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PEDOT:PSS is the most widely used conducting polymer in organic and printed electronics. PEDOT:PSS
films have been extensively studied to understand the morphology, ionic and electronic conductivity
of the polymer. However, the polymer dispersion, which is used to cast or spin coat the films, is not well
characterized and not well understood theoretically. Here, we study in detail the particle morphology,
size, charge density and zeta potential (z-potential) by coarse-grained MD simulations and dynamic light
scattering (DLS) measurements, for different pH levels and ionic strengths. The PEDOT:PSS particles were
found to be 12 nm–19 nm in diameter and had a z-potential of �30 mV to �50 mV when pH was changed
from 1.7 to 9, at an added NaCl concentration of 1 mM, as measured by DLS. These values changed sig-
nificantly with changing pH and ionic strength of the solution. The charge density of PEDOT:PSS particles
was also found to be dependent on pH and ionic strength. Besides, the distribution of different ions (PSS�,
PEDOT+, Na+, Cl�) present in the solution is simulated to understand the particle morphology and molec-
ular origin of z-potential in PEDOT:PSS dispersion. The trend in change of particle size, charge density and
z- potential with changing pH and ionic strength are in good agreement between the simulations and
experiments. Our results show that the molecular model developed in this work represents very well
the PEDOT:PSS nano-particles in aqueous dispersion. With this study, we hope to provide new insight
and an in-depth understanding of the morphology and z-potential evolution in PEDOT:PSS dispersion.

� 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The conductive PEDOT: PSS polymer complex is scientifically
important and one of the most commonly used conducting poly-
mer in organic and printed electronics [1]. Due to its ease of solu-
tion processability, high conductivity, chemical and thermal
stability, it is widely used in energy conversion and energy storage
devices [2]. The polymer is available as a water stable colloidal dis-
persion of PEDOT (poly(3,4-ethylenedioxythiophene)) polymerized
in presence of excess anionic polyelectrolyte PSS (poly styrene sul-
fonate), which acts as both counterion and a stabilizer [3].

Experimental techniques such as X-ray and UV photoelectron
spectroscopy [4,5], X-ray scattering and diffraction studies [6,7],
AFM and STM [8–10], have earlier been employed to study the
structure and morphology of PEDOT:PSS thin films. Different mod-
els have been proposed for the organisation of the polymers inside
the complex and in materials formed from these complexes, based
on these techniques. In general, the consensus is a core shell struc-
ture of the PEDOT:PSS complexes where conductive PEDOT crystal-
lites form the core surrounded by a shell of excess PSS. Since PSS is
insulating, secondary dopants such as ethylene glycol or DMSO
[8,11] are commonly used to improve the conductivity of the final
PEDOT:PSS films. A comprehensive understanding of PEDOT:PSS
self-association under different conditions have largely been
derived from studying spin coated films. Although, PEDOT:PSS
films were intensively studied, the dispersion of PEDOT:PSS is, to
the knowledge of the authors, surprisingly poorly understood. It
could be due to the inherent difficulty in the tedious characteriza-
tion of nano-particles in dispersion and that the community using
the conducting polyelectrolyte complex is less focused on charac-
terising nanoparticles and their colloidal properties. The commer-
cially available dispersion, Clevios PH1000, contains 30 nm PEDOT:
PSS colloidal gel particles according to the manufacturer. Tradi-
tionally, Dynamic Light scattering (DLS) techniques are commonly
used to measure size of colloidal particles. In previous studies, the
particle size of PEDOT:PSS was reported to vary between 30 nm �
1 mm [12–14]. Moreover, the properties of the polyelectrolyte com-
plex is rather ill-defined and conditions such as pH, ionic strength,
sample preparation etc. and which techniques that have been used
to measure the particle size are not always defined. There are nev-
ertheless a few studies on the effect of pH on conductivity and per-
formance of PEDOT:PSS films but not on the colloidal behaviour of
the PEDOT:PSS dispersion, as such [15,16]. In order to be able to
forecast the properties of PEDOT:PSS complexes in dispersion it
is necessary to meticulously study the effect of solution parame-
ters such as pH and ionic strength on the structural changes of
the particles, and understand how different changes in solution
properties affect the stability of the particles and the interaction
between the PEDOT:PSS and different carrier materials [17–19].

To the knowledge of the authors there is neither common view
on the properties of PEDOT:PSS complexes in aqueous media nor
any accepted protocols for characterizing these properties. This
can partly be attributed to the lack of theoretical studies of
PEDOT:PSS complexes. Previously, all atomistic and coarse-
grained molecular dynamics simulations have been used to
develop theoretical models for tosylate-doped PEDOT and
PEDOT:PSS films [20–24]. However, due to the complexity of the
polymer structure of PEDOT:PSS, the theoretical studies of mor-
phology of PEDOT:PSS particles are sparse [23,24]. To the best of
our knowledge, only thin films of PEDOT:PSS have been studied,
while the PEDOT:PSS particles in dispersion and the microscopic
origin of zeta potential (z-potential) in such dispersions have not
been studied theoretically or by simulations.

