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ABSTRACT: Poly(3,4-ethylenedioxythiophene) polystyrene sul-
fonate (PEDOT:PSS) is one of the most important mixed electron-
ion conducting polymers, where the efficiency of the ion transport
is crucial for many of its applications. Despite the impressive
experimental progress in the determination of ionic mobilities in
PEDOT:PSS, the fundamentals of ion transport in this material .
remain poorly understood, and the theoretical insight into the ion S5 ARG PSS-rich
diffusion on the microscopical level is completely missing. In the [ :
present paper, a Martini 3 coarse-grained molecular dynamics
(MD) model for PEDOT:PSS is developed and applied to calculate
the ion diffusion coeflicients and ion distribution in the film. We
find that the ion diffusion coeflicients for Na" ions are practically
the same in the PEDOT-rich and PSS-rich regions and do not show
sensitivity to the oxidation level. We compare the calculated diffusion coefficients with available experimental results. Based on this
comparison and based on the MD morphology simulation of PEDOT:PSS revealing the formation of pores inside the film, we revise
a commonly accepted granular morphological model of PEDOT:PSS. Namely, we argue that PEDOT:PSS films, in addition to
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PEDOT-rich and PSS-rich regions, must contain a network of pores where the ion diffusion takes place.

1. INTRODUCTION

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (best
known as PEDOT:PSS) is one of the most important and most
studied conducting polymers. Its widespread use in organic
and bioelectronics is because of the fact that it simultaneously
possesses several important properties such as good environ-
mental stability, well-developed synthesis routes, high elec-
tronic and ionic charge carrier mobilities, and tunable optical
absorption (for reviews of various aspects of its material
properties, see, e.g., refs 1—7). One of the essential features of
PEDOT:PSS is that it is a mixed electron and ion
conductor;*™'° therefore, it can be used in a variety of
applications requiring both electron and ion transport. These
applications include supercapacitors and batteries,"" electro-
chemical transistors'>'® and biosensors,'* neural probes and
neuromorphic devices," implantable drug delivery devices and
ion pumps,16 stretchable electronic devices,'” and others.

In many of the abovementioned applications, the device’s
performance relies on the efficiency of the ion transport;
therefore, during the past decade, the investigation of various
aspects of ion transport in PEDOT:PSS has attracted great
attention. In most of the reported studies, researchers mostly
focused on the ionic conductivity ¢ (usually using impedance
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measurements),'* >> whereas studies addressing the ion
mobility ¢ (or the diffusion coefficient, D = ukgT/q) are
rather scarce.”>”>° (Note that determination of the mobility
from the measured conductivity is typically not viable because
the conductivity is the product of the ion charge, mobility, and
concentration, 6 = gun, and the independent determination of
the concentration of the ions contributing to the conductivity
represents a significant challenge.) Direct measurement of the
ion mobility in PEDOT:PSS was reported in the pioneering
works of Malliaras and collaborators””** who used the moving
front experiments to monitor the electrochromic changes
associated with the propagation of the dedoping front in the
film. Recently, ion mobility measurements in PEDOT:PSS
were performed using operando NMR spectroscopy.”
Despite of the impressive experimental progress in the
determination of ionic mobilities in PEDOT:PSS, the
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Figure 1. Martini 3 models of (a) PEDOT, (b) PSSH, and (c) PSS~ units.

fundamentals of ion transport in this material remain poorly
understood, and the theoretical insight into the ion diffusion
on the microscopical level is completely missing. There are
several crucial questions awaiting their clarification, such as,
“what is the theoretical value of the ion diffusion coeflicient in
PEDOT:PSS, and how this value is compared to the measured
ones?” Another question is related to the microscopic picture
of the ion diffusion and can be formulated as “where do ions
move, in the PSS-rich or in PEDOT-rich regions, and what is
the difference in the corresponding diffusion coefficients (if
any)?” (Note that the presence of the PSS-rich and PEDOT-
rich regions represents an essential morphological feature of
PEDOT:PSS.) A further important question is “how does ion
diffusion depend on the oxidation level?”. Without under-
standing these questions, the comprehensive picture of the ion
diffusion in PEDOT:PSS can hardly be properly built, and
further improvement of materials and devices relying on mixed
ionic and electronic transport in PEDOT:PSS can be difficult.
Therefore, in the present paper, we aim to provide a
comprehensive theoretical understanding of the ionic transport
in PEDOT:PSS and to answer the above questions using
molecular dynamics (MD) simulations.

During recent years, molecular modeling of conducting
polymers, in particular, PEDOT, became a powerful tool not
only complementing experimental studies but also providing
essential theoretical insight and quantitative predictions of
various aspects of the electronic, optical, transport, and
morphological properties of the materials at hand. This
includes simulation and modeling of optical properties,”**’
morphology,”*™* effects of solvents*>*® and ionic liquids,”
effect of substrate,®® thermoelectric properties,” ' and
electronic transport””**~** (for a review, see ref 7).
Calculations of ion diffusion were recently reported for
PEDOT:tosylate” and mixed conducting polymers.”> How-
ever, to the best of our knowledge, calculations of ion diffusion
in PEDOT:PSS have never been attempted previously.

