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Introduction

Studies on the percolation behavior of ionomeric/polymeric
systems are usually based on the relation between the volume
fraction of respective active species and data on the mechanical
properties, e.g.,' water and proton transport,”> or supplied
threshold value® (we refer the reader to the basics of the
percolation theory presented in ref 4). Doped (oxidized)
poly(3.4-ethylenedioxythiophene) (PEDT) stabilized with the
counterionic poly(styrenesulfonic acid) (PSS) is one of the most
studied conjugated polymers.” The structure and morphology
of the thin films of the PEDT/PSS complex have been
intensively investigated by various physical methods.®”'® The
electrical conductivity has been tentatively interpreted as the
result of the presence of a percolating network of the coupled
conducting particles. The hopping mechanism of conductivity
is generally accepted.

However, there are only a few investigations on the relation
of the morphology of the thin films with the properties at
comparable conditions. This is because often the researchers
have aimed at improving the properties of thin films through
the modification of the preparation conditions.

Recently, the thin film of the PEDT/PSS complex has been
imagined as a percolating conductor—insulator composite in
which the conductor volume fraction is well above the percola-
tion threshold.”® This result has been deduced from the
comparison of the data of XR and electrical conductivity
measurements of pristine and water-washed films (the film
thickness 65 and 42 nm, respectively). The water-washing
increases the conductivity from 0.4 to 0.6 S/cm.

A natural question is, what is the percolation threshold value
of such a system? It is also possible that there is no well-defined
percolation threshold at all. Indeed, in the case of coupled
conducting particles, strong long-range correlations are possible;
at the limit of very strong correlations, the percolation threshold
can disappear.”’ The present work aims at clarifying these
questions.

As the experimental data are too scarce, we base our analysis
on the density fields, generated in our investigation of the
formation of the 3D morphology of the PEDT/PSS complex as
a polyelectrolyte/ionomer?* by the dynamic mean-field density
functional theory.?* This theory was implemented in a MesoDyn
simulation code of the Material Studio program package
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(Accelrys, see the review on the mesoscale modeling of
materials®* as well).

After performing the cluster analysis of these fields, we are
able to generate the percolation pathways and compare them in
a pristine and water-washed thin films.

Methodology of the Calculations

The coarse-grained model of the chemically synthesized
pristine PEDT/PSS associate system (PEDT to PSS mass ratio
1/2.5; doping level 0.25, as shown in ref 20) and the simulation
parameters are described in detail in ref 22. In this report we
use the statistical (random) copolymer model of an associated
PSS chain (host charged, H.). This mesomolecule is composed
of an anionic and neutral sulfonate beads (denoted by Sc and
Snc, respectively), at the ratio of 1 to 4, resulting in one Sc
bead per four T beads. The neutral host (Hn) mesomolecule is
a homopolymer consisting of Sn-type beads. The oligomeric G
(guest) is formed from a single bead of type T (thiophene)
assuming the delocalization of the doping-induced positive
charge over all thiophene cycles. In the pristine associate system
these three materials are present in equal volume percentage.
The water-washed associate does not consist of Hn mesomol-
ecules (the corresponding mass ratio 1/1.4). Thus, the coarse-
grained model hopefully captures the essential morphological
pattern of a molecular system consisting of about 10® atoms.
As a result, all atomistic details are of course lost.

In the simulation process, the 3D morphology evolves
according to the Langevin diffusion equations through the
minimization of the free energy of the system (periodic boundary
conditions are used). This results in the generation of the density
(concentration) fields (p) of all beads in the simulation box of
physical dimensions 82.3 x 82.3 x 82.3 nm? discretized as a
cubic grid of 32% cells. The density field of each bead spans
from the maximum density (dy.) to zero. In the volume
rendering conditions these fields are presented as the dimension-
less volume fraction fields (7 = vp, where v is the bead volume,
2.275 nm?).

The cluster analysis is based on the algorithm that selects
only the cells having one side in common. First, we find such
a minimal density d. of the T cells that the largest cluster of
cells with d > d, is percolating (i.e., touches a pair of opposite
walls of the box). The ratio of the number of all the cells with
d > d, to the net number of cells (32%) plays the role of the
critical probability p.. In what follows, we also use the concept
of “conduction window”, which is the density interval Ad = d.
— dmax- It also makes sense to consider larger conduction
windows, Ad = (1 — y)dnux — dmax- Then, the parameter y
controls the size of the percolation clusters. Instead of y, one
can use the respective probability p, i.e., the relative number
of cells with d > (1 — y)dy.. We also determine the number of
cells in the percolation pathway (i.e., in the infinite cluster) (V).
This quantity includes the current-carrying core and “dead ends”,
i.e., the regions of the infinite cluster which are connected to
the current-carrying core via one conducting cell only. The ratio
of N, to the total number of cells (N,/N) is referred to as the
density of the infinite percolating cluster P(p). Analogously, the
term P(p)y is defined as the ratio of Ny/N where N, is the number
of cells in the backbone.

