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In this systematic study, ionic conductivity spectra of poly(diallyl-dimethylammonium)/poly(acrylic acid)
(PDADMA/PAA),, polyelectrolyte multilayers (PEMs) are investigated regarding superposition principles. In
this context, charge transport as well as charge compensation processes in polyelectrolyte assemblies
are discussed. The validity of different scaling concepts is tested to differentiate between changes in the
mobility and charge carrier density, caused by the variation of a parameter X, where X is either relative
humidity during measurement, or salt concentration or pH during preparation. For the first time, time-X
scaling for conductivity spectra of PEMs is reported for all three parameters X, resulting in individual
mastercurves. Furthermore, a super-mastercurve can be obtained including variations of all three
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parameters. Changes in plasticization caused by either varied humidity, pH or ionic strength imply non-
constant charge carrier mobilities in accordance with a Summerfield-type of scaling, while the charge
carrier density remains constant. Interestingly, for preparation conditions which favor extrinsic charge
compensation, significant deviations from such Summerfield-type scaling are observed, indicating a
variation of the number density of mobile charge carriers with humidity.

DOI: 10.1039/d4cp03482a

rsc.li/pcecp

Open Access Article. Published on 09 October 2024. Downloaded on 5/22/2026 9:38:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Introduction

Throughout the last decades, materials prepared by the self-
assembly of polyelectrolytes have been intensely investigated and
discussed for a wide range of applications including drug
delivery,"™ filtration®® or sensing.'"® These materials comprise
polyelectrolyte multilayers as well as polyelectrolyte complexes or
coacervates. Furthermore, several publications have shed light on
the fundamental aspects of the entropically driven assembly."*™"”
The formation process, structure, composition and physical prop-
erties of these materials as a function of preparation conditions
and post-preparational treatments were correlated to variations in
polyelectrolyte chain conformation or other fundamental consid-
erations, mostly concerning electrostatic interactions.’**”* In
certain cases, other interactions like ion-dipole**° or hydropho-
bic interactions,”**” as well as hydrogen bonding®®*° are dis-
cussed. In spite of the wealth of literature, studies on the ionic
conductivity of these versatile materials are so far scarce, though
potential applications of self-assembled polyelectrolyte materials
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in the field of solid state ionics are plausible.'®*°® In this context,
especially the charge transport processes in polyelectrolyte multi-
layers (PEMs) are hard to clarify. This is mostly due to the
challenging determination of the composition and conformation
of these thin films, which are formed by layer-by-layer processes.*”
Considering their beneficial and tunable geometry when discuss-
ing admittances of solid ion conductors, PEMs might, however,
prove especially suitable candidates for applications where ultra-
thin films are required. Therefore, the presented publication aims
at resolving some critical uncertainties in this field.

A fundamental question concerns the nature of the mobile
charge carriers in polyelectrolyte materials. Due to the entropy-
driven complexation process'”***° intrinsic charge compensa-
tion of oppositely charged polyelectrolyte chains is highly favored
over the extrinsic charge compensation by small counterions.
Consequently, the number of mobile extrinsic charge carriers,
ie. counterions, is largely correlated to the stoichiometry of
positive and negative polyelectrolyte charges.*' ™ For polyelectro-
Iyte complexes including the dialyzed supernatant, this stoichio-
metry can be easily defined during preparation. Therefore, the
ionic conductivity of polyelectrolyte complexes (PECs) with non-
equimolar stoichiometry of polyelectrolyte charges is dominated
by extrinsic charge carriers.”’ ' The charge stoichiometry within
PEMs is however expected to be close to equimolar, without
extrinsic charge carriers. Indeed, the ionic conductivity of PEMs
was found to be small in the dry state.”® In the hydrated state,
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charge transport is significantly enhanced and was claimed to be
dominated by protons.*">*>* These findings agree with findings
on the plasticizing effect of water on glass transition temperatures
and chain dynamics.*®*” Recently, when investigating (PDADMA/
PAA), PEMs from certain preparation conditions, we had ques-
tioned the latter statement and postulated significant contribu-
tions of small counterions to the conductivity.*®