In this study, a microscopic model has been developed using
coarse-grained molecular dynamics simulation to describe the
properties of the polyelectrolyte complex to obtain spatial distri-
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bution of PEDOT, PSS, Na+ and Cl� ions in the solution. In addition,
z-potential and particle size are calculated based on these models.
In conjunction with the molecular dynamics simulations, DLS has
been used to study the particle size and z-potential of PEDOT:PSS
complexes. The pH and ionic strength were altered both experi-
mentally and computationally to study the change in properties
of the PEDOT:PSS particles. We are convinced that the results from
the present study will provide a foundation for theoretical and
experimental understanding of different factors affecting morphol-
ogy, z-potential and colloidal properties of PEDOT:PSS complexes
in solution.
2. Model description

2.1. Coarse-grained model

In order to model the properties of the PEDOT:PSS particles in
dispersion, the MARTINI [25] coarse-grained (CG) force field was
used to build the PEDOT and PSS polymer chains. The MARTINI
CG force field groups on average 4 heavy atoms (C, O, N, S etc.) into
1 interaction bead and therefore reduces the overall computational
power needed to evaluate the forces between the atoms. At the
same time, it has been demonstrated that it can reproduce very
well morphology and atomistic structures of many different sys-
tems including PEDOT and PSS [20,23–25]. The MARTINI model
of Vögele et al. [26] was used earlier to model the PSS chains in
PEDOT:PSS thin film [23], and it was also used in the present work.
PEDOT was modelled with the recently developed MARTINI model
by Modarresi et al. [20] In this model, every EDOT monomer is
charged (+0.333e), which corresponds to a typical experimental
oxidation level of 33% [22,27]. The length of PEDOT chains is esti-
mated to be 10–20 monomer units [21,27]. In our calculations, we
use the degree of polymerization DP = 12, and therefore the total
charge of a single PEDOT chain is +4e. Both PSS and PEDOT struc-
tures with their corresponding CG mapping, are presented in
Fig. 1a. The standard MARTINI (non-polarizable) models were used
for Na+ and Cl� where each ion is represented by positive/negative
sphere (CG bead) with charge +1 and –1, respectively [25]. The ion
models in MARTINI represent the ion together with its first solva-
tion shell of water surrounding the ion. We used the polarizable
water model for MARTINI, which consists of three beads and corre-
sponds to four water molecules [28].
2.2. Systems description and simulation protocol

As was mentioned earlier, the PEDOT synthesized in the pres-
ence of PSS is commercially available as a stable dispersion both
due to a high surface charge and hence a high zeta potential
[27,29,30]. The PSS chains extending from the complex surface
likely act as a steric stabilizer upon closer contact between the
complexes. To prepare highly conductive dried films, the
PEDOT:PSS dispersion is usually spin coated followed by solvent
evaporation [27,30].

To model PSS chain we used the degree of polymerization
DP = 2200 corresponding to a typical experimental value of PSS
used in the complex [31]. We also used a computationally simple
model, where instead of one long polymer chain we used several
(22) shorter chains with DP = 100. Note that in both models, we
have the same number of PEDOT molecules and styrene sulfonate
monomers, and it corresponds to PEDOT:PSS ratio of 1:2.5, i.e. typ-
ical commercial sample ratio. Our simulations demonstrated that
both models give very similar results. It should be noted however,
that we did not know a priori what particle size we would obtain
with this particular number of molecules that were considered in
the simulations. The results presented in the main text correspond



Fig. 1. (a) Chemical structures of PEDOT and PSS. The circles show the atoms which are grouped in the same coarse-grained bead together with their respective name within
the MARTINI model. (b) Simulation snapshot of the PEDOT:PSS complex in dispersion; water molecules are not displayed for clarity and Na+ and Cl� ions are shown as dots.
(c) Schematic illustration of a division of the particle into shells with radius R, where the red dot corresponds to the centre of mass of the particle. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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to the model with one PSS chain constituting a PEDOT:PSS particle,
while the results for the second model are presented in the appen-
dix (see Fig. S1).

Since PEDOT is mainly hydrophobic and PSS is mainly hydro-
philic, (due to the charged groups), in the beginning of simulations,
PEDOT is placed in the centre of the particle and is surrounded by
PSS, see Figs. 1 and S2. It should however be noted, that part of the
PSS chain also penetrates into the dense PEDOT core. The particles
are solvated with water, and Na+ and Cl� ions are then added to the
system. The PEDOT:PSS content in the simulation box is around
5 wt%, which is close to a typical value of commercially available
PEDOT:PSS dispersions [30]. PSS is assigned an average pKa around
1.5 (since the change of pKa -value with the surface potential of the
polyelectrolyte was beyond the scope of this initial investigation)
[32], and therefore it is fully deprotonated in the dispersion of
the commercial products, which usually has a pH value of around
3.5. We prepared two systems, one where all the sulfonate groups
were deprotonated and a second one where half of the sulfonate
groups were protonated and half deprotonated. These two cases
correspond to pH levels above and around the pKa of PSS,
(pH = 3.5 and pH = 1.5 respectively). It should be noted that in
the case of coarse-grained MARTINI simulations, the protonated
and deprotonated groups differ by the bead type, therefore by dif-
ferent charge and the Lennard-Jones parameters. The deprotonated
sulfonate group carries negative charge (q = �1), hence, it is mod-
elled with the Qa Martini bead, while the protonated (neutral)
group is modelled with the polar type bead P5 [23], see Fig. 1a.
We have chosen to randomly protonate the sulfonate groups in
the case with the lower pH. We also investigate the effect of the
ionic strength on the zeta potential, and therefore we prepared
four cases with salt concentrations 0, 35, 70, 140 mM NaCl. In total
we have investigated 16 systems (i.e. four salt concentrations, two
pH = 1.5, 3.5 and two models of PSS chains with DP = 2200 and
100). We have run three independent simulations (different
realizations with different initial conditions) for all the systems
mentioned above. Simulation snapshots of the initial structures
and the number of species in the different systems can be found
in the Supporting Information Fig. S2 and Table S1, respectively.

