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Direct Measurement of lon Mobility in a Conducting

Polymer
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Manfred Lindau, Sébastien Sanaur, and George G. Malliaras*

A key difference between organic electronic materials and inor-
ganic ones such as silicon lies in the ability of the former to
transport ions with significant mobilities at room temperature.
This important property, which arises from the “soft” nature
of van der Waals-bonded organics, is leveraged in a variety of
devices that utilize mixed electronic/ionic conduction.! In
electrochromic displays,??! for example, ions injected from an
electrolyte change the color of a polymer film. The dimen-
sional changes that arise from ion injection are used to build
mechanical actuators (artificial muscles).’! Ion redistribution
within a film facilitates electronic charge injection from metal
electrodes, an effect utilized to achieve efficient electrolumines-
cence in light emitting electrochemical cells.**! Finally, ion dif-
fusion across an interface is used to control the energetics of
the heterojunction, thus forming diodes.®”] Mixed electronic/
ionic conductivity is of particular importance for devices that
interface electronics with biology, a subject that is currently
attracting a great deal of attention.®?l One example is the
organic electrochemical transistor (OECT), in which ions from
an electrolyte enter a polymer film and change its electronic
conductivity.' This results in ionic-to-electronic signal trans-
duction, and has found several applications in biosensors.!
A second example is the organic electronic ion pump (OEIP),
in which an electronic current in a conducting polymer film
controls the delivery of ions into an aqueous solution.l'?l These
devices have been used in vivo for drug delivery with unparal-
leled spatiotemporal resolution.3]

Despite the emerging importance of ionic transport in
organic electronics, very little is known about the fundamen-
tals of ion transport in these materials, and there has not
been a concerted effort towards the rational design of mate-
rials which simultaneously optimize electronic and ionic
transport. Ion transport has been studied in polymer electro-
lytes such as Nafion using conductivity or diffusion measure-
ments.['Y The simultaneous presence of electronic carriers in
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mixed conductors, however, greatly complicates the analysis
of data and renders these techniques unusable. As a result,
even for common materials used in mixed conductor devices,
such as poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS), ion mobility values are largely unknown. This is
in sharp contrast with electronic transport in organics, which
has been under intense scrutiny since the 1970s, motivated
largely by the application of organics in electrophotography.l*”!
The time-of-flight technique, which measures the transit of
photo-injected carriers through a thick film, played a key role
in enabling a better fundamental understanding of electronic
transport in organics.!'® This in turn led to the development of
state-of-the-art materials, which helped advance the emergence
of organic electronics.'’! An equivalent technique for meas-
uring ionic transport would constitute a major step towards the
development of mixed conductor materials and devices.
Organic electronic materials are inherently electrochromic,
meaning that the presence of free electronic carriers creates
states in the optical gap and changes the color of the film.[!8l
This phenomenon has been used to monitor doping/dedoping
effects in conducting polymer films.1%211 A variety of experi-
mental configurations including injection of ions from an elec-
trolyte and injection or extraction of holes from a metal elec-
trode, have been employed. Depending on the exact geometry,
ion or hole transport was the rate-limiting step in the doping/
dedoping process. In all of these experiments, however, ions and
holes were transported in directions that were perpendicular to
each other. This 2D geometry made it difficult to calculate the
field inside the polymer film and to determine the ion mobility.
In this communication, we report measurements on planar
electrolyte/PEDOT:PSS junctions, in which the 1D geometry
of the experiment allows a straightforward estimation of the
ion drift mobility. The geometry of the experiment is shown in
Figure 1a. A PEDOT:PSS film, deposited on a parylene-coated
glass substrate, was coated with a layer of SU-8. The latter
served as an insulating ion barrier, and prohibited ion injection
into the PEDOT:PSS film from the top. Using photolithography,
a well was created in the SU8/PEDOT:PSS stack and filled with
an electrolyte, forming a planar electrolyte/PEDOT:PSS junction
with an area A of 16 mm X 400 nm (width X thickness of the
PEDOT:PSS film). A Ag/AgCl counter electrode was immersed
into the electrolyte, and a Au pad provided contact with the
PEDOT:PSS film, positioned at a distance L = 32 mm from the
electrolyte interface. Ag/AgCl was chosen as the counter elec-
trode to ensure a negligible potential drop at its interface with
the electrolyte. The experiment was carried out by applying a
positive bias at the Ag/AgCl electrode (which drove cations from
the electrolyte into the PEDOT:PSS film leading to its gradual
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Figure 1. a) Schematic of the device indicating the charge distribution
around the dedoping front according to the model (not to scale), the drift
length, ¢, of injected ions, the total length, L, of the PEDOT:PSS film, and
the area, A, of the electrolyte/conducting polymer junction. b) The equiva-
lent circuit diagram, where R, and Rc are the equivalent resistors corre-
sponding to the dedoped and the still-doped parts of the PEDOT:PSS film,
respectively, and V, is the voltage at (. c) The evolution of the dedoping
front in PEDOT:PSS during the injection of potassium cations, where AT is
the change of transmitted light intensity with respect to the zero bias state.
Time t = 0 corresponds to the application of a bias voltage, and x =0 mm
corresponds to the interface with the electrolyte. The applied bias was 2 V.
The red arrow indicates the drift length of ions att=5s.