Ionic conductivities of polyelectrolyte assemblies have been
shown to vary by orders of magnitude depending on both
preparation and measurement conditions.’>*>>® On this matter,
plasticization by water was proven crucial. For hydrated PEMs,
conductivities increased by orders of magnitude due to small
changes in hydration caused by systematic variations of the
relative humidity (RH).”®> For hydrated PECs, the water content
was found to be generally proportional to the relative humidity for
low water content.’® Deviations for high relative humidity were
shown,”*~®" and the plasticizing effect of hydration on the chain
dynamics has been studied thoroughly in recent years,>*>¢->7:6276¢

Furthermore, in PEMs the nature of the employed polyelec-
trolytes as well as the preparation conditions influence the
Conductivity.3l,32,34,52,53,55,58,67

In certain cases, changes of the conductivity ¢ can be
attributed to variations in the mobility 4 and/or number density
N of charge carriers without an alteration of the overall con-
duction mechanism. This is reflected by a constant general
shape of conductivity spectra, which can be scaled onto a
mastercurve according to time-parameter superpositions. The
utilized scaling concepts grant additional information on the
underlying effects concerning a more quantitative separation of
variations in x4 and N.

For PECs, superposition concepts of the ionic conductivity
have been reported for variations concerning preparation and
measurement conditions. A time-temperature superposition
was found for the ionic conductivity spectra of dry*” and
hydrated®® PDADMA/poly(styrene sulfonate) PECs. De et al.
furthermore reported a time-humidity superposition for these
materials.”® From the latter, a Summerfield-type scaling, see
also the following Theory section, was concluded and it was
confirmed that the conduction in these PECs is dominated by
hydrated counterions. Although for polyelectrolyte multilayers
a similarly significant enhancing effect of increased humidity
on the conductivity was demonstrated,” a systematic scaling
analysis for conductivity spectra of PEMs has not yet been
reported in the literature. To the best of our knowledge, an
analysis of superposition concepts concerning conductivity
spectra of varied preparation conditions of polyelectrolyte
multilayers is also lacking.

The present work provides an analysis on how changes in
the preparation and measurement conditions affect the shape
of conductivity spectra and thus charge transport processes
in PEMs. Employing PAA as a weak polyanion, effects of
preparation pH are included in addition to the effect of salt
during preparation. Furthermore, the relative humidity during
measurement is varied over a wide range. For all three
parameter variations, we find a global mastercurve of the
conductivity spectrum. Thus, time-pH, time-salt and time-RH
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superposition of conductivity spectra are shown to be valid.
Based on the superposition approach, we are able to separate
the effects of varied charge carrier mobility and their number
density on the conductivity.

Theory section: scaling analysis of conductivity spectra

A number of studies utilize scaling concepts for conductivity
spectra to answer some of the key questions concerning the charge
transport in structurally disordered ion conductors.****° This
brief theory section will encompass the method of superpositions
as well as the key conclusions, which can be drawn from scaling
concepts. While the concepts have been mainly developed using
data of inorganic glasses, we apply them to PEMs in our work.

The complex frequency-dependent conductivity consists of a
real part, denoted as ¢’(v), and an imaginary part denoted as
d"(v). The latter is connected to ¢'(v) via the Kramers-Kronig
relations and, therefore, contains the same information about
ion movements as the real part does. Throughout the manu-
script we will therefore represent and discuss ¢’(v) spectra only.