All-atom (AA) MD simulations represent a standard and
well-developed technique to study the morphology and ion
diffusion of many materials, including conducting polymers.
However, because of computational limitations, AA MD
simulations might not be suitable to describe realistically
large systems, including PEDOT:PSS. Indeed, as mentioned
above, PEDOT:PSS is characterized by a granular structure
attributed to phase-separated PEDOT- and PSS-rich domains
of the dimensions of 20—30 nm.”’ A computational box
including domains of such sizes would be prohibitively large
for the AA MD simulations. In order to circumvent such
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limitations, coarse-grained (CG) MD simulations are used,
where several different atoms are combined in a single
computational bead. One of the most popular CG MD models
in the field of soft materials science and biomolecular systems
is the Martini force field.**¢ Recently, its refined version,
Martini 3, was introduced, with an improved description of the
interaction and introduced more versatile bead types.*” In our
previous studies, we reported the Martini 2 model for
PEDOT:tosylate” and PEDOT:PSS.”" In the present study,
we develop and verify the Martini 3 model for PEDOT:PSS.
Using the developed Martini 3 model and utilizing a granular
model of PEDOT:PSS describing PEDOT- and PSS-rich
regions developed in our previous study,”’ we calculate the
diffusion coeflicient in PEDOT:PSS at different oxidation
levels and analyze spatial ion distribution using radial and
spatial distribution functions (SDFs). We compare the
calculated diffusion coefficients with available experimental
results, and, based on this comparison, we revise a commonly
accepted granular morphological model of PEDOT:PSS.
Namely, we argue that PEDOT:PSS films, in addition to
PEDOT-rich and PSS-rich regions, must contain a network of
pores that forms during the drying process, where the ion

diffusion takes place.

2. COMPUTATIONAL METHOD

2.1. Martini 3 Model for PEDOT:PSS. We investigate the
morphology of PEDOT:PSS polymers and the dynamics of
ions using the Martini 3 CG model.*” In the previous Martini
model (Martini 2), four atoms are mapped to a CG bead.* In
Martini 3, new “small” and “tiny” beads are used for 2-to-1 and
3-to-1 mapping in addition to the standard 4-to-1 mapping of
the Martini model. The interactions between CG beads are
given by the 12-6 Lennard-Jones potentials, representing the
nature of the underlying chemical groups. In the Martini
model, there are four types of beads representing polar (P),
intermediately polar (N), apolar (C), and charged (Q)
potentials. Each of these types is divided into subtypes
elucidating the hydrogen bonding capability of the particles:
donor (d), acceptor (a), both donor and acceptor (da), and
none (0), and degree of polarity with scales from 1 (low
polarity) to 6 (high polarity). The selection of beads for a
particular system is typically done by matching the free energy
of transfer of the monomeric repeat unit, fitting the bond, and
angle distribution of the corresponding atomistic system, and
long-range structural properties such as the persistence length,
radius of gyration, and end-to-end distance.

https://doi.org/10.1021/acs.chemmater.3c00873
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The Martini 2 CG model for PEDOT:PSS was introduced in
our previous study.’’ In the present study, we develop the
PEDOT:PSS model based on the Martini 3 force field, as it
provides improvements compared to the Martini 2 model. In
the Martini 3 model, smaller bead sizes (tiny and small beads)
are introduced to better represent groups such as ring-like
fragments. This includes improvements in the description of
n—n stacking distance, as well as arrangements of the
monomers within the chains as will be described below. To
represent a PEDOT monomer, we use TC2, TC4, and SN2
beads as shown in Figure la. Following the Martini 2 model
for PEDOT, a charged virtual site is introduced at the center of
each thiophene ring with a charge of +0.33 e, which
corresponds to a typical oxidation level of ¢, = 33%.** For
the reduced PEDOT (c,, = 0%), the charge on the virtual site
is set to zero. The PEDOT chains are believed to be short, and
the number of monomer units in a chain (the degree of
polymerization, DP) is chosen to be 12.*

We modeled PSS and PSSH monomers with four Martini
beads, including TC2, TC4, and Q4n/PS$ as shown in Figure
1b,c. The Q4n bead is representative of a charged bead, and P$S
is representative of an uncharged bead for the sulfonate group.
The degree of polymerization of PSS is set to 50 monomers
per chain. In the experimental material, the DP can exceed
1000. Modeling of such long chains is computationally
expensive. Note that the chain length for DP = 50 greatly
exceeds the persistence length of PSS, which justifies the
utilization of the chosen chain length in the simulations. In
particular, in our previous studies, we verified that the
calculated morphologies for DP = 50 and DP = 2200 are the
same for the case of a both single PEDOT:PSS particle and for
the film.>"*° The TQS CG bead type is used for modeling of
Na® ions, and the W bead type is used for water molecules.*’
VMD is used for all molecular visualizations.”"

