BIIT is the establishment of a homogeneous surface potential.
However, it should be noted that even the movement of Na*
ions away from the front electrode towards the backside
electrode requires a K™ entering into that place.>! Further studies
are required to unambiguously identify the charge carriers.

As demonstrated by Akgol et al. the conductivity of PAH/PSS
multilayers strongly depends on preparation conditions, as
temperature, pH and salt concentration.'” Values reported in
the literature span a range of 7 orders of magnitude. Assuming
an average thickness of about 4 nm per bilayer'® and an irradiated
area of A = 0.0314 cm?, our bilayer conductivities correspond to
specific conductivities between gpc = 2.4 x 10”7 S cm ™" and
opc = 3.4 x 107" S em™'. Akgdl et al discuss a humidity
dependent conductivity which may be extrapolated to a value of
about opc = 107" S em ™" at zero humidity."” This value has
been recorded at 295 K, the activation energy has not been
reported. Durstock and Rubner reported a specific conductivity
of opc =2 x 107" S em™" at 160 °C and an activation energy
of 1.2 eV, which leads to an extrapolated value of opc = 1.3 %
107" s em™ ! at 333 K. The quantification of specific conduc-
tivities requires knowledge of the thickness of the multilayers.
The thickness, however, may depend on many external para-
meters, first of all the relative humidity."® In fact, the uncer-
tainty in the thickness is the reason why we prefer to report the
bilayer normalized conductance. The conductivities measured
in the current work are still smaller than the values cited above.
Given the sensitivity of conductivities to subtle details of the
preparation process the values do not seem unreasonable. Most
likely the values reported here correspond to very dry samples
and thus to a limiting intrinsic property of the PEMs.

Summary and outlook

The BIIT technique gives access to the investigation of ultra-
thin, low-conductive PEM membranes in the range below
100 nm film-thickness. Layer and temperature dependent
current-voltage curves have been recorded exhibiting Ohm’s
law like behavior. Analysis of the slope of the current-voltage
plots provides access to the conductance of each sample.
The conductance varies non-monotonically with the number
of bilayers. A maximum of the conductance is observed for
x = 8. The film consisting of a single bilayer exhibits a conductance
deviating from the other trends in bulk films reflecting possibly
influence from the substrate or an artificial overestimation of the
conductivity by a non-complete deposition procedure.
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Between 2 and 8 bilayers, the conductance is observed
to increase exponentially with the number of bilayers. This
situation may be explained by a non-homogenous deposition of
the bilayers which leads to open spots that may trigger water to
leave the membrane under high vacuum conditions. The drier
the film, the lower the conductivity. As a consequence, very low
conductivity values are observed. For 8 or more bilayers, the
samples become homogeneous which minimizes the water loss.
Hence, the conductivity remains nearly the same for all sample
sizes such that the conductance decreases with a 1/x function.
In order to describe the full conduction behavior, we introduce a
specific bilayer conductivity which follows a sigmoid law.

The change in characteristics of PEMs at about 8 bilayers
reported here is compatible with experimental findings in
several other reports. In fact the number of bilayers appears
to be the origin of the variation in conductivity characteristics
rather than the thickness. The thickness of the PEMs depends
on a number of external parameters including the preparation
of the film and the humidity of the film. As mentioned before
the thickness of the PEMs does not necessarily scale linear with
the number of bilayers, since the bilayers may structurally
interweave. Several publications report on parameters influen-
cing dielectric properties of (PAH/PSS), films, e.g. temperature,
moisture content and general deposition conditions (salt
content and pH-value etc.).>”'” Yet, none of them addresses
the role of these parameters in water free environment. The
chemical identity of the mobile charge carrier remains difficult
to resolve. Additional information could in principle arrive
from a systematic variation of the type of the salt and the salt
content. A long term BIIT investigation followed by an ex situ
ToF-SIMS concentration profiling could in principle contribute
to a better understanding of the charge carrier. However this
would require a considerably thicker multilayer than the ones
investigated in this work. These aspects are beyond the scope of
this manuscript but will be the subject of future investigation.

Performing the BIIT measurements at various temperatures
allows to derive the activation energy for the ion transport
through the film. The BIIT technique applied in the current
work presents an alternative to CV or IS for measuring con-
ductivity properties of ultra-thin PEMs, especially if water free
environment is desired or the conductivity is very low.
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