dedoping) while simultaneously measuring the current flow in
the device and the electrochromic changes associated with the
propagation of the dedoping front. The dedoping was found
to be reversible and the film returned to its doped state upon
removal of the applied bias. We found a few dedope/re-dope
cycles were required in order to reach a reproducible temporal
dependence of the current during a dedoping cycle. This is con-
sistent with previous measurements in conducting polymer
films and has been attributed to hydration of the polymer film
during the first cycles.?? All the data discussed from this point
on were obtained on films that were appropriately cycled to
reach this reproducible behavior. It should be noted that the
well was made large enough to ensure that ion depletion of the
electrolyte was negligible during the experiment.

The propagation of the dedoping front was quantified by
measuring the optical transmission of the PEDOT:PSS film.
Typical data for potassium cations are shown in Figure lc.
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The data correspond to the change of transmitted light inten-
sity (AT) with respect to the zero bias state. Time ¢t =0 s corre-
sponds to the application of a bias, and x = 0 mm corresponds
to the electrolyte/conducting polymer interface. The dedoping
profiles exhibit a clear saturation, indicating that a maximum
level of dedoping was reached. The leading front exhibits the
typical shape associated with diffusive spread of the carriers.
The drift length, ¢, of ions was obtained from the position of
halfmaximum change in AT, as indicated in Figure 1c.

The data obtained from these experiments were further
analyzed using a simple analytical model (see Supporting
Information), based on the following physical mechanism:
PEDOT:PSS is a degenerately doped organic semiconductor, in
which the semiconductor chain (PEDOT) is p-type doped due
to the presence of uncompensated sulfonate anions on the PSS
chain (PSS is added in excess, and only a fraction of its sul-
fonate anions is compensated by holes and hence contributes
to doping. These are the sulfonate anions we consider here).
When a positive bias is applied to the Ag/AgCl electrode, cat-
ions are injected into the PEDOT:PSS film and drift towards
the Au electrode, while holes drift towards the Au electrode.
Charge neutrality implies that cation injection is balanced by
hole extraction, meaning that as the sulfonate anions are com-
pensated by the injected cations, the excess holes are swept
away by the hole drift current. The 1D geometry of the experi-
ment permits the direct observation of the front between the
dedoped part of the film, where the current is dominated by
cation drift, and the still-doped part of the film, where the cur-
rent is dominated by hole drift. The dedoped part extends a dis-
tance ¢ from the interface with the electrolyte, where ¢ is the
drift length of the injected cations. Accordingly, we model the
partially dedoped PEDOT:PSS film as two resistors in series
(Figure 1b) where R; corresponds to the dedoped part and Rc
corresponds to the still doped part. We assume that the cation
mobility in the film is lower than that of holes, hence the con-
ductivity of the dedoped part of the film is lower than that of
the doped part of the film. Based on these assumptions one can
show that V(/) = V, meaning that the applied potential drops
exclusively on the dedoped part (an assumption validated by
numerical simulations, see Supporting Information). Accord-
ingly, we find that the drift length increases with time as:

=2Vt (1)

where V is the applied bias and ¢ is time, and p is the mobility
of the injected cations. The current density, j, decreases with
time as:

j=tBY2Y )

2Vt
where e is the elementary charge and P is the injected cation
density in the dedoped part of the film. The latter is assumed to
be equal to the density of the sulfonate ions, as indicated in the
schematic of Figure 1a.