In previous studies, single chain properties of polymers such
as polystyrene, polyethylene, polyethylene oxide, and poly-
propylene were used for the parameterization of Martini CG
models.””>* These properties included the persistence length
Ip, the radius of gyration Ry, and the end-to-end distance d,_..
To validate our model, we built the AA simulation model for
the PSS and PEDOT molecules and compared the AA and CG
results for I, R, and d._, see Figure S1. The umbrella
sampling method was used to validate the PEDOT beads. The
details of the validation of PEDOT and PSS models are given
in Section SI in the Supporting Information. The list of all
Lennard-Jones parameters used in the Martini 3 CG
calculations is presented in Table S2. For the sake of
reproducibility of our results, we provide a complete set of
initial atomic positions, MD setup, and bonded and non-
bonded interactions between beads in the Supporting
Information (see Section S2).

It is noteworthy that the Martini 3 model provides an
improved description of PEDOT:PSS films as compared to
Martini 2. In particular, because of the utilization of “tiny”
beads, the obtained z—n stacking distance in PEDOT
crystallites, R,_, = 0.36 nm (Figure S2), is consistent with
the experiment and the AA calculations.”® (Note that Martini 2
models overestimate the 77—z stacking distance in conducting
polymers because the size of the beads used there is larger than
R,_,>°). The Martini 3 model corrects another deficiency of
Martini 2 concerning the arrangements of monomers in the
PEDOT chain. Namely, another artifact of the Martini 2 model
for PEDOT is that monomers belonging to neighboring chains
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in the crystallite face each other with the sulfur atoms pointing
in the same direction. In the Martini 3 model, this deficiency is
corrected, and the corresponding monomers point out in
opposite directions, in accordance with the AA MD results,*®
see Figure S2b. Note that previously, this deficiency was
corrected by the backmapping of the CG Martini morphology
into the atomistic one.*®

2.2. MD Simulations of the PEDOT:PSS Film. We use
the model for the PEDOT:PSS thin film developed in our
previous study,”" and for the preparation of PEDOT:PSS thin
film in water, we follow the main steps as described in this
paper. These main steps consist of (a) preparation of the dried
film; (b) immersing the dried film in water; and (c)
deprotonation of PSSH, see Figure 2 for illustration. These

(@

Dried film

e

e PEDOT

2. °® 9 pssH

—~——— PSS

Figure 2. Preparation of PEDOT:PSS film immersed in water: (a)
dried film; (b) immersing the dried film in water; (c) deprotonation
of PSSH.

steps are followed by (d) changing the oxidation level and (e)
calculation of the diffusion coefficient. Step (f) describes a
preparation of the dried film from two PEDOT:PSS particles
to illustrate a pore formation. Based on the obtained
morphology, the ion distribution in the film and ion diffusion
are investigated. MD calculations in steps (a)-(e) are
performed using the GROMACS package (version 5.0.4
2018a),”” and step (f) is performed using the Gromacs
2022.2 version.”®

2.2.1. Preparation of the Dried Film. We use a model of
PEDOT:PSS consisting of a core PEDOT-rich region
surrounded by PSS-rich regions as shown in Figure S3. This
can be considered as a “minimal model” of PEDOT:PSS
because it captures the formation of PEDOT- and PSS-rich
regions of realistic sizes (of the order of 15 nm in agreement
with the experimental observations">°~"***"),

More realistic models would include more PEDOT- and
PSS-rich regions; however, such models are prohibitively
computationally expensive even for CG MD approaches. The
PEDOT-rich region consists of 1000 PEDOT and 200 PSS~
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Figure 3. Density profiles of PEDOT, PSS, Na* ions, and water in PEDOT:PSS film for the oxidation level (a) c,, = 33% and (b) c,, = 0%. Dotted
lines define PEDOT-rich, PSS-rich, and PEDOT—PSS interface regions. PEDOT- and PSS-rich regions are defined as those where the densities of
PEDOT and PSS are approximately within 75% of their respective maximal values.

chains, where the ratio of protonated to deprotonated
sulfonate groups on PSS is 1.6S. There are 808 PSSH chains
in the PSS-rich region. The initial simulation box dimension is
24 X 24 X 130 nm> and is filled with 587,000 Martini water
molecules, corresponding to a 80% wt hydration level.

First, we make a solution of PEDOT:PSS with a 80%
hydration level. Then the energy minimization is done by the
steepest descent method and continued with an equilibration
in the isothermal—isobaric ensemble (NPT) for 100 ns and the
time step of 1 fs at 1 bar and 300 K using the velocity rescaling
thermostat™ and Berendsen barostat.’” A restraint is applied to
the polymer matrix during the equilibration process, and only
water molecules freely move to uniformly fill the box space. In
the production run (performed for 400 ns) the pressure is held
constant at 1 bar by the Parrinello—Rahman barostat.”’ The
choice of an NPT ensemble for the production run is to mimic
the constant pressure and temperature in the laboratory
condition. [Note that the same thermostats and barostats were
used for equilibrations and production runs for steps (b—e) as
well]. In all the MDs simulations, we use the smooth particle-
mesh Ewald method to include the long-range electrostatic
interaction.”” The cutoff radius of electrostatic and vdW
interactions is set to 1.2 nm.