In general, time-parameter (time-X) superposition principles
imply that a set of conductivity spectra measured for a varied
parameter X can be shifted onto a single mastercurve. The
existence of such a mastercurve indicates a constant general
conduction mechanism which is independent of X. The varia-
tions in conductivity ¢’(v) are attributed to the X-dependences
of the mobility 4 and number density N of charge carriers,
respectively:

o' (1,X) = N(X) - u(vX) - q 1)

In this equation v stands for the experimental frequency
in Hz and g for the charge of the mobile ions. Here we assume
that only a single mobile species is to be discussed. Increases
in mobility u(v,X) may, for example, arise from an increase in
temperature or plasticization. Furthermore, the number den-
sity N(X) might change directly due to a variation in composi-
tion or indirectly via a variation of the fraction of free, mobile
charge carriers as opposed to immobile ions. In contrast to
strong electrolytes, this fraction might depend on X (for exam-
ple pH) for weak electrolytes.

The method of scaling required to achieve a time-X super-
position allows for separation of contributions of varied p and
N. Shifting of the different individual spectra is performed by
scaling the frequency and conductivity axes by characteristic
values (o, and vy, see Fig. 1). Commonly, the X-dependent dc
conductivities 04.(X) are used for g,. In many cases, v, is
defined via ¢'(v*(X)) = 2 04.(X) using the X-dependent transition
frequencies v*(X), which mark the transition from long-time to
short-time dynamics. The corresponding time t* = 1/(2nv*)
describes the time required for the charge transport to become
long-range, with the latter being determined by the ion mobility .
Consequently, this characteristic frequency is proportional to the
mobility of charge carriers.

In a simple case, v, = * is furthermore proportional to the
dc conductivity times temperature, oq4.-7, which implies that
changes in the dec conductivity with X are only due to changes in
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Fig. 1 Illustration of scaling concepts for conductivity spectra: conductivity spectra for a varied parameter X (but a constant temperature) show a

different type of scaling behaviour. The grey spectra in (a) can be superimposed via a Summerfield-type scaling by a shift along the dotted diagonal line,
yielding (b), while the red spectra show deviations from this behaviour, which are quantified by the additional scaling parameter F ((b) and (c)).

the ion mobility, whereas the number density of mobile ions does
not change with X. This so-called Summerfield-type scaling®® was
found applicable for example for time-temperature superposition
or humidity-dependent studies in the case of polyelectrolyte
complexes.”® In cases where the temperature is constant, the
proportionality of v, to 4. implies the variations in conductivity
to be solely attributed to changes in u, see Fig. 1.

In inorganic glasses, for which superpositions concepts of
conductivity spectra are frequently applied, some materials show
Summerfield-type scaling,”®”" while in other materials devia-
tions from Summerfield-type scaling have been reported.®®”""?
However, in some of the latter cases, a mastercurve can still be
constructed, if an additional temperature-dependent shift factor
is introduced.®® Here, the authors give two alternative explana-
tions for the deviations from Summerfield scaling: either the
number of available pathways for the ion transport decreases or
the number density of mobile ions increases with increasing
temperature.®® The latter effects are present in addition to the
stronger changes in ion mobility p.

In the present work, scaling according to the equation given
in Fig. 1(c) was performed. Shift factors F and dc conductivities
are discussed with respect to changes in x and N.

Experimental
Materials

Polyelectrolyte multilayers were prepared from the weak polyelec-
trolyte poly(acrylic acid) (PAA, M,, ~ 100 kDa, 35 wt% aqueous
solution) and the strong polyelectrolyte poly(diallydimethyl-
ammonium chloride) (PDADMAC, M, = 100 kDa to 200 kDa,
20 wt% aqueous solution), which were purchased from Sigma-
Aldrich and used as received. Further materials for the prepara-
tion of polyelectrolyte solutions, surface pretreatment and
the adjustment of measurement conditions, were acquired from
VWR chemicals (ammonium hydroxide, ammonium nitrate,
hydrochloric acid, lithium chloride, magnesium chloride, magne-
sium nitrate), Sigma-Aldrich (hydrogen peroxide, lithium hydro-
xide) and Carl Roth GmbH & Co. KG (potassium acetate),

This journal is © the Owner Societies 2024

respectively. All solutions were prepared by dissolving the respec-
tive materials in ultrapure water (MERCK MILLIPORE, Elix®
Essential, p > 18 MQ cm™'). The pH was adjusted by potentio-
metric titration with hydrochloric acid and lithium hydroxide
using a pH meter (inoLab Multi720) and a suitable electrode
(Sen®Tix Mic). Indium tin oxide (ITO) coated glass substrates
were pretreated in a cleaning solution (volumetric ratio: 5 water: 1
ammonium hydroxide (25%):1 hydrogen peroxide (>35%)) at
70 °C for 20 min.