The systems were initially minimized with the conjugated gra-
dient method, followed by 100 ps water equilibration, where posi-
tion restraints were applied on the PEDOT and PSS. After that, re-
scaling of the box was carried out with the NPT ensemble (constant
Number of particles, Pressure and Temperature) for 200 ps and
finally an equilibration at 1 bar and 300 K was carried out for
2 ns in the NPT ensemble. Finally, 50 ns production run was carried
out in the NPT ensemble at 1 bar and 300 K. The trajectories were
saved every 100 ps and for the calculation of all the results we used
the last 40 ns of the production run, and therefore 400 frames in
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total. The additional two independent simulations (different real-
izations, as explained above) were prepared by applying simulated
annealing procedures for 100 ns followed again by equilibration
and production runs. In the simulated annealing procedure, the
temperature was increased linearly from 300 K to 600 K and then
decreased again to 300 K. The Berendsen barostat [33] with isotro-
pic coupling and the velocity rescaling thermostat [34] were used
to control the pressure and the temperature, respectively. The cou-
pling constants for the barostat and the thermostat were set to
10 ps and 2 ps, respectively. The Particle Mesh Ewald (PME)
method [35] for the long-range electrostatic interactions with the
cut-off of 1.2 nm was used. The cut-off of the van der Waals inter-
actions was also set to 1.2 nm. With the coarse-grained represen-
tation of water in MARTINI, it is necessary to use a background
electrical permittivity, which is set to er = 2.5 in the case of polar-
izable water model [28]. All molecular dynamics simulations were
performed with the GROMACS-v2018 simulation package [36]. The
simulation snapshots were prepared with VMD [37] and the anal-
ysis of the MD trajectories was done with the MDAnalysis python
library [38,39].

2.3. Electrostatic potential calculations

To calculate the electrostatic potential generated by structure
of the formed PEDOT:PSS particles, we assumed a spherical geom-
etry of the particle as shown in Fig. 1c. First, the centre of mass
(COM) of the particle, considering all PEDOT and PSS atoms, is
determined for every frame of the simulation trajectory. Second,
the particle is divided into spherical shells with a bin width of
d = 2.5 Å, where the probability distributions of PEDOT, PSS,
Na+, Cl� and charge distributions are calculated. Finally, the elec-
tric field E(r) is calculated from the total charge distribution
enclosed inside Gaussian spheres with radius R, with respect to
the COM of the particle:

E rð Þ ¼ 1
4pe0er

q
r2

ð1Þ

where q is the total charge inside a sphere with radius r measured
from the COM of the particle; e0 and er are vacuum permittivity and
relative permittivity, respectively. We used er = 78,4 which corre-
sponds to water at 298 K [40]. The electrostatic potential is then cal-
culated using its definition by integrating the electric field:

V rð Þ ¼
Z 1

r
EðrÞdr ð2Þ

where the upper limit of integration is in practice limited by the
simulation box. Note that the water molecules are not implicitly
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included in the calculation of the electric field, because they con-
tribute to it implicitly, via the dielectric constant er.

3. Experimental materials and methods

3.1. Sample preparation

1.3 wt% dispersion of PEDOT: PSS (Heraeus Clevios pH 1000,
1:2.5) was diluted to 0.1 wt%, set to pH 3.5 and dialyzed for three
days. The dialyzed sample was further diluted to a concentration of
0.5 g/l, filtered through 0.45 mm syringe filter, to remove dust and
big aggregates. HCl or NaOH was used to set pH and 1 M NaCl was
used to set the ionic strength of the PEDOT: PSS solution. All the
samples were prepared in 1 mM NaCl unless otherwise specified.
Subsequently, the counterions in PEDOT: PSS solution was
exchanged to protons by dialyzing at pH 1. The ionic strength
and pH used in this study are 1 mM, 5 mM, 10 mM, 50 mM; pH:
1.7, 3.5, 5, 7, 9. For the lowest added salt concentration, 1 mMNaCl,
the influence of the PEDOT:PSS particles will affect the total ionic
strength and this is also the case for the adjustment to the lowest
pH level with HCl.

3.2. Dynamic Light Scattering (DLS)

The particle size (presented as diameter) and zeta potential
measurements were performed using dynamic light scattering
(DLS) (Zetasizer ZEN3600, Malvern Instruments Ltd. U.K.). In this
configuration, a back-scattering detector is used. Disposable folded
capillary cells were used for size as well as zeta potential analysis.
The measurements were repeated two times with 50 runs per
measurement.