Evaporation is done by randomly removing 10% of the
remaining water at each step until reaching a dry film of 10%
wt water (Figure S3). Note that because we remove 10% of the
remaining water at each step, the absolute amount of removed
water decreases with every step, and one requires 30 steps to
dry a film from 80 to 10% wt hydration level. At each step,
after removing 10% of water, the system is equilibrated for 8
ns, and a production run is performed for 10 ns in the NPT
ensemble as specified above. The total MD simulation time
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during evaporation to reach the dried film is 18 ns X 30 steps =
540 ns. In the drying process, the pressure is applied semi-
isotropically (isotropic in the x and y directions but variable in
the z direction). We consider zero compressibility in the x—y
plane. As a result, the final dried film shrinks in the z direction,
which mimics the thin film formation in the laboratory. The
dimension of the final dried film is 20 X 20 X 40 nm~>. Finally,
we note that to save computational time, we used protonated
PSS chains (i.e, PSSH). Strictly speaking, one should start
with de-protonated chains and gradually protonate them
during water evaporation. In previous simulations,31 we
observed that performing drying in both ways led to the
same morphology. Therefore, to save computational time, we
use the PSSH chain during the entire simulations.

2.2.2. Immersing the Dried Film in Water. Having prepared
a dry film, we place it in water as illustrated in Figure 2b. The
dimension of the computational box is 24 X 24 X 130 nm ™. At
the beginning of the simulation, the deprotonation level «,
defining the relative ratio of the deprotonated sulfonate groups
of PSS, is @ = 0%, which means all the PSS molecules are
protonated. (Note that, as discussed above, there are also some
sulfonate groups in the PEDOT-rich region that are not
completely protonated because they compensate for the
positive charges of PEDOT, and they are not counted in the
definition of @). The NPT equilibration is performed for SO ns,
where position restraints are applied on the polymer chains,
followed by the NPT production run for 50 ns.

2.2.3. Deprotonation of PSSH. Placed in water, the film
starts swelling as water molecules penetrate PSS-rich and
PEDOT-rich regions and PSSH molecules become PSS~ step
by step, as illustrated in Figure S4a. At each step, we
deprotonated 20% of PSSH molecules by randomly replacing
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SO;H units with SO;~ and compensating for the negative
charges by Na® ions. Na* ions are placed randomly in the
computation box between water beads. We perform energy
minimization and 30 ns NPT equilibration in the Berendsen
barostat®® to reach a proper starting point at each
deprotonation step. [Note that the probability of deprotona-
tion is higher for SO;H units that are surrounded by a larger
number of water molecules. For the sake of simplicity and
computational efliciency, we do not account for this in our
model because the re-arrangement of water molecules and
protons (Na*) due to fast diffusion takes place locally and is
not expected to affect the long-range order].

Figure S5 shows the change in the number of Na® ions
during deprotonation and the corresponding changes in the
deprotonation and oxidation levels. At each step, the NPT
equilibration is performed for 30 ns, where position restraints
are applied to the polymer chains, followed by the NPT
production run for SO ns. (It is worth noting that an
equilibration step is needed because Na* ions inserted between
water beads experience a strong force from surrounding
molecules, and we therefore need to reach a stable
configuration before MD production run). Note that here, as
in the previous study,”’ Na* ions play the role of H"/H;0"
because a model for proton or hydronium in the Martini force
field is not available yet. It is also noteworthy that in many
experiments, Na* ions replace protons.”” During the swelling
process, the PEDOT-rich region width stays almost unchanged
while the PSS-rich region expands from about 35—4S5 nm, see
Figure S4b. Note that the swelling process and water intake in
PEDOT:PSS are discussed in detail in our previous study.”"

2.2.4. Changing the Oxidation Level. To prepare films with
different oxidation levels, we start with a completely
deprotonated system (a = 100%) and change the oxidation
level of the PEDOT chains from ¢, = 33.3 to 0% in four steps:
33.3% — 25% — 16.8% — 8.3% — 0%. At each level, 1000
Na® ions were added to the water region of the system to
compensate for the negative charges, see Figure SS. At each
oxidation level, we performed a 30 ns NPT equilibration
followed by 50 ns production run as described before.

2.2.5. Calculation of the Diffusion Coefficient. To calculate
ion diffusion coefficients, 3000 Na® ions were randomly
selected from each system. The ions situated closer than 0.43
nm to sulfonate-charged groups are considered as trapped, and
they are not included in the calculations. The diffusion
coeflicient is calculated by the Einstein relation

_ (ar®)
6t

D (1)

where Ar%(t) is the mean square displacement (MSD) of ions
during the time interval ¢, and the averaging is performed over
all selected ions. The diffusion coeflicient is calculated in three
regions in the simulation box (PEDOT-rich, PSS-rich, and
PEDOT—-PSS interface regions), which are defined based on
the PEDOT and PSS density profiles, see Figure 3. The
duration of the entire production run for the calculation of the
MSDs is 10 ns. For each trajectory, we need to ensure that the
ion stays in the chosen region. However, during the production
run (10 ns), the ion can leave the region where it was initially
situated. Therefore, we divide the entire trajectory into smaller
intervals (2 ns), in which the ions typically stay in the same
region (note that we check this during MSD calculations).
Then, for each of these intervals, we calculate the MSD for
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every ion and use the obtained values to compute the diffusion
coefficient according to eq 1.