Equation 1 allows a straightforward determination of the
cation drift mobility from the dedoping fronts. The solid circles
in Figure 2a show the temporal evolution of the drift length of
potassium cations in a PEDOT:PSS film. The line is a fit of the
model, yielding a potassium mobility of 1.4 x 1073 cm? V-1 571,
This value is higher than the electrophoretic mobility of
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Figure 2. Temporal evolution of the drift length, /, of potassium cations
(a) and of the corresponding current density, ¢, (b) in PEDOT:PSS and in
crosslinked PEDOT:PSS films.

potassium cations in bulk water at the limit of infinite dilution
(7.6 x 10~ cm? V-1 s71), 23l implying first and foremost that the
film is highly hydrated. Mobilities close to water are known in
gels as well as in polymers such as Nafion?!l and PSSI?*! and are
associated with extensive hydration which leads to the forma-
tion of channels of water that occupy most of the film volume.
Indeed, the volume increase during swelling of a PEDOT:PSS
film that was appropriately cycled was measured using optical
profilometry to be 155% (see Supporting Information).

Exactly how water is distributed within (and how it alters)
the physical microstructure of PEDOT:PSS films is not fully
understood. In PEDOT:PSS dispersions, PEDOT and PSS form
a poly-ion complex. The polyanion (PSS) is in excess and forms
a PSS-rich shell around a poly-ion rich core, yielding colloidal
gel particles in suspension.l?®l After proper shearing and son-
ication, such colloidal particles are known to be in the range
of 5-30 nm.””] A commonly agreed model of the film micro-
structure is the physical interconnection and flattening of these
colloidal gel particles upon film casting, whereby the channels
for ion/electron motion are predetermined by the colloids that
were in suspension.”’-?8] Addition of a co-solvent, such as the
ethylene glycol in this work, is thought to invert or homogenize
the content of the colloidal particles, bringing more PEDOT
to the surface, and enhancing the molecular scale ordering
of the poly-ion complex.?*?”] Thus, in both dry and hydrated
films cast from these suspensions, PEDOT-rich regions form a
more continuous interconnected network, allowing for efficient
electronic transport.?®2% Tt has been shown that the PSS-rich
regions in colloidal particles are in the range of 5-15 nm.[27:3%
According to this picture, and given that hydration is expected
to progresses largely in the PSS phase, we suggest that the
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ion-transport pathways in PEDOT:PSS films are comprised
of larger (tens of nanometers) water channels in the PSS-
rich phase, feeding into smaller pathways through complexed
PEDOT:PSS. The experimental geometry used here, there-
fore, resembles capillary electrophoresis, in which, in addi-
tion to electrophoretic ion migration, an electroosmotic flow
can be established.?!l Indeed, PSS-lined microfluidic channels
have shown to support electroosmotic flow!*?! with a mobility
of 4 x 107* cm? V™! s7. Hence, the measured ionic mobility
should be interpreted as the sum of the electrophoretic and
electroosmotic mobilities in the transport pathways.

One way to modify the transport pathways is to crosslink
the film and therefore decrease its ability to uptake water.
This was achieved through the addition of the crosslinker
3-glycidoxypropyltrimethoxysilane (GOPS), which reduced the
swelling of the PEDOT:PSS film to only 35% and accordingly
reduced the ion mobility (Figure 2a, open circles). The fit of the
model (Figure 2a, line through open circles) reveals that the
crosslinker decreased potassium mobility by an order of mag-
nitude, to 1.9 x 107* cm? V! 571 It should be noted that the
electrical conductivity of the dry films decreased only by 45%
with the addition of the crosslinker.

The model can be further validated by analyzing the time
dependence of current density, j, which provides an estimate of
the injected ion density, P, in the film (Figure 2b). The data for
PEDOT:PSS films with and without crosslinker are well fitted
by Equation 2. As for the drift length, the model predicts the
correct time dependence of current density, indicating that it
captures the essential physics of ion injection in conducting
polymers. For films with and without crosslinker the fits
yielded ion densities of 5.9 x 102 cm™ and 3.2 x 10%° cm,
respectively. A key assumption of the model is that the injected
cations compensate the sulfonate anions, hence P is equal to
the sulfonate anion density. The latter is estimated to be of the
order of 3—4 x 10%° cm™, assuming a sulfonate group for every
3—4 PEDOT monomer units,?”l a 1:2.5 w/w ratio of PEDOT to
PSS (for Clevios PH500), and a density of 1 g/cm? for the film.
The good agreement between the obtained values of P and sul-
fonate anion density lends additional support to the model.