Sample preparation

(PDADMA/PAA),, PEMs were prepared from 0.01 M (referring
to the monomer concentration) polyelectrolyte solutions. ITO-
coated glass substrates were dip coated using a programmable
robot (Riegler and Kirstein; Berlin). The automated dipping
procedure consisted of consecutive polyelectrolyte adsorption
and rinsing steps lasting for 20 min and 5 min, respectively.
Multilayers were obtained by the successive, alternating adsorp-
tion of oppositely charged polyelectrolytes. The preparation
conditions (pH and salt content) were kept constant and uni-
form throughout all solutions involved in the coating process.
Such conditions were systematically varied to obtain PEMs
prepared either from salt-free solution or 0.1 M LiCl solutions,
both adjusted to pH values ranging from 3 to 9. PEMs were
stored in boxes of controlled relative ambient humidity, which
was achieved via small containers of saturated salt solutions
(see Table S1 in ESIT). An equilibration period of 7 days at these
conditions was awaited before further processing. The humid-
ity after equilibration was determined with a hygrometer and is
given in Table S1 (ESIT).

Thickness determination

The film thickness was determined by atomic force microscopy
(Nanowizard II, JPK, Berlin) or profilometry (DektakXT, Bruker,
Germany) at ambient conditions (20% to 49% RH, 22 °C to
32 °C). The AFM was operated in tapping mode using ACTA
probes (AppNano, tip < 10 nm, k=25 Nm " to 75 Nm ). In
both cases, height profiles across scratches inflicted by a brass
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blade were measured on multiple positions along the dipping
direction for each sample. The thickness was derived as the
difference between the respective height of the film surface and
the substrate. An average thickness d was calculated from
multiple measurements on each sample. Error propagation
included the standard deviation accounting for the roughness
and different positions on the sample.

Conductivity measurement

The conductivity of PEMs was studied via impedance spectro-
scopy using an Alpha AN High Performance Frequency Analyzer
(Novocontrol Technologies GmbH & Co. KG, Montabaur).
To perform impedance spectroscopy measurements on PEMs,
the films were prepared in a sandwich geometry as described
earlier.®” To this end, an array of 21 circular gold dots (diameter
1 mm, thickness approximately 50 nm), acting as upper elec-
trodes, was sputtered (BALTEC SCD 055; BALTIC Préparation e.
K., Niesgrau) onto the PEMs, while the electrically conducting
ITO-coating of the substrates acts as the lower electrode. For
each measurement an electrode dot and an uncoated area of
the ITO-coated substrate were contacted via spring-loaded
electrodes, which were connected to the impedance setup.
The sample stage was situated inside a custom-made airtight
box®” accessible by gloves.

Utilizing the described setup, humidity-dependent impedance
spectroscopy measurements of PEMs, obtained for different
preparation conditions, were performed. Different saturated salt
solutions were used to vary the relative humidity inside the box
(see Table S1, ESI¥).

A frequency range of 1 Hz to 1 MHz was scanned at a voltage
amplitude of 50 mV. Multiple measurements were performed
on different electrode dots of the same sample, as well as on
multiple samples with the same preparation and measurement
conditions. Complex admittance spectra were averaged neglect-
ing the data from spots close to the edge of the substrates.
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Complex conductivity spectra were calculated from the arith-
metic average of complex admittance spectra by multiplication
with the cell constant d/A employing the average sample thick-
ness d and the area of the dot electrode, A. Changes in the cell
constant due to swelling of the PEM at varied hydration was
expected to be negligible as compared to the drastic changes of
admittance.