It should be stressed that the diffusion coefficient given by
eq 1 is properly defined only when the MSD depends linearly
on time. To ensure that we are in the linear regime, we
calculated the averaged MSDs for all ions, see Figure S6. Figure
S6 also shows MSDs for different individual representative
trajectories. While individual MSDs show deviations from the
linear behavior, the average MSD exhibits almost perfect linear
dependence. This clearly demonstrates the validity of eq 1 for
our system. This also shows that our system is ergodic, that is
an average over infinitely long time required in the definition of
the diffusion coefficient eq 1 is equivalent to the averaging over
many configurations (i.e., over many ion trajectories).

After this, the diffusion coefficients are calculated for another
1000 Na* ions, and the calculated results for all 4000 ions are
compared to the results obtained in the previous step (for 3000
ions). This procedure (i.e., calculating the diffusion coefficient
for 1000 more ions) continues until the calculated results
(plotted as boxplots) do not change more than 3%.

2.2.6. Preparation of the Dried Film from Two PEDOT:PSS
Particles to lllustrate Pore Formation. The same procedure as
described in ref 31 was followed to obtain a dry film from
PEDOT:PSS dispersion consisting of PEDOT:PSS particles.
First, we prepare each PEDOT:PSS particle by randomly
coiling a PSS chain (DP = 2200) around the PEDOT core,
consisting of 100 oligomers with DP = 12. Then two such
particles are placed in a periodic simulation box with
dimensions 53 X 27 X 27 nm’ and solvated with water
molecules (N, = 295,143). PEDOT:PSS is a highly stable
water dispersion,” and therefore all sulfonated groups in our
model are initially deprotonated. Second, the system is energy
minimized with the conjugated gradient method and afterward
equilibrated in the NVT (0.5 ns) and NPT (5 ns) ensembles at
300 K and 1 bar in the case of NPT. Finally, the water
evaporation was done by removing approximately 1.2 wt %
water beads (with respect to the weight of the entire
simulation box, including PEDOT:PSS, water, and ions at
the previous evaporation step) in 77 evaporation steps. The
system was equilibrated between every two evaporation events
for 0.5 ns in the NVT ensemble where the PEDOT:PSS
particles were kept position restrained, which was then
followed by another equilibration in the NPT ensemble for 5
ns utilizing the Berendsen barostat® with a coupling constant
of 2 ps. The position restraints were applied only during the
NVT runs to let water equilibrate better around the polymer
chains and avoid sporadic movements of the chains due to the
removed water molecules. The system was then simulated for
an additional 10 ns under NPT conditions with the Parrinello—
Rahman barostat at 1 bar with coupling constant of 4 ps. It
should be noted that simulations with both isotropic and
anisotropic pressure coupling were performed with compres-
sibility of 0.0003 bar™'. During water removal, PSS sulfonate
groups were randomly protonated (under the condition that
there was an Na* ion within 6 A from them) to account for the
decrease of the pH and the charge neutrality in the final dried
film. This procedure was carried out until 10 wt % water was
left in the box. The velocity rescaling thermostat®” was used in
all simulations with the coupling constant of 1 ps.

3. RESULTS AND DISCUSSION

We investigate the ion diffusion and ion distribution in the
PEDOT:PSS thin film in water. We use the model for
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PEDOT:PSS thin film developed in our previous study.’'
Within this model, PEDOT:PSS film immersed in water is a
two-phase system consisting of PEDOT-rich and PSS-rich
regions. The PEDOT-rich region consists of positively charged
PEDOT chains compensated by negatively charged deproto-
nated PSS. The PEDOT-rich region consists of deprotonated
PSS where protons or Na* ions compensate negatively charged
sulfonate groups of PSS. Because of computational reasons,
protons and Na' ions are treated on equal footing (they are
described by the same Martini beads). To prepare the system,
we follow a similar procedure as described in ref 31 and
summarized in Figure 2. First, a dried PEDOT:PSS thin film is
prepared (Figure 2a). Then the dried film is immersed in water
(Figure 2b). In water, PSSH is de-protonated, and a final
morphology is shown in Figure 2c. The details of the system
preparation are described in the Computational Method
section.

The densities of PEDOT, PSS, water, and ions in PEDOT-
and PSS-rich regions are shown in Figure 3 for oxidized (c,, =
33%) and fully reduced (c,, = 0%) films. (PEDOT- and PSS-
rich regions are defined as those where the density of PEDOT
and PSS is approximately within 75% of their respective
maximal value; the domain between these regions is defined as
the interface region between the PEDOT- and PSS-rich
regions). The density of Na* ions in the PSS-rich regions is
larger than the PEDOT-rich region for both oxidized and
reduced samples. This is because the density of PSS is larger in
the PSS-rich regions. (Note that Na' ions compensate
negatively charged sulfonate groups on PSS). By changing
the oxidation level from 33 to 0%, Na* ions penetrate from the
water region to the PEDOT-rich region to compensate for the
negative charges of PEDOT chains. As a result, in a reduced
PEDOT:PSS (c,, = 0%), the number of ions in the PEDOT-

5517

rich regions increases by 60% as compared to the oxidized
system (c,, = 33%). During this process, the ions bring water
with them which leads to the increase of the amount of water
in the film.

