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Recently, several polymer blends were reported’? to
conduct at a much lower volume fraction of the conducting
polymer than expected theoretically® for a random binary
mixture of conducting and insulating hard spheres.
Namely, the critical volume fraction &, of the conducting
polymer reported was far below 0.16, a classical percolation
estimate.® Such a low content of a conducting polymer is
desirable for applications since an excessive amount may
affect other properties of the material such as mechanical
strength or color. Suzuki et al.4 gave an explanation for
the low &, in ternary blends reported by Fizazi et al.,! in
terms of the adsorption of the rodlike conducting polymer
onto the surface of the preexisting insulating gel. No
explanation has been given to date for the anomalously
high conductivity exponent observed experimentally.l,
In this paper we introduce a method to control the
percolation in conducting polymer blends with a desired
low content of the conducting polymer, which is due to
phase separation. We also present an explanation of the
low conductivity threshold and the high conductivity
critical exponent in terms of a new concept of multiple
percolation.

It has been shown?® that the miscibility may be achieved
in a conducting polymer blend which then exhibits the
lower critical phase-separation temperature (LCST); that
is, it phase separates when heated above the binodal curve
(see Figure 1). The blend is made of the conducting
polymer (CP) and the matrix polymer (MP) which are
miscible in a limited composition range. The phase
diagram on Figure 1is a schematic presentation of a phase
behavior achieved in a solid solution of the conducting
polythiophene with substituted alkyl chains (poly(3-
alkylthiophene) in a matrix poly(ethylene-co-vinyl ace-
tate). The effect of the alkyl chains substituted into
polythiophene is that of achieved flexibility and also
miscibility with other polymers, as described in detail by
Ho et al.?

While the starting composition A on Figure 1 contains
less than 0.16 volume fraction of CP and, therefore, is not
conducting, the composition B resulting after phase
separation contains more than 0.16 volume fraction of CP
(within the CP-rich phase B) and, thus, must be con-
ducting. Anadditional requirement for conduction of the
whole blend, however, exists: the phase B itself must also
be connected. The continuous (connected) paths of phase
B in the blend may be created in this procedure via either
spinodal decomposition or nucleation. The choice of a
phase-separation mechanism in the experiment is con-
trolled by a heating regime as shown recently by Margolina
et al.:® a fast heating regime results in spinodal decom-
position, while a slow one leads to nucleation.

The next goal, once a continuous conducting phase B
is achieved, is to lock in such a composition. This can be
achieved via cooling the blend accompanied by order
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Figure 1. Schematic phase diagram with a lower critical
temperature presented to illustrate double percolation. While
the composition A is not conducting, the composition B conducts
as the CP content is higher than 0.16 in phase B.

formation, e.g., crystallization, before the coarse-graining
occurs as described by Lee et al.” While such a competition
of phase separation and crystallization is itself a rich and
complex process, it appears that the resulting structure of
the blend preserves the desired connectivity and conduc-
tivity properties. A morphology with a connected phase
structure presented in Figure 2 is taken from a phase-
separated system of poly(3-octylthiophene) and ethylene-
co-vinyl acetate.5 Once there exists such a connected
phase, the conductivity of the blend appears® at CP volume
fractions of about 0.03. This CP content is, once again,
much lower than &; = 0.16, the classical requirement of
the percolation theory.?

We will now present a theoretical explanation of the
low CP content required for a conductivity threshold in
such binary blends. Our argument is quite general for a
new class of conducting blends which require CP con-
nectivity in addition to a bulk connectivity of the whole
sample. As the connectivity requirement for such blends
is percolation within percolation, we suggest naming this
new concept multiple percolation, since it is theoretically
feasible to visualize a hierarchy of such connected paths
within connected paths, only the last of which is con-
ducting. Of course, the class of binary blends described
above corresponds to only two levels in such a hierarchy
and, thus, to double percolation.

The argument is quite straightforward. Let us denote
the critical volume fraction of CP in phase B required for
conductivity as $cp and the critical volume fraction of
phase B in the blend required for B itself to be connected
as ¥p. Then the critical volume fraction of CP in the
blend & is found as:

Applied to our binary blends, we estimate both ®cp and
®p atabout0.16 for ideal hard spheres. Thus, our estimate
for the CP content in double percolation is about 0.026,
in good agreement with 0.03 measured® (see also Wang
and Rubner?).