Dc conductivities were determined in a Nyquist plot of the
complex impedance by fitting an equivalent circuit consisting
of an Ohmic resistor in parallel to a constant phase element,
see ref. 55, 58, 67.

The dc conductivities were then obtained by multiplication of
the inverse bulk resistance with the cell constant. Error propaga-
tion from standard deviations of multiple spectra from different
electrode dots on multiple samples and the error of the indivi-
dual cell constants was used to determine the errors of oyc.

Results and discussion

This section systematically investigates the influence of pre-
paration and measurement conditions on the conductivity
spectra of PEMs. After a qualitative discussion of the observed
trends, data are evaluated regarding time-parameter superposi-
tions to gain insight into the underlying effects driving con-
ductivity variations. Changes in number densities (N) and
mobilities (u) of charge carriers are analyzed based on scaling
parameters. The effect of varied relative humidity and prepara-
tion conditions (pH, salt) are discussed separately, where for
the latter de conductivities have been analyzed earlier.>®

Influence of relative humidity

The significant effect of varied relative humidity on the ionic
conductivity spectra of (PDADMA/PAA), PEMs is illustrated
in Fig. 2(a) based on PEMs prepared from salt-free solutions
adjusted to pH 4.
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Fig. 2 Time-humidity superposition of conductivity spectra of (PDADMA/PAA),, PEMs prepared at pH 4. (a) Conductivity spectra measured at different
relative humidity (RH). (b) Spectra scaled according to a time-humidity superposition.
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The decrease of the conductivity towards low frequencies,
which is significant at high RH values, is due to electrode
polarization effects and will not be discussed further. In
Fig. 2(b) these regimes are, therefore, omitted from the scaling
analysis.

Apart from the frequency regimes dominated by electrode
polarization effects, the conductivity spectra of Fig. 2 show a
plateau regime which can be identified with the dc conductivity
and a dispersive regime at higher frequencies where ¢'(v,RH)
increases with v.

The dc conductivity increases significantly with RH. As o4, is
determined by the long-range ion transport, this implies that
the humidity of the environment influences the ion movements
in the PEMs on long time and length scales. At the same time,
the onset of the dispersive regime, which reflects the transition
from long-range to short-range transport, is shifted to higher
frequencies. This both indicates an acceleration of the charge
transport. The fact that the ion dynamics become faster with
RH can be attributed to an increasing plasticization of the films
due to water uptake when RH increases. The effect of hydration
on the glass transition temperatures and dynamic mechanical
properties of polyelectrolyte complexes has been discussed in
the literature.>>*°"°>737> Lowered glass transition tempera-
tures at higher degrees of plasticization can be expected to
accelerate charge transport. The effect of increasing ionic
conductivities with relative humidity has been previously
reported by Akgdl et al.,>® who found for several polyelectrolyte
systems exponentially increasing dc conductivities with RH
according to log(og4.) = aRH + b. The following evaluation will
shed further light on the processes driving such a strong
conductivity enhancement.