Furthermore, we can estimate the hole mobility in
PEDOT:PSS. According to the model, the extrapolated cur-
rent at ¢t = 0 s is dominated by hole transport (resistor Rc is
dominant in the equivalent circuit diagram of Figure 1b), and
hence reflects the hole conductivity in the film. Assuming that
the hole density (which is equal to the sulfonate density) is
equal to the injected ion density, we obtain a hole mobility of
approximately 0.06 cm? V7! s7! for both the pristine and the
crosslinked films. These values are considerably higher than
the values determined for the potassium mobility, which is
consistent with the key assumption of the model, namely that
the conductivity of the dedoped part of the film is lower than
that of the doped part of the film. It should be noted that the
hole mobility can be independently determined by analyzing
the response of OECTs to constant gate current.'% We fab-
ricated devices made from the same PEDOT:PSS film and
obtained a hole mobility of 0.01 cm? V™! s7! (see Supporting
Information). This value is in good agreement with the one
estimated by ion injection, which further supports for the
validity of the model.
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Figure 3. Temporal evolution of the drift length, ¢, of various cations in
PEDOT:PSS during a dedoping cycle.

The measurements above were carried out in electrolytes
with a concentration of 10 mM. Measurements were also con-
ducted with electrolyte concentrations spanning two orders of
magnitude from 1 mM to 100 mM. Saturated optical trans-
mission profiles were observed and Equation 1 was found to
hold in this concentration range (see Supporting Information),
allowing the mobility to be determined. A slight increase of
the mobility with concentration was observed, indicating that
mild heating of the film might be taking place.3% In electrolytes
with concentrations of 1 M and higher, ¢ exhibited a sub-linear
time dependence, which is not captured by our model. Such a
deviation can be described by strong ion-ion interactions, which
render ion transport more dependent on the coupling to the
counter ions and invalidate the assumption that the ions are
fully dissociated. Ion concentrations lower than 1 mM were not
investigated, as the potential drop at the electrolyte becomes
non-negligible.

We subsequently evaluated the transport of different cat-
ions in PEDOT:PSS films. Figure 3 shows the drift length of
protons, potassium, sodium and choline (CsH{4,NO*, molar
mass of 104.62 g/mol) cations, at a concentration of 10 mM.
The data for all ions follow the ¢? vs. t dependence, allowing
the determination of mobilities, shown in Table 1. As with
potassium, the mobilities of these ions in PEDOT:PSS were
found to be a bit higher than the electrophoretic mobili-
ties measured in bulk water, indicating that electroosmosis

Table 1. Mobility of various cations in PEDOT:PSS (measured with
10 mM solutions), in water, at the limit of infinite dilution.

lon Mobility in PEDOT:PSS Electrophoretic mobility in bulk water

[em?Vs7] [em?2VTs7]
H* 3.9+0.2x1073 (N=3) 3.6 x 107 (from ref.[23))
K* 1.4+£02%x1073 (N=38) 7.6 x 107* (from ref.[23))
Na* 9.3£0.4x107 (N=3) 5.2 10 (from ref )
CsHi,NO*  45+0.4x107% (N=3) 3.9 % 107* (calculated from ref.3l)
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plays a role in ion transport in PEDOT:PSS. It should be
noted that Na* shows a lower mobility than K*, consistent
with a larger hydration sphere.?3] These results emphasize
that PEDOT:PSS is an efficient ion transporter for applica-
tions in bio-interfacing, where the film is in direct contact
with and hence takes up water. However, PEDOT:PSS is not
stable over long times to immersion in water and dissolves
or delaminates upon agitation. Addition of a crosslinker such
as GOPSP* or the use of a vapor-phase deposited PEDOT!®’!
have been used as alternatives that enable long-term opera-
tion of devices. Our work implies that such approaches trade,
to a certain extent, ion mobility for stability, and that further
understanding and engineering of the polymer microstruc-
ture is needed to allow co-optimization of stability, electronic
transport and ion transport.

Of particular interest is the fact that choline, an organic
cation that is an essential nutrient, is transported efficiently
in PEDOT:PSS. This implies that the size of water channels
in PEDOT:PSS is larger than the size of the choline ion, and
prompts the question of what the maximum ion size is for
efficient transport through this material. This question has
important technological ramifications for the design of OEIPs,
which employ electrophoretic transport of ions in a conducting
polymer film. It has been shown that these devices can deliver a
variety of neurotransmitters,[3! including acetylcholine.’”) The
method described here can help answer this question by quan-
tifying the mobility of biologically-relevant ions.