The argument can be readily generalized for multiple
percolation. Iftherearenlevelsinthe multiple percolation
hierarchy, only the last of which is required to actually
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Figure 2. Optical micrograph (magnification X240) of a poly-
(3-octylthiophene) and ethylene-co-vinyl acetate blend. The 70/
30 composition has been selected to emphasize the presence of
the connectivity achieved via phase separation during solvent
evaporation. The connected dark phase is clearly visible.

conduct, we get
®, = Bopdp"’ 2

Thus, it is, at least theoretically, feasible to obtain the CP
content in a conducting blend as low as desired via multiple
percolation alone. The experiment may decide how far
one can proceed along this way in reality. E.g., adding a
third polymeric component, which is in our experiment a
stabilizer,® to a binary blend described above would result
in a ternary blend with a predicted CP content of 0.004.
We note that our estimate defines an upper boundary
for the CP content since this approach is based on spherical
particles. In reality, anisotropic shapes may appear in
the morphology, the effect of which will make the required
CP content even smaller as is well-known from percolation
theory.* If anisotropic shapes appear on any level of the
multiple percolation hierarchy, the appropriate numerical
estimate of the percolation threshold needs to be substi-
tuted instead of spherical ®p or $¢cp in eqs 1 and 2.
The quantitative results of the multiple percolation
approach in eqs 1 and 2 are based on the notion of the
statistical independence of multiple percolation hierarchy
levels which leads to the simple product rule. We note
that in our approach the percolation threshold is always
well-defined, no matter how low, and in the ideal case is
independent of the ratios of consecutive spatial scales in
the percolation hierarchy, as long as these ratios are small
enough. The latter is of utmost importance if multiple
percolation is aimed to adequately describe the physical
reality on all levels of its hierarchy and is to be applicable
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to any morphology. To justify this generality of our
approach, we suggest the following reflection: let us
imagine the highest level in multiple percolation hierarchy
as a statistical, e.g., random, choice of cubes with side L,
filling an original cube with side L. Then the connectivity
threshold of the chosen cubes corresponds to the perco-
lation threshold if L;/L — 0. The threshold is estimated
for the conductivity of hard spheres on any type of lattice
to be about 0.16.° However, for the cubes the critical
volume fraction could be 6/7 times more (or almost 2
times), i.e., about 0.3. This value corresponds to the
estimate for continuum percolation of soft-core spheres
(see, e.g., Margolina and Rosso?). Thus, for our purposes
we may use something in between, e.g., 0.2. In any case,
our threshold should be viewed as an estimate, which may
depend on the heterogeneity of shapes and sizes for the
building blocks of a connected phase. The main point,
however, is valid, apart from numerical and geometrical
considerations: the connectivity on the highest level of
the percolation hierarchy is achieved as L;/L — 0, at a
certain percolation threshold independent from L,/L. Such
a consideration corresponds to the connectivity of phase
B in double percolation.

We proceed now to the next, lower level in the multiple
percolation hierarchy. Each of the cubes with side L;,
chosen before, undergoes a procedure, similar to the one
above, of a statistical choice for the cubes with side L,
filling it. The statistical characteristics of this choice and
the shape and size heterogeneity of building blocks for a
new connected phase may or may not be the same as on
higher level, in correspondence with the mateials and
processes used for preparation of the sample. However,
again apart from the numerical estimate of the percolation
threshold, the connectivity is still achieved for Lo/L; — 0,
the threshold being independent from Ly/L;. This con-
sideration corresponds to the connectivity of the CP
polymer within phase B in double percolation. The sizes
L, and L, correspond to the thicknesses of the connected
path for phase B and of the CP threads, respectively.

Obviously, all the higher levels of the percolation
hierarchy should be arranged slightly above their respective
percolation thresholds, so that the next, lower level is
always allowed, whereas the lowest, conducting level may
be situated right at the threshold. Thus, once again the
estimate of the multiple percolation threshold introduced
in eq 2 represents only a rough estimate and reflects the
notion of statistical independence of levels in multiple
percolation. This means that in a rough approximation
we view multiple percolation as an ideally self-similar
fractal structure, in which each block on each scale is
conducting, and the overall conductivity of the sample is
ensured by small enough ratios of consecutive scales.