Time-RH superposition

As evident from Fig. 2(b) a mastercurve can be constructed from
the individual spectra of Fig. 2(a) which were scaled according
to the superposition process described in the theory section
above. While the validity of time-RH-scaling of conductivity
spectra was shown in PEC-materials,*® Fig. 2 provides evidence
that such scaling is also valid for polyelectrolyte multilayers.
The validity of a time-RH superposition of the conductivity
spectra of (PDADMA/PAA),, PEMs prepared from water adjusted
to pH 4, implies, that also in PEMs the conduction mechanism is
independent of RH while the velocity of the underlying ion
migration changes with RH. According to earlier work,> the
conductivity enhancement can be attributed to increasing pro-
ton mobilities. On the other hand, the number density of charge
carriers, N, might also vary. In the case of PEMs prepared from
salt-free solution adjusted to pH 4, the deviations from
Summerfield-type scaling, which are quantified by shift factors
F, are, however, small. A detailed discussion of the shift factors
and their implications is provided in a following paragraph.
Since in the present case Summerfield scaling achieves a
reasonable superposition of spectra, variations of charge carrier
densities due to variations in relative humidity are negligible. This
proves the hypothesis of the dominant role of charge carrier
mobilities. Here, for X = RH the mobility is the only parameter
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in eqn (1) which is X-dependent, controlling the X-dependence of
the conductivity resulting in ¢’ (1,X) =N - (1,X) - ¢. In other words,
the number density of the mobile protons contributing to the ion
transport is not changed by the water uptake with increasing RH,
but the mobility increases. These results are in good agreement
with published results on polyelectrolyte complexes, where RH-
scaling was also achieved using a Summerfield-type of super-
position principle.*® Superposition concepts were furthermore
found to apply for the humidity-dependent dynamic mechanical
behaviour of PECs.®”®! Here, relaxation times were found to be
inversely proportional to the volume fraction of water.®® This
confirms faster dynamics at higher hydration, which correlates
with increased charge carrier mobilities.

Influence of pH and salt during preparation

The structure and growth laws of (PDADMA/PAA), PEMs, which
have been discussed previously, significantly depend on the
preparation conditions.>*® For the most part, the trends in layer
thickness can be explained by the hit-and-stick model,** which
assumes the polyelectrolyte conformation in solutions to be
largely retained after adsorption. Conclusively, thin, rigid films
are obtained from solutions of highly charged chains with high
persistence length. This is the case for (PDADMA/PAA), PEMs
prepared from salt-free solutions adjusted to pH values exceeding
the pK, of PAA. For low pH values - i.e. low charge degree of PAA -
thick and soft films form from PAA chains in a more coiled
conformation. Similarly, when PEMs are prepared at increased
ionic strengths I, electrostatic screening due to counterions
reduces the chain extension and the obtained film thickness
increases with the pH of preparation. As discussed previously,
such electrostatic screening might imply the incorporation of
extrinsic charge carriers into the films.>®

As Fig. 3 shows, a variation of preparation conditions
significantly affects the ionic conductivities. The effect on the
dc conductivities has been previously discussed with regard to
the PEM structure.’® In general, conductivities increase with
the preparation pH value.

The pH-dependent increase is enhanced for films prepared
from 0.1 M LiCl solutions as compared to the salt-free case (see
Fig. 3(a) and (c) as well as Fig. 4(a)). This was attributed to a
significant enhancement of charge carrier mobilities caused by
enhanced plasticization, while in addition, contributions of
extrinsic charge carriers were found likely for the preparations
from salt solutions.?® Considering the full spectra, it becomes
evident that the onset of dispersion shifts to higher frequencies
with increasing pH. This implies that not only the long-range
transport, as described by the dc conductivity, but even the
short-range charge transport, as probed in the dispersive
regime, is accelerated by an increasing pH value. In the follow-
ing, we analyze the full spectra by scaling approaches.

Time-pH superposition

Fig. 3(b) and (d) show that the time-pH superposition principle is
applicable to both types of PEMs prepared from salt-free and
0.1 M LiCl solutions, respectively. In both cases a mastercurve
can be constructed by scaling of both axes from Fig. 3(a) and (c).
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Fig. 3 Conductivity spectra of (PDADMA/PAA),, PEMs in dependence on pH and their time-pH superposition. (a) and (b) Data for samples prepared from
salt-free solution adjusted to different pH values. (c) and (d) Data for samples prepared from 0.1 M LiCl solutions adjusted to different pH values. In (b) and
(d) spectra obtained for different preparation pH values at constant humidity RH = 54% during the measurement are shifted with respect to the reference
spectrum. Samples prepared at pH 4 and measured at 8% relative humidity are used as reference.
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Fig. 4 (a) pH-dependent dc conductivities of PEMs and (b) pH-

dependent shift factors F as derived from the scaling procedure displayed
in Fig. 3. Black symbols refer to PEMs prepared in water and red symbols to
those prepared in 0.1 M LiCl solution.