3.3. Polyelectrolyte Titration (PET)

The surface charge density of PEDOT: PSS was measured at dif-
ferent pH (with added 1 mM NaCl) by titrating with PDADMAC
(poly (diallydimethylammonium chloride)) using a Stabino poly-
electrolyte titrator (Particle Matrix GmBH, Germany). The mea-
surements were repeated 3 times for each set to calculate the
charge density in leq/g.

4. Results and discussion

4.1. Particle morphology seen through the computational microscope

Molecular simulations can provide an invaluable insight into
the structure of materials, which is why they are often referred
to as a computational microscopy [41,42]. The charge distribution
(probability) functions of the different species (PEDOT, PSS, Na+,
Cl�) with respect to the centre of mass (COM) for NaCl concentra-
tion of 140 mM and pH 3.5 and 1.5 are presented in Fig. 2a and 2b,
respectively. The radial distribution functions for the second parti-
cle model (DP = 22 for PSS), can be found in Figs. S1 and S3 in the
Supporting Information. In the distributions presented in Fig. 2 a,b,
it can be clearly seen that PEDOT occupies the inner region span-
ning up to around 8 nm. PSS forms a shell with thickness of about
4 nm around PEDOT. In both cases, PSS distribution expands to
around 12–13 nm. Na+ ion distribution is found to overlap with
PSS due to the compensation of the negative PSS charges. The max-
imum of the Cl� distribution is, as expected, found to be outside
the particle. The PEDOT:PSS particles, therefore, resemble the soft
particle model [43–46], with the dense PEDOT core surrounded
by a shell of PSS, and Na+ ions situated inside the PSS shell. In light
of this model, the position of the slipping plane defining the zeta-
potential, and to a large extent the particle size, is expected to be
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around the end of the extended chains forming the soft shell
[43]. It should be noted that in Fig. 2b, it can be seen that PSS
chains extend up to 16 nm, which is due to the non-uniformity
of the particle where only a small part of the chain extends outside
from the particle, see Fig. 1b for a representative illustration.
Therefore, the major part (95% of the distribution) of PSS is limited
to a sphere of the radius of around 12–13 nm. We can, hence, con-
clude from the radial distributions presented from Fig. 2a and 2b,
that the particle diameter of the simulated particles is 25–26 nm,
based on the observation that the distribution of PSS extend to
12–13 nm in the radial direction.

Furthermore, as seen from Figs. 1b,c and 2a,b, there is a consid-
erable extension of the PSS out from the core of the complex and
this induces both an electrostatic and steric contributions to the
colloidal stability of the complex. As the pH is decreased, it can also
be noted that the complex assumes a more compact structure and
the Na+ concentration is significantly decreased within the com-
plex as expected, and the present model allows for a quantification
of the Na+ concentrations when the pH level changes. The radial
distributions of PSS presented in Fig. S3c show the particle is smal-
ler for lower pH. This is due to the repulsion of the negatively
charged sulfonate groups in the case of the higher pH. At the lower
pH, part of the groups are protonated, and therefore the repulsion
decreases.

As it was mentioned above, we also performed simulations with
a particle made of 22 PSS chains with DP = 100 each. This was per-
formed since it is unknown what exactly the DP of PSS in the par-
ticles is, and it was interesting to clarify if the DP would have any
effect on the simulation results. Additionally, it is computationally
easier to model particles with several small chains instead of those
with one long chain. The results (the distribution functions and
electrostatic potential) for this particle model, presented in the
Supplementary Information (Fig. S1), are qualitatively the same
as the one chain particle model discussed here.

4.2. Zeta potential calculations

Zeta potential is defined as the electrostatic potential at the
slipping (shear) plane outside a charged particle moving in an elec-
tric field where the viscous forces and the electrostatic forces are
balancing each other [43]. Therefore, the zeta potential of the par-
ticle in the dispersion can in principle be approximated from the
electrostatic potential profile, if the location of the slipping plane
is known [43,47–49]. In general, MD simulations have been used
to calculate the zeta potential based on the Helmholtz-
Smoluchowski’s equation for systems such as 1-palmitoyl-2-oleoyl
phosphatidylcholine (POPC) bilayers, silica nanochannels, hydrox-
ylated rutile surface, quartz surfaces, etc [47–51]. However, some
studies were unable to observe the slipping plane [48,50,51] and
others determined it from the average electrophoretic mobility
[47]. One common feature of all MD simulation reports in this field
is that they study planar surfaces and hard particles, where there is
a sharp interface between the electrolyte and the surface of the
particle that is impenetrable by water molecules. This makes it
easy to calculate the electrophoretic mobility in water and to esti-
mate the position of the shear plane. However, this is not the case
for the present system. Therefore, we turn our attention to the fact
that all the counter ions inside the slipping plane (slipping surface)
move with the particle when an external electric field is applied
[43]. Thus they can be thought as to be bound to the particle. Even
though in our simulations we do not apply an external electric
field, it is expected that this behaviour of the counter ions is still
retained. In order to identify to what extent, in the radial direction,
the ions are bound to the particle, we calculated the self-diffusion
coefficients of Na+ ions within shells of different radii, 0–6, 6–9, 9–
12 nm and free ions not bound to any shell and therefore, free to