In this Communication we focused on ions that are injected
in the film from aqueous solutions, which is of particular
interest to bio-interfacing. In other applications of mixed
ionic/electronic transporters, such as in light-emitting electro-
chemical cells, the organic layer is not in contact with an elec-
trolyte and hence ion transport occurs in a dry film. This limit
can also be approached with the method described here, if an
ionic liquid is used to supply the ions instead of an electrolyte
solution. As solvent-free ion solutions, ionic liquids can inject
non-solvated ions into a conducting polymer, which creates an
opportunity to study ion transport in a different regime. Ionic
liquids have already been used as a source of mobile ions in
ionic polymer transducers.®®! Alternatively, a solid electrolyte
can be used as a source of ions in order to avoid hydration
and allow a measurement of ion transport in a dry film. The
results presented above show that mobility decreases when
hydration is decreased, which brings up the question of what
is the “sensitivity” of this method. Equation 1 shows that for a
mobility of 1078 cm? V! s and an applied bias of 2 V, the front
moves 2 um in the first 1 s of the measurement. Given that
PEDOT:PSS can be patterned with <<1 um line edge roughness
using photolithography,*”! the method described here appears
to be suitable for such measurements. Finally, the model can
be easily adapted to other configurations such as the doping
of intrinsic organic semiconductors, or the dedoping of n-type
organic semiconductors, broadening the matrix of materials in
which ion transport can be measured. As interest in organic
electronic materials that support both electronic and ionic
transport increases, the method developed here will play an
important role in establishing structure vs. ion transport prop-
erties relationships.
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Experimental Section

Planar junctions were fabricated using standard microfabrication
techniques. The fabrication started with the deposition of a 2 um-
thick parylene-C film (Specialty Coating Systems) on a glass substrate
(26 mm x 76 mm), and the subsequent spin-coating of a commercial
solution of PEDOT:PSS (Clevios - PH500), with the addition of 20%
anhydrous ethylene glycol and DBSA (50 um in 25 mL of solution). The
parylene film, which was mildly etched with oxygen plasma (100 W for
2 min in a Reactive lon Etcher, Oxford) just before the deposition of
PEDOT:PSS, was used to prevent delamination of the PEDOT:PSS film
from the substrate. The thickness of the PEDOT:PSS films used in this
study was 400 nm, achieved with multiple depositions followed by a soft
bake at 90 C for 1 min between each deposition. The films were then
baked at 90 °C for 20 min and finally at 140 °C for 40 min and then
rinsed in deionized water for 30 min to remove low molecular weight
additives. A 100 nm gold electrode was deposited on one side of the film
using a shadow mask. A 40 pm-thick SU-8 film was spin-coated on top
of the PEDOT:PSS film to serve as an ion barrier. After a post-exposure
bake, it was developed according to the manufacturer’s specifications
to open a well of 16 mm x 5 mm. PEDOT was removed mechanically,
using a swab dipped in acetone, and a polydimethylsiloxane rim was
placed on top of the SU-8 well to confine 1.5-2 mL of electrolyte. The
area of the junction was equal to 400 nm X 16 mm, and the length of
the PEDOT:PSS film between the electrolyte and the Au contact was
32 cm. It should be noted that conductivity measurements on test
samples showed that the processing of the SU-8 film did not affect the
electrical properties of the PEDOT:PSS. Finally, a Ag/AgCl electrode
was immersed in the electrolyte. Experiments were also performed on
films that were crosslinked with the addition of 1T wt% of GOPS in the
PEDOT:PSS solution just before spin coating.

The device-to-device reproducibility was found to be better than
15%, which permitted a pristine device to be used for each type of
electrolyte. The latter were freshly made before each measurement by
adding the appropriate amounts of HCl, KCI, NaCl, and choline chloride
(Sigma—Aldrich) in deionized water. Dedoping was achieved by applying
a positive bias to the Ag/AgCl electrode. The dedoping front was not
allowed to reach the Au electrode. The device was then short-circuited
to return to its doped state. This defined one cycle. The current vs.
time curves were found to reach a reproducible behavior after the first
2-3 cycles. The mobility values were found to be independent of applied
bias (within the device-to-device reproducibility error) in the range of
2-4 V. The measurements were conducted on an inverted Carl Zeiss Axio
Observer Z1, and time lapse images were recorded in the bright-field
mode with a 1x objective. The images were corrected to assure uniform
light intensity throughout the field of view. Grey level profiles along the
x direction (from the electrolyte to the Au electrode) were calculated
using a custom MatLab program. The drift length of the cations was
calculated from the position of half-maximum intensity change (AT).
The current flowing through the device was recorded with a Keithley
2612A source-measure unit connected to a computer running custom
LabView software.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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