In conclusion, neither the humidity nor the preparation condi-
tions change the mechanism of charge transport in the investi-
gated PEM samples. Only the velocity of ion displacements is
varied, and this variation is described by a global factor, inde-
pendent on the frequency considered.

26804 | Phys. Chem. Chem. Phys., 2024, 26, 26799-26807

As evident from Fig. 4(a), the dc conductivities increase
with the pH of preparation. While the evaluation of the dc
conductivities in dependence on pH and salt concentration
only allowed conclusions on trends of the product of N and g,
the scaling approach allows a separation of their respective
trends. To achieve the mastercurves in Fig. 3(b) and (d), scaling
of the spectra required an additional shift factor, F. Its values
are given in Fig. 4(b) and compared to dc conductivities in
Fig. 4(a).

Interestingly, the shift factor F increases significantly with
the preparation pH for the PEMs prepared from 0.1 M LiCl
solutions, where also a strong increase of 4. was observed.
This is in direct contrast to the relatively constant values for the
samples prepared from salt-free solution. Accordingly, stronger
deviations from Summerfield-type scaling occur for the PEMs
prepared from salt solutions. These increasing deviations,
which are quantified by the F values, indicate enhanced charge
carrier densities with increasing pH. The dc conductivity
is therefore influenced by both, a changing number density
and a changing mobility of the mobile ions, as implied by
eqn (1). Such increasing number densities of charge carriers
can be attributed to the increasing incorporation of extrinsic
charge carriers at higher pH values. This was a hypothesis
in our previous work,*® which is now legitimized by the
shift factors. The incorporation of extrinsic charges occurs
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most prominently for films prepared at conditions dominated
by the electrostatic screening of counterions, as is the case for
high pH and added salt. In addition, the number of mobile
protons might further increase due to the increase in hydra-
tion. This enhanced hydration could furthermore increase the
fraction of mobile charge carriers. The factor of F=10 implies a
10-fold increase of the charge carrier density.

Time-pH/RH superposition

In a final, combined scaling approach, aiming to distinguish the
effects which dominate the observed influences on ionic conduc-
tivity spectra, pH-humidity superpositions for differently prepared
samples are compared. Here, the most interesting cases according
to the time-pH superposition were chosen. Samples prepared at
pH 4 in water are compared to samples dominated by electrostatic
screening containing strongly charged PAA (prepared at pH 6 and
7.5 in 0.1 M LiCl solution), see Fig. 5. The corresponding spectra
are presented in Fig. S1 (ESIY).

Fig. 5(a) shows that the dc conductivity increases signifi-
cantly with the relative humidity for all PEMs which were
prepared under varying conditions. The increase is, however,
more pronounced when the PEMs were made in the presence of
LiCl. On the other hand, the effect of the pH at which the PEMs
were formed in LiCl solutions is small. In case of the salt-free
preparation at low pH, the increase of the dc conductivity is
mainly due to the ion mobility, as evidenced by the shift factor
values on the order of 1 (see Fig. 5(b)). In contrast, the effect of
increasing plasticization on oq4. is more pronounced for samples
prepared at higher pH values. Here, shift factors (see Fig. 5(b))
deviate significantly from 1. Again, these are conditions, where
samples were prepared at high charge degree and ionic strength.
Here, contributions of extrinsic charge carriers were concluded
(see above). The more significant effect of RH on the shift factors
could be attributed to a more pronounced enhancement of the
fraction of free, mobile charge carriers in contrast to immobile,
condensed counterions in films containing extrinsic charge

; ——— 20
-2 "(a) e pH 4.0, water (b)
= e pH®G.0,0.1 M LiCI
TE 41 e pH75,0.1 MLiCl 115
©
wn °® ¢ ()
\\: _6_ 4 F ° —10LL
g L D
& 8 . 1 {5
o ° o o °
-10F "‘;’“T"“f‘”ﬁ“o
0 25 50 75100 0 25 50 75 100
RH /% RH /%