To analyze the diffusion coefficients calculated in the present
study, it is instrumental to understand the distribution of the
ions in the system. In the present study, it is done with the help
of the radial distribution functions (RDFs) and the SDFs,
where the latter shows the probability of finding a particle at a
certain position in space around a fixed reference system of
other particles. Note that, in contrast to commonly used RDFs,
SDFs are plotted in three dimensions and can involve more
than two molecules. Figure 4 shows the SDFs for PEDOT,
PSS, Na*, and water in PEDOT-rich and PSS-rich regions at
oxidation levels of ¢, = 33% and c,, = 0%. The probability
distributions are shown as isosurfaces (i.e., surfaces represent-
ing constant values of the probabilities). At each plot,
isosurface values are chosen to be the same for each species
so that we can compare densities of each species around a
reference monomer. An alternative way to represent SDFs as
contour maps is presented in Figure S7. The cut-oft distance
value of SDF plots is set to 10 A for all plots (i.e., SDFs are
plotted for species separated by up to 10 A). All SDF plots are
obtained by ViaMD software.”>*

Figure 4c,d shows the SDFs of PSS—Na"—water for PSS-
and PEDOT-rich regions for oxidized and reduced films (c,, =
33% and c,, = 0%, respectively), where PSS monomer is used
as a reference unit, and Na* and water distributions are shown
by orange and cyan isosurfaces, respectively. In all cases, the
SDF exhibits a broad lobe wrapped around the charged bead of
PSS, representing Na® ions attracted to negative sulfonate
groups because of the Coulomb interaction. In addition, for
the case of the PEDOT-rich region for the reduced PEDOT,
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the SDF distribution of Na* ions exhibits a second lobe (at the
left part of the PSS unit in Figure 4d). This corresponds to Na*
ions injected into the PEDOT-rich region during the reduction
of PEDOT. Because all sulfonate groups are already
compensated, the injected ions are distributed in the remaining
available space around PSS. Figure 4a—d shows a spatial
distribution of water, where the latter, as expected, is located
close to Na* ions forming the hydration shells. In accordance
with the density profiles presented in Figure 3, the amount of
water is larger in the PSS-rich region, which is also reflected in
the corresponding SDFs presented in Figure 4a—d. It is
noteworthy that in both PEDOT- and PSS-rich regions, the
amount of water surrounding PSS is larger for the reduced
systems (c,, = 0%) as compared to the oxidized one (c.,
33%), cf. Figure 4a,b. This is because during reduction, Na*
ions injected into the film bring along water molecules in their
hydration shells. Finally, Figure 4ef provides the same
information about the spatial distribution of Na* ions around
PSS as Figure 4c,d, but in addition, they also show a spatial
distribution of PEDOT, where the latter is primarily located
around either side of PSS in its middle part. (Note that values
of isosurfaces are different in Figure 4e,f and 4c,d). The SDFs
for PSS—PSS are shown in Figure S8.

Let us now discuss the spatial distribution of PSS, PEDOT,
and Na® around PEDOT. PEDOT—PEDOT spatial proba-
bility distribution exhibits vertical isosurfaces around a
reference monomer in a PEDOT chain, see Figure 4gh. This
structure of isosurfaces apparently reflects a formation of 7—x
stacking between PEDOT chains (note that the distance
between the isosurfaces corresponds to the z—m stacking
distance R,_, = 0.36 nm obtained in the Martini model). The
radial PEDOT—PEDOT distribution function, Figure S2c,
shows four peaks at the multiples of the 7—7 stacking distance
R,_,, which corresponds to five PEDOT chains in each
crystallite in agreement with previous results.”’ The 7—7x
stacking distance R, between PEDOT chains does not show
any differences by changing the oxidation level of PEDOT, cf.
Figures 4gh and S2c. The disk-like isosurfaces on top and
bottom from the reference PEDOT monomer are the
monomers belonging to the same chain. As the distance
from the reference monomer increases, disks transform into
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the arks, which illustrates the bending (deviation from
planarity) of PEDOT chains. (The bending of PEDOT chains
in PEDOT:tosylate is discussed in ref 28). Because of the
formation of 7—n stacked PEDOT crystallites, PSS is situated
in the space surrounding these crystallites. This is manifested
in SDFs of PEDOT—PSS, where PSS is situated close to the
PEDOT backbone as well as on the top and bottom of the
monomer (green clouds in the middle and the top and bottom
of Figure 4i,j). Because of the electrostatic attraction, Na*
surrounds the negatively charged sulfonate group of PSS.