Fig. 2. Charge distribution of PEDOT+, PSS�, Na+ and Cl� with respect to the centre of mass of the particle for the different species for (a) pH = 1.5. (b) pH = 3.5. The insets show
enlarged regions between 6 and 20 nm. The electrostatic potential in the radial direction for the particles for different ionic strength and for (c) pH = 1.5 and (d) 3.5; (e) Zeta
potential of PEDOT:PSS complexes with ionic strength for different pH levels. The zeta potential corresponds to the electrostatic potential at 12 nm as explained in the text. (f)
Electrostatic potential in the radial direction of the particles, (g) charge density as a function of the sphere diameter and (h) total charge in a sphere as presented in Equation
(1) for the two pH = 1.5 and 3.5; the ionic strength in (f)-(g) is 140 mM NaCl. The grey regions in all plots between 12 and 13 nm show the approximated location of the
slipping plane as discussed in the text.
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move outside the particle beyond 12 nm (for more information see
section ‘‘Self-diffusion coefficients calculations” in the SI). We com-
pared these values with experimental results [52] and previous MD
simulation of the self-diffusion coefficient performed with the
MARTINI model [20] in order to compare, if there is a difference
in the bulk diffusion coefficients of Na+, with the their diffusion
coefficient within the particle. In this way, we can determine if
sodium ions inside the particle boundaries have reduced mobility
and thus can be viewed as bound to the particle. The results are
presented in Fig. 3a together with simulation snapshots (Fig. 3b)
showing representative trajectories of three Na+ ions belonging
to three different shells. More information on the self-diffusion cal-
culations can be found in the Supporting Information. Fig. 3a
shows that the ions belonging to shells 0–6, 6–9 and 9–12 nm,
have a much lower self-diffusion coefficient compared with the
free ions (Note the logarithmic scale). Thus, we conclude that ions
within 12 nm shell are bound to the particle [50], and therefore we
set the slipping plane at around 12–13 nm. This is the region (high-
lighted in grey in Fig. 2) outside which the PSS concentration prac-
tically goes to zero. Finally, Fig. 3c presents a snapshot of a PEDOT:
PSS particle with Na+ ions within 12 nm of the COM. Hence this
snapshot with ions up to 12 nm shows the particle and ions
enclosed by the slipping plane.
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Fig. 2g, h depicts also the total charge density and the total
charge in a sphere (presented in Eq. (1)) for two pH levels consid-
ered in the simulations. It should be noted that these total charge
densities include all species considered in the simulations (PEDOT,
PSS, Na+, Cl�) except water. These distributions clearly show that
the particles carry negative charge at distance up to 14–16 nm
and the charge approaches zero afterwards. The total charge of
the particle averaged from the region 12–13 nm (grey region in
the plots) for NaCl = 0 mM is �60e and –76e for pH = 1.5 and
3.5, respectively, with e being the electron charge. For
NaCl = 140 mM the corresponding charges are �16e and –33e.

Fig. 2c and d presents the electrostatic potential calculated from
the MD trajectories as a function of the radius of the particle and
NaCl concentrations for the two pH levels used in the simulations.
The grey region in the plot highlights the region discussed above
and thus the value of the electrostatic potential in this region rep-
resents an approximate value of the zeta potential of the particle. It
should be noted that the potential varies significantly within the
particle due to many factors, e.g. limited number of particles stud-
ied, coarse-grained force field, etc. This is different from classical
mean-field models and continuous representation of the systems,
where fluctuations of the potential inside the particle cannot be
captured [43–46].



Fig. 3. (a) Self-diffusion coefficients of Na+ as a function of the shell with given
radius. The MARTINI value is taken from Reference 20 and the experimental value
from Reference 52; (b) simulation snapshots of Na+ ions trajectories occupying the
shells 0–6, 6–9 and 9–12 nm, where the colour of the Na+ ions is red in the
beginning of the simulation and changes to white and finally blue at the end of the
simulation. PSS chain is represented in green and the COM in a red dot in the
middle; the red circles mark the extend of the shells in radial direction of the
particle. (c) Snapshots showing the Na+ ions (black) situated within 12 nm from
COM. PSS is given in green, PEDOT in blue and COM in red. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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It is interesting to note the changes in the electrostatic potential
at different pH and ionic strengths. At the lower pH, the negative
potential reaches less negative values, i.e. �200 mV, which is the
minimum of the potential curves at 9 nm compared to the higher
pH value of �250 mV where also the minimum is shifted to 10 nm,
as seen from Fig. 2c, d. It can be also noted that there is another
minimum in the potential at 5 nm for pH = 3.5. This minimum rep-
resents large fluctuations of the potential inside the particle as dis-
cussed in the previous paragraph. As the salt concentration is
increased the absolute value of the negative potential becomes
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lower and the smaller the charge of the PSS (i.e. higher pH), the lar-
ger is the effect. This is also be expected from the mean-field
approximations but apparently our present molecular dynamics
simulations provide much more microscopic details concerning
atomistic organization of PEDOT:PSS complexes [53–55].