Fig.5 (a) RH-dependent dc conductivities of PEMs and (b) RH-
dependent shift factors F as derived from the scaling procedure displayed
in Fig. 1. Black symbols refer to PEMs prepared at pH 4 in water, red
symbols stand for PEMs prepared in 0.1 M LiCl solution at pH 6 and blue
symbols for PEMs prepared in 0.1 M LiCl solution at pH 7.5.
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Fig. 6 Super-mastercurve combining a superposition of pH-, humidity-,
and ionic strength-dependent conductivity data of (PDADMA/PAA),, PEMs.
The super-master curve combines data from Fig. 2(b), 3(b), (d) and Fig.

S1(b), (d) (ESIT). The spectrum of samples prepared at pH 4 and measured
at 8% relative humidity is used as reference (solid line).

carriers. In addition, a more macroscopic explanation could be
a more significant effect of the humidity on the hydration of PEM
films containing more highly charged PAA. It should be high-
lighted though, that the increase of the conductivity with RH is
mainly due to the increase in ion mobility. As seen in Fig. 5(b) the
highest F values are about 10, implying that the number density
increases by roughly the same factor. The dc conductivity, how-
ever, increases by several orders of magnitude. For PEMs prepared
in the presence of LiCl, o4, increases by roughly 4 orders of
magnitude, see Fig. 5(a). This implies that the increase in ion
mobility with RH is about 1000 times larger than the increase of
the number density of mobile ions.

Interestingly, the shape of the conductivity spectra does not
vary with the conditions of preparation for all investigated
samples (see Fig. S1 in ESI{). Therefore, all mastercurves can
be additionally shifted resulting in a ‘“super-mastercurve”
comprising pH-, humidity- and ionic strength-dependent data
sets (see Fig. 6).

Thus, over a wide range of preparation parameters, the
underlying mechanisms of ion transport remain identical.
The most influential parameter determining the dynamics at
all time scales is the hydration of layers, which dominates the
charge carrier mobilities. All parameters, i.e. the preparation
parameters pH and salt, as well as RH contribute to the
mobility, and can also enhance the charge carrier density, if
regimes with highly charged chains and counterion condensa-
tion are considered.

Conclusions

This paper shows for the first time the time-X superposition of
humidity-, pH- and ionic strength-dependent conductivity spec-
tra of PEMs containing a weak polyacid. This universal super-
position indicates that the overall mechanism of conduction is
not changing upon significant parameter variations. From the
superpositions, variations of charge carrier mobilities and
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number densities are discussed separately. Increased mobili-
ties are clearly correlated to the hydration of films, which can
be varied via the charge degree of PAA, the ionic strength of
preparation solutions as well as the humidity during the
measurement. Number densities of mobile ions were found
to increase for high charge degrees of PAA and increased ionic
strength. For these films, a strong dependence of N on the
relative humidity was shown, which can be attributed to the
mobilization of condensed ions in the film with increasing
water content. Nevertheless, the effect of the varying ion
mobility on the conductivity is much more pronounced than
the influence of the number density of mobile ions.

It is unclear whether increases of the number density of
mobile ions are due to the increasing fraction of free charge
carriers (for example protons) as induced by hydration, or as a
result of contributions of extrinsic charge carriers. For a more
conclusive interpretation the use of selective electrodes and
more information on water content is required.

This paper demonstrates that the decoupling of changes in
charge carrier mobilities and number densities, as obtained
from scaling approaches, reveals interesting insights on the
implications of parameter variations on the charge transport
processes in PEMs. Understanding the ion transport mecha-
nism is not only interesting from a fundamental point of view,
but also important for the applications of PEMs in the field of
solid state ionics and sensing devices. For example, the incor-
poration of volatile analytes like NHj3, after dissociation leading
to increased number densities of extrinsic charge carriers,
might become distinguishable from effects of increased mobi-
lities due to enhanced plasticization.
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