Figure 5 shows the RDFs g(r) for Na* ions with respect to
PEDOT, PSS, and water at different oxidation levels (c,, =
33% and c,, = 0%) in PEDOT-rich and PSS-rich regions. The
sharp and high peak in the RDF plot of Na"—PSS at r =~ 0.43
nm (Figure Sa) is indicative of high correlation of ions with
PSS as was seen in the SDFs in Figure 4a—d. The RDFs for
Na*—PEDOT show peaks at r & 0.6 and 0.7 nm. Their origin
can be understood from the analysis of the corresponding
SDFs: the first peak corresponds to Na* ions close to S in
PEDOT monomers, whereas the second one corresponds to
Na* ions on the opposite side of the monomers, see Figure 4ij.
The RDFs for Na*—water show pronounced peaks at r =~ 0.45
nm, which reflects the formation of the hydration shells around
ions.

Diffusion coeflicients of Na* ions in three different regions
of PEDOT:PSS film (PEDOT-rich, PSS-rich, and the inter-
face) are shown in Figure 6 for oxidized and reduced films (c,,
= 33% and c,, = 0%) in a form of boxplots. (The boxplots
showing data through their quartiles are an eflicient way for
presenting the results when the data show a wide spreading.
The MSDs are presented in Figure S6). The ion diffusion
coefficients are practically the same in all three regions (with a
median value D ~ 7 X 10~ cm?/ s) and do not show sensitivity
to the oxidation level. This result contrasts with the common
belief that the ion diffusivity in the PSS-rich regions is larger
than in the PEDOT-rich ones.”* We relate the reason that the
diffusion coefficient is rather similar in all three regions to the
fact that the Na" distribution in the film is strongly correlated
with PSS, which is hydrophilic and therefore represents a
scaffold for the ionic motion. It is important to stress that PSS
and water are present in both PSS- and PEDOT-rich regions,
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Figure 6. Boxplots of Na' ions diffusion coefficient in the
PEDOT:PSS film in water for the oxidized and reduced films (¢, =
33% and c,, = 0%) for three different regions indicated in Figure 3
(PEDOT-rich, PSS-rich, and the interface). The boxplots present the
data through their quartiles. In each boxplot, the average diffusion
coeflicient is indicated by “X” in the middle of the box; the horizontal
line in each box indicates the median value. The vertical lines at the
top and bottom of the boxes are the maximum and minimum values
of each data set, respectively. Outliers (not included in the statistical
analysis) are shown by dots.

and the Na"—PSS distributions are practically the same in both
regions (cf. Figure Sa,b; see also Figure 4a—d). Note, however,
that ionic conductivity is expected to be significantly higher in
the PSS-rich region because the ion concentration is much
higher there (see Figure 3), and the conductivity is
proportional to the product of the ion concentration and the
diffusion coefficient.

There is a discussion in the literature on how the time scale
of CG MD simulations and the corresponding calculated CG
diffusion coefficient are related to the calculated AA MD
diffusion coefficients and the experimental ones.”” Our
previous Martini 2 calculations for PEDOT:tosylate showed
that CG diffusion coefficients matched rather closely the
corresponding AA results. To establish this relation for the
present system, we performed AA and Martini 3 simulations of
Na" jon diffusion for a diluted PSS system, see Section S3 and
Figure S9 for more details. We found that the corresponding
diffusion coefficients are rather similar (1.5 & 0.01 X 1075 and
1.7 + 0.01 X 107> cm?/s for Martini 3 and AA simulations,
respectively). We also used CG Martini 3 to calculate the value
of the Na* ion diffusion coefficient in pure water, which was D
=1.22 + 0.03 X 107° cm? s%. This value matches close to the
experimentally measured value D = 1.33 + 0.03 X 107 cm?
s71.% Based on this comparison, we conclude that calculated
Martini 3 diffusion coefficients can be directly used for
comparison to the experimental results.

Let us now compare our findings with available experimental
results. The ionic mobilities in PEDOT:PSS were measured by
Stavrinidou et al.”>®” and Rivnay et al.** using moving front
experiments. They found Na* mobilities to be y = 0.93 X 107>
and 1.4-2.2 X 107> ecm?/V s (corresponding to the diffusion
coefficients D = pkpT/e = 2.8 X 1075 and 4.2—6.6 X 107> cm?/
s, respectively, at T = 300 K). Lyu et al.*® using nuclear
magnetic resonance (NMR) measurement determined the
diffusion coeflicient for Na* ions in PEDOT:PSS D = 1.13 X
107 cm?®/s. The measured diffusion coefficients are close to
the diffusion coeflicient of Na* ions in pure water, D = 1.33 X
107° cm?/s. (Surprisingly, the diffusion coefficients measured
using the moving front experiments were even higher than
those for pure water).

The calculated diffusion coefficients for Na® ions in
PEDOT:PSS (with a median value D & 7 X 1077 cm?/s, see
Figure S) are significantly lower (by almost two orders of
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Figure 7. Simulation snapshots illustrating the formation of the PEDOT:PSS thin film from dispersion during drying for water content of (a) 40,
(b) 20, and (c) 10 wt % under the condition of anisotropic pressure coupling. Snapshots (d—f) show the porous structure of the film (white
regions) for different water content, where the water beads are shown as blue spheres. The green regions represent the PEDOT:PSS matrix defined

as a surface with the density isovalue of 0.2.