Our intuitive reasoning on the conduction window is rather
similar to that of the continuum percolation with a broad
distribution of the conductivities.* This is in line with the

U 2009 American Chemical Society

Published on Web 01/21/2009



1408 Notes

Figure 1. Conduction window of T beads in the pristine film, Ad =
0.647 — 0.841, and the respective percolation pathway (the upper row);
the same for the water-washed film (the lower row), Ad = 0.814 —
0.950; the percolation pathways (gray dots) and backbones (black dots)
are distinguished; the values of p. and P(p)/P(p)y (in parentheses) 0.0802
(0.0210/0.00812) and 0.0632 (0.0151/0.00467) for the pristine and
water-washed films are shown, respectively.

physical nature of the hopping-based conduction process in the
thin film of the PEDT/PSS associate. Note that for similar dy,x
values the wider the conduction window, the lower is the density
of an average cell in the conducting pathway. This density is
directly related to the conductivity via particle size. Beside the
connectivity, this size is the key factor determining the
conductivity.

Results and Discussion

The conducting windows of both pristine and water-washed
films in the shown density intervals consist of a continuous
network of T particles. In both films, the percolation path is
generated (Figure 1). The respective current-carrying core, the
backbone, is distinguished from the remaining “dead ends” (see
above). The backbone connects all the sites on one face of the
cube with these on the opposite face. In both films, the density
of the backbone is ca. 3 times lower than that of the whole
infinite cluster.

In agreement with the experiment, the shown characteristics
of the water-washed film are only slightly different from those
of the pristine film: the field density is higher, the density
interval; i.e. the window is narrower, and the p. value is lower.
However, in the water-washed film, the density of the backbone
is ca. twice lower. This points to the shortest pathway and more
effective use of the conducting volume fraction in the latter film.
These differences can be related to the higher conductivity of
the water-washed film as evidenced by the experiment (see
Introduction). In the light of recent work by Nardes et al.>> (mass
ratio 1/6 is used), in the present study obviously the percolating
pathways are generated in the plane parallel to the substrate
surface (the lateral conductivity).

Thus, the values of p., P(p), and P(p), serve as a measure of
the efficiency of an infinite cluster.

The observed p. values are below 0.1 (Figure 2). Because of
the finite size of our sample (and also due to the fact that we
had only one sample at hand for each parameter set), this number
may slightly deviate from the asymptotic value. However, such
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Figure 2. P(p) vs p plot for pristine and water-washed films.
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Figure 3. Calculation of the correlation function exponent H value for
the pristine film. For the water-washed film the equation y = —0.8833x
—2.0279, R?> = 0.8974 is calculated analogously. It should be stressed
that the result H ~ —0.44 is approximate. Indeed, the scaling range is
relatively narrow, and hence the finite-size effects may interfere; also,
due to the limitations of the software package, only one set of density
fields was generated for each parameter set, and hence the statistical
uncertainties are high.

a deviation solely cannot explain the departure from the
generally accepted value, 0.14—0.16, observed for the 3D lattice
(irrespective of its symmetry) and for the continuum percolation
including the metal—insulator transitions as well.® In proton
conducting membranes, the p. value is slightly lower, ca.
0.11—0.14.> Furthermore, surprisingly enough, in the region
close to the threshold, the expected infinite slope, which
classically signals the appearance of the percolation path and
the disorder to order transition, is not observed. Instead, a nearly
directly proportional dependence is seen. This cannot be ascribed
solely to the finite-size effects because these would affect mostly
the behavior at the smallest values of P <(0.05, and the continued
trend would be observable for moderate values of P. The plot
P(p) vs y shows a similar linear relationship.

The conductivity behavior near the percolation threshold and
the low p. values are indicative of the presence of strong positive
long-range correlations between the cells which tend to decrease
the p. level. Indeed, this is the case (Figure 3).

The correlation between the conducting sites is characterized
by the occupation correlation function®' defined as

co(x; — x)) = [0, — p)(6, — pU )

where x; designates the position vector of a site and 6;
characterizes the state of the site; i.e., it is unity at a conducting
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site and zero at nonconducting site. This function decays as a

the power law at long distances co(x; — x;) 0 Ix; — xj|2H. From
this follows
cox; — x) = B,0,0— O 0 Ix; — x> )

The average value of [#,Lls equal to the occupation probability
p (equal to the volume fraction above). The criterion of the
relevance of correlations is given as

1
1—/<H<0 3)

where v is the critical exponent for the correlation radius (the
average size of the largest finite cluster) in 3D is equal to 0.82
and H is an exponent calculated from eq 2.

We observe the values of the exponent H in the range of
—0.34 to —0.44; while these results are not very accurate (see
Figure 3), they are clearly higher than —1/0.82 = —1.2; this
demonstrates the expected significance of the correlations, i.e.,
0; values are not independent of each other. We believe that
the observed correlation is a logical result reflecting the
connectedness of the conducting particles.

In conclusion, we have demonstrated that the presence of the
correlated percolation threshold in the PEDT/PSS complex at
an exceptionally low volume fraction of the PEDT particles is
possible. In agreement with the experiment, the comparison of
the percolation pathways in the pristine and water-washed films
is indicative of the higher conductivity of the latter film.

How do these results depend on the PEDT/PSS mass ratio
and on the doping level, and what is their contribution to the
understanding of the overall conductivity under study? These
questions have been addressed in the report of authors on the
CISSE20080nline conference (Dec 2008).

The authors believe the methodology described to be useful
in the investigation of the morphology of electronically conduct-
ing polymers in general.
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