It is evident from Fig. 2c and d, that the potential after reaching
the minimum at 9 and 10 nm for pH = 1.5 and 3.5, respectively,
gradually decreases to zero. For pH = 3.5, the electrostatic potential
at 12 nm (approximate location of the slipping plane) alters
between �140 mV to �65 mV for NaCl concentrations of 0 to
140 mM, respectively. At 13 nm, the potential is found to fall in
the range between �95 mV and �40 mV, with the increase of
the ionic strength. Theoretically it is expected that the absolute
value of the zeta potential should decrease with the increase of
the ionic strength which is well captured by our simulations and
the change in our estimated zeta potential is shown in Fig. 2e
[43,51]. In simplified terms this decrease is due to the screening
of the particle charge from the surrounding electrolyte.

4.3. Investigation of particle size using DLS

The particle size of PEDOT:PSS was measured experimentally
with DLS. Fig. 4a shows the volume and intensity size distribution
of PEDOT:PSS particles at pH 3.5. The corresponding size distribu-
tion for undialyzed and unfiltered PEDOT:PSS solution at pH 3.5 is
shown in Fig. S5a. As can be seen, the larger aggregates in the vol-
ume distribution has been removed, providing a cleaner PEDOT:
PSS solution.

The volume distribution shows that the majority of the com-
plexes are within 16 nm, and that there is only a small fraction
of particles that are 30 nm or larger. On the other hand, the inten-
sity distribution shows that the majority of the complexes have a
diameter >100 nm and a lower fraction is below 30 nm. This dis-
similarity in particle size is inherent to how the size distribution
is evaluated from the autocorrelation function. For the intensity
distribution, the amount of light scattered by particles is converted
to particle size using Stokes-Einstein equation. However, according
to the Rayleigh approximation, larger particles scatter more light (I
/ d6, d is diameter of particle) which means that the presence of
even small fractions of large particles in the dispersion create a
large contribution to the intensity distribution. From the volume
distribution (calculated from intensity distribution using Mie the-
ory) [56,57], it can also be concluded that there is a small fraction
of complexes in this size range. Hence, for further analysis of the
results and for comparison to the theoretical evaluation, only the
volume size distribution will be used. The use of the volume distri-
bution is also a standard procedure for the evaluation of DLS data
for predicting the change in average particle size and its changes
with solution properties.

The reported size of PEDOT:PSS complexes before and after
modification, with added secondary dopants, is usually in the
range between 30 nm and 1 mm [12–14,58]. However, for the
cleaned complexes studied in the present work, it is indeed
observed that PEDOT:PSS particles are within 16 nm in diameter.
Similar values were also reported in some earlier studies, where,
PEDOT:PSS films displayed spherical complexes between 15 and
20 nm, as investigated by using WAXS, SAXS, AFM and STM
[7,59,60].

The pH and ionic strength of PEDOT: PSS complex dispersion
were altered in order to study their effect on the particle size dis-
tribution. It can be seen in Fig. 4b that changing pH from 3.5 to 1.7,
i.e. addition of acid, shifts the particle size to lower values. The
majority particles at pH 1.7 are within the range of 12 nm,
whereas, at pH 3.5 it was 16 nm which was expected due to the
lower charge of the PSS at the lower pH. The experimentally mea-
sured particle size at pH 1.7 and 3.5 agrees well with the trends



Fig. 4. The size distribution (presented as diameter) of PEDOT:PSS particles by (a) volume and intensity, measured at pH 3.5 (1 mM NaCl) using DLS; The size distribution by
volume for PEDOT:PSS particles at different (b) pH (1 mM NaCl), and (c) ionic strength (pH 3.5).
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observed in the simulated PEDOT:PSS particle at the respective pH
levels (Fig. 2a and 2b, respectively). The pH of system was further
increased experimentally to study the change in particle size. The
size does not change from pH 3.5 to 7, as the change in pH from
3.5 to 7 only demands a minor increase in ionic strength due to
the addition of NaOH and this will not affect the stability of the
PEDOT:PSS particles since PSS is fully charged in this pH-regime.
However, an increase to 19 nm was observed at pH 9. Similarly,
by changing the ionic strength from 1 mM to 5 mM, the change
in particle size is significant, from 16 nm to 28 nm (Fig 4c),
whereas the particle size increases slightly to 30 nm at 10 mM
and 38 nm at 50 mM ionic strength. Please note that only the major
peaks for particle size is shown in Fig. 4b,c since there are very few
aggregates with larger diameters, as described earlier. For com-
plete data please refer to Fig. S5 in supplementary information.