5519 https://doi.org/10.1021/acs.chemmater.3c00873

Chem. Mater. 2023, 35, 5512—5523


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00873/suppl_file/cm3c00873_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c00873/suppl_file/cm3c00873_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00873?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00873?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00873?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00873?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00873?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00873?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00873?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.3c00873?fig=fig7&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c00873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

magnitude) than the abovementioned experimental values. At
the same time, the calculated diffusion coefficients for Na* ions
in diluted PSS and pure water match very well the
experimental ones. This makes us to conclude that
PEDOT:PSS films immersed in water must contain pores
filled with water or water channels where ions move freely. Let
us therefore discuss in more detail the formation of pores in
PEDOT:PSS. (Note that pore formation in PEDOT:PSS was
briefly mentioned in our previous study [see Figures S2 and S3
in ref 31], but its detailed investigation was left for future
works).

As shown in our previous study,”’ PEDOT- and PSS-rich
regions are formed during drying of the emulsion of
PEDOT:PSS particles. Figure 7 illustrates the formation of
PEDOT:PSS film starting with a system of two PEDOT:PSS
particles. Each of the particles has a core—shell structure with a
PEDOT-rich core (containing positively charged PEDOT and
de-protonated PSS with negatively charged sulfonate groups
compensating PEDOT charge) and a PSS-rich shell
(composed primarily from de-protonated PSS chain and Na*
or H* compensating the negative charge of sulfonate groups)
(see for details ref 50). During drying, PSS protonates, and a
thin film gradually forms, see Figure 7a—c, where the PEDOT-
rich regions originate from the cores of the PEDOT:PSS
particles, whereas PSS-rich regions originate from the shells.
During the drying process and the thin film formation, voids
(pores) appear in the film located in the space between the
original dispersed particles, see Figure 7d—f. Note that we
performed several independent simulations (varying also the
evaporation rate, pressure coupling scheme or both simulta-
neously) of the film formation starting from PEDOT:PSS
particles of similar sizes and shapes, and most of the
simulations showed the presence of the pores inside the film,
see Figure S10. Therefore, the calculated and measured ion
diffusion coefficients in PEDOT:PSS combined with the MD
simulations of PEDOT:PSS film formation strongly suggest the
presence of pores (water channels) responsible for the fast ion-
conductive pathways inside the film. We therefore propose a
modified morphological model of PEDOT:PSS films where, in
addition to PEDOT- and PSS-rich regions, the film contains a
network of pores (water channels). When immersed in water,
these pores are filled with water and support fast ion motion
with the diffusion coefficient close to the one of pure water.

Note that in the present study, we focused on ion diffusion
in thin films immersed in water. It is expected that in a dry film,
the water is evaporated from pores and therefore the ionic
diffusion would be greatly suppressed. Wieland et al.** studied
the ionic conductivity of PEDOT:PSS films at different
moisture levels. They showed that the ionic conductivity
exponentially decreases by three orders of magnitude when the
water content decreases from ~80 to =10 wt %. In our
previous studies of ion diffusion in the conducting polymer
PEDOT:tosylate, we also found that the diffusion coeflicients
decreased exponentially by three orders of magnitude when the
hydration level was varied from ~80 to ~10 wt %.”” We
attributed an exponential decrease of the diffusion coefficient
in this system to the evolution of the water clusters that
become fragmented into smaller and disconnected clusters and
their sizes decrease exponentially as the water content
decreases. We speculate that the behavior observed in
PEDOT:PSS by Wieland et al.”’ can be caused by a similar
reason when water is removed from pores and water clusters in
the pores become disconnected that destroys percolative paths
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for ions. This, however, represents an interesting subject for
further computational studies.

4. CONCLUSIONS

In the present paper, the Martini 3 CG model for PEDOT:PSS
is developed and applied to calculate the ion diffusion
coefficients. Ion distributions in various regions (PEDOT-
rich and PSS-rich) and for various oxidation levels (fully
oxidized and fully reduced) were analyzed using spatial and
RDFs. We find that the ion diffusion coeflicients for Na* ions
are practically the same in the PEDOT-rich and PSS-rich
regions (with a median value of D ~ 7 X 1077 cm?/s) and do
not show sensitivity to the oxidation level. The calculated
diffusion coefficients are significantly lower (by almost two
orders of magnitude) than the experimentally measured ones.
In their turn, the experimentally measured diffusion
coefficients in PEDOT:PSS are close to those of pure water.
Based on the calculated and measured ion diffusion coefficients
in PEDOT:PSS and the simulation of PEDOT:PSS film
revealing the formation of pores inside the film, we revise the
morphological structure of PEDOT:PSS as follows. In contrast
to practically all previous studies outlining the presence of
PEDOT-rich and PSS-rich regions, we argue that PEDOT:PSS
films, in addition, must contain a network of pores that forms
during the drying process, see Figure 7d,e. When the film is
immersed in water, the pores are filled in with water, which
results in a fast and efficient ion transport with the diffusion
coefficient close to that of pure water. We believe that our
results demonstrate the power of the MD simulations for
organic mixed electron-ion conductors, providing the essential
insight into polymer morphology and ion diffusion that is
difficult to obtain by other means.
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