There can be several reasons for observed trend in particle size
with changing pH. At pH 1.7, proton is a counterion to PSS and
some of the charged groups on PSS will be in their protonated form,
which will lead to a lower interaction between the PEDOT and the
PSS. Due to the significantly increased concentration of the Cl� at
the lower pH, there is also a possibility that some of the counteri-
ons to PEDOT+ might be exchanged to Cl� from bulky PSS�. All
these effects would lead to a decrease in the overall particle size,
which is seen both in simulations and experiments. A decrease in
pH to pH = 1.7 also results in an increase in ionic strength of the
dispersion which will affect the interaction between the particles
and the interactions between PSS chains on the surface of the com-
plexes leading to a lower extension of the PSS chains and a smaller
size of the complexes. The decreased repulsion between the com-
plexes could lead to an association of the complexes to larger
aggregates. As demonstrated in Fig. 4b the first process is most
probably the dominating process. As the pH is increased to 9, the
counterion to PSS� are changed from proton to sodium and the
PEDOT component of the complex will also achieve a lower charge
due to de-doping of PEDOT:PSS [61]. An increase of the pH to 9 is
also equivalent to an increased ionic strength which will lead to a
lower repulsion between PEDOT:PSS complexes allowing for com-
plex association. Both these effects will hence lead to an increase in
size of the complex. However, an increased ionic strength will also,
as mentioned earlier, lead to a decreased expansion of the PSS in
the outer layer of the complex, so the overall diameter of the com-
plex will be given by a balance of the interactions within the core
of the complex, the extension of the PSS chains and a more macro-
scopic association of the complexes. The changes in dimensions of
the complexes with changes in ionic strength most probably have
the same fundamental explanations as those behind the dimen-
sional changes found with changes in pH.

The effect of changes in pH and alkali metal salt concentrations
on the conductive properties of the PEDOT:PSS films has previously
been investigated, and as pH and alkali metal concentration was
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increased to higher values, the electrical conductivity of PEDOT:
PSS films was decreased [16,62]. Different mechanisms were pro-
posed for such behaviour. As was mentioned earlier, de-doping of
PEDOT:PSS at pH > 7 or at high Na+ concentration was proposed
by Kok et al. [61] Similar studies were conducted by Mochizuki
et al. [15] using a pH range between pH = 1.7 to pH = 12 and by
using conductive AFM, they observed a decrease in size and the
number of conductive domains as the pH is increased. The present
results show that an understanding and control of the changes in
the dispersion properties of the PEDOT:PSS complexes during the
preparation of the conductive polymer films is crucial for an effi-
cient use of intrinsic properties of PEDOT:PSS. Since, most films
are prepared by some film-casting technique where increases in
the ionic strength and/or changes in pH will occur as the solvent
is removed. For that reason, the model developed in this study
for simulating PEDOT:PSS particles and careful sample prepara-
tions for the DLS experiments, paves a way forward to understand
the complicated and dynamic PEDOT:PSS complexes in dispersion.

4.4. Zeta potential measured with DLS

The trends in zeta potential with changing pH and ionic
strength as measured with DLS, is shown in Fig. 5 (a, b), respec-
tively. The measured values are between �50 mV to �30 mV with
an increasing pH from 3.5 to 9 and is decreased to �30 mV when
the pH is lowered to 1.7. The results also show that the zeta poten-
tial decreased from �50 mV to �30 mV with increasing ionic
strength from 1 mM to 10 mM and again increased to �39 mV at
50 mM NaCl.

As additional information to the zeta-potential measurements,
the charge density of PEDOT:PSS was measured by titrating the
complex with PDADMAC, a positively charged polymer. The trend
in charge density with changing pH of the PEDOT:PSS solution is
shown in Fig. 5c. From the figure, it is obvious that the charge den-
sity shows a maximum at pH = 3.5 (2000meq/g) and it is still high at
pH = 1.7 (1800meq/g) and pH = 9 (1500leq/g). As is commonly
known, a high surface charge of the particles will lead to a high
electrostatic repulsion creating a colloidally stable particle disper-
sion. This rather high negative charge density over the entire
pH-range can explain the significant colloidal stability of PEDOT:
PSS complexes. To be consistent with the experiments, we calcu-
lated the total charge of the particle considering only the excess
charges from the PSS chains from the simulations, which is found
to be 1.8 � 103 charges/particle (calculated from DP = 2200 for
PSS and DP = 12 for PEDOT and pH = 3.5). To compare calculated
and experimental results, we converted meq/g to charge /particle.
However, in experiments, the charge density is the number of
charges titrated with PDADMAC and with the colloidal titration
technique only the charges emanating from the PSS can be deter-
mined [63]. It should also be noted that only the surface charges



Fig. 5. The change in zeta potential with (a) pH (1 mM NaCl), and (b) ionic strength (pH 3.5), as measured using DLS; (c) charge density of PEDOT:PSS at different pH (in 1 mM
NaCl) measured using polyelectrolyte titration.
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from PSS chain are available to PDADMAC. Considering the density
of PEDOT:PSS as 1000 Kg/m3, the mass obtained for 16 nm PEDOT:
PSS particle is 2.58 � 10�18 g/particle. From the charge density
measurements it is known that the charge is 2 � 10�3 mole
charges/g. This will result into 4.28 � 10�21 mole charges/particle
and after multiplying with NA (Avogadro number; 6.023 � 1023)
charges/mole), we obtain 2.58 � 103 charges/particle. This value
is very similar to the charge density of 1.8 � 103 obtained from
MD simulations. The difference in values could arise due to the
assumed density of PEDOT:PSS particles. The density of PEDOT:
PSS aqueous dispersion (1.3 wt%) as provided by supplier is 1000
Kg/m3 which was measured on films and therefore, the density
of aqueous dispersion is not known. As the particle size in disper-
sion, i.e. 16 nm, is very similar to the particle size in thin films, i.e.
13 nm [17], the density of 1000 Kg/m3 in aqueous dispersion is a
good approximation. However, one should note that these are just
theoretical assumptions and are described here to explain the dif-
ferences and difficulties involved in comparing simulated and
experimental values of charge density. Nevertheless, the simulated
charge density shows similar trend as in the experiments, i.e.
increase of the charge with the pH for these two pH levels.

The change of the surface charge of the complexes must also be
considered when evaluating the changes in the zeta-potential of
the complexes, since there indeed is a connection between charge
and potential, i.e. for a simple inert colloid, an increased surface
charge leads to a higher surface potential and hence also zeta
potential. By comparing Fig. 5a and 5c, similar shape of the curves
can be detected. The reason to the lower charge at pH = 1.5 is nat-
urally a protonation of the PSS and the decrease of the charge
above pH = 3.5 can most probably be linked to the balance between
the charges of the PEDOT and the PSS which is an intricate balance.
Apart from the influence of the charge, the dimensions of the com-
plexes and the extension of the PSS from the complex surface will
naturally lead to a change of the slipping plane used for determin-
ing the zeta potential. The decrease of the pH will also lead to an
increase in ionic strength which in turn will lower the surface
potential and also the zeta potential. This can also explain the
decrease of the zeta potential with increasing salt concentrations.
However, the increase in zeta potential at the highest salt concen-
tration is more difficult to explain. Since the pH for these measure-
ments is around pH = 3.5 and a change in the salt concentration
can both lead to a somewhat increased charge of the PSS due to
an increase pH inside the complex due to the Donnan effect and
a decrease of the extension of the PSS outside the complex. This
could explain the detected results, but these speculations should
be studied more in detail in future, using a combination of simula-
tions and experimental investigations.

Finally, remarks are in order, on the comparison between the
experimental and simulation results. Throughout the discussion
of the results, we show that the experimental and simulation
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results qualitatively agree with each other and the trends of the
measured properties (particle size, zeta potential and particle
charge) are well matched. However, a couple of clarifications
regarding this comparison need to be added.

In order to construct an accurate molecular model of PEDOT:PSS
particle, it is necessary to have information about the number of
molecules and degree of polymerisation of the constituents in
the single particle. However, such experimental data is not avail-
able, especially for widely used commercial samples. Moreover,
there is a distribution of these numbers rather than a single value.
As we mentioned earlier, we did not have a priori knowledge what
the particle size would be with this particular number of molecules
used to create the particles. Thus, obtaining and simulating a speci-
fic particle size is demanding and tedious work not intended to be
done in this study, since this is not the focus in here. Therefore, the
particle size in the simulations (~25 nm) and in the experiments
(>16 nm) differs by its absolute value. The larger size in the simu-
lations is most likely due to the larger number of molecules (or
longer PSS chains) used to prepare them compared to experimental
ones. Obviously, there is not a direct way to extract the number of
molecules in a particle by experiments, and therefore the choice of
this number in the simulations can be overestimated, which results
in a larger particle. However, indirectly from the experiments, we
can approximate the number of molecules in a particle in conjunc-
tion with the simulations by altering this number and simulating
and calculating the size. This iterative work was not intended in
the present study.

The number of molecules in the particles (size of particle) might
also affect the calculated zeta potential. By keeping the PEDOT to
PSS ratio (1:2.5) but increasing the particle size (number of mole-
cules in particle), the surface charge density of the particles might
be increased. This would lead to an increase of the calculated zeta
potential observed in our work.

Nevertheless, the relative changes of the particle size, zeta
potential and charge density with variations of the pH and ionic
strength are in good agreement between the simulations and
experiments.
5. Conclusion

In this study, MARTINI coarse grained force field model was
used to simulate PEDOT:PSS particles in dispersion, calculate the
zeta potential and the particle size, and obtain the distribution of
PEDOT+, PSS�, Na+ and Cl� in the particles. Dynamic light scattering
(DLS) technique was used to measure particle size and zeta poten-
tial experimentally and both investigations were made indepen-
dent of each other, without fitting the experimental data in the
simulations. The simulations as well as DLS measurements show
a decrease in the particle dimensions with decreasing pH level
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from 3.5 to 1.7. When the pH was further increased to 9 in the
experiments, the particles become even larger. Similarly, by chang-
ing the ionic strength, the dimensions of the complex are signifi-
cantly changed. The charge density of PEDOT:PSS complexes
measured with polyelectrolyte titration was also in agreement
with simulated values. The zeta potential of simulated particles
shows the same trend with changing pH and ionic strength, and
the simulated and the measured values are in good agreement.
Even though the simulations were performed in parallel, without
the knowledge of results from experiments, the particle size, z-
potential and charge density agree qualitatively well. Therefore,
we are convinced that this study will help in further understanding
of PEDOT:PSS particles in dispersion which is otherwise difficult to
simulate, and the combination of experimental and theoretical
investigations provides a new, general and efficient tool for under-
standing of polyelectrolyte complex formation. In future, the inter-
action of PEDOT:PSS with other polymers such as cellulose can be
modelled using this study to understand the system at molecular
level and to prepare better nanocomposites.
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