In the framework of this rough approximation we suggest
an estimate of the conductivity exponent ¢ for multiple
percolation which we expect to be higher than that for
classical percolation.'® On each scale the conductivity ¢
is described by a scaling relation:!?

o = oy(d - &p)* (3)

where ® and ®p stand for current and critical volume
fractions, in a higher scale phase, of a phase corresponding
to a current scale (e.g., volume fraction of phase B,
corresponding to a first scale, in the bulk, for double
percolation); ¢ is a presumably universal conductivity
exponent for each scale; o9 is a nonuniversal conductivity
constant for each scale. ®p corresponds to our estimate
of the critical volume fraction on each scale which may or
may not be universal depending on the preparation
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mechanism. In what follows, we consider it the same for
all scales for simplicity, as we did ineq 2. o9, anonuniversal
conductivity constant for each scale, may be further
specified through its detailed structure on the next lower
level as o = 0010w (Prow — PB)’, where the new conductivity
constant and phase volume fraction describe the nextlower
scale, Continuing this process until the lowest level of
multiple percolation hierarchy which must be conducting,
we get for n levels

o= 0,(8, - Bcp)' (@, ; - Bp)..(3 - &p)’ @

where level n is the lowest, conducting level. For an
optimal case when all volume fraction separations from
critical are equal, we get the maximum for the effective
conductivity exponent of the whole sample, estimated via
fitting the data onto eq 3 in all reported experiments:!-2
tesr = nt. Thus, the maximum effective exponent for double
percolation would be 2t which is about tesr = 4 in three
dimensions.!? Of course, the apparent effective exponent
teft may be much smaller, but it is predicted for double
percolation to be definitely larger than the classical
estimate t = 2 alone. This prediction corresponds well to
experimental findings of Wang and Rubner:? ¢ = 8.2.

Moreover, such a detailed structure for the conductivity
in multiple percolation leads to a nontrivial dependence
of the conductivity on the CP concentration in the bulk.
Namely, while in classical percolation the conductivity is
defined by the CP concentration in the bulk, as in eq 3,
in multiple percolation this is not true anymore. An easy
exercise in algebra shows that, for small differences on
each scale between the phase volume fraction and the
critical one, the critical CP bulk volume fraction, &, is
defined by the sum of these differences via eq 2, while the
conductivity is defined by their product via eq 4. Thus,
the conductivity depends on the preparation mechanism
of the sample, rather than simply on its CP content.

Indiscussion, we compare our approach to that of Suzuki
et al.* and offer our own explanation for very interesting
experimental findings of Fizazi et al.! First, we note that
the absence of the percolation threshold observed! may
be suggesting that the percolation approach to this whole
phenomenon is unnecessary. It is quite possible that the
similar effect may be achieved via an adsorption of CP
monolayer onto a preexisting connected structure, which
might be constructed in the form of a tube rather than a
ramified gel. Thus, here we are presented with two
hypotheses: the existence of a preformed gel and the
random rather than regular adsorption of CP on it.# In
addition, the elongated shape of CP particles is essential
to account for an anomalously low CP threshold.* If we
explore the possibility of a regular adsorption with
thickness d of pancakes with radius R, we introduce into
the theory a free parameter d/R which may be arranged
to be as small as desired. This automatically leads to a
CP volume fraction as low as needed and may well alone
explain the experimental findings. As opposed to this
approach, multiple percolation is an explicit requirement
for a new class of blends; the percolation threshold is well-
defined and independent of spatial parameters.

We may continue exploring the possibility of a regular
CP adsorption by suggesting the explanation for the
effective conductivity exponent found by Fizazi et al.! to
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be t.sr = 2.6. Bysimple analogy with eq 4 we may conclude
that the preexisting gel requires one power ¢ to percolate
in three dimensions and, thus, contributes about t3 = 2 to
the effective conductivity exponent. The CP regular layer
conductivity is simply proportional to its thickness d and,
thus, to its volume fraction, contributing ¢, = 1 to the
effective conductivity exponent. Altogether we get an
estimate of te = £3 + t; = 3, in rough agreement with the
experimental 2.6. The alternative explanation, following
the two hypotheses! yields the maximum tes = t3 + tp =
2 + 1.3 = 3.8, according to eq 4 with the contributions ts
and f; from three- and two-dimensional conductivity
exponents,'®respectively. Thus, both regular and random
CP adsorption give comparable estimates, the first being
closer to the experiment.

In summary, we have introduced a new method of
controling the low CP content in conducting blends. We
have offered an explanation for the anomalously low
percolation threshold and high effective conductivity
exponent in terms of a new concept, called multiple
percolation. Finally, we have made an attempt to explain
away the experimental findings! and pointed out the
differences between our approach and the original ex-
planation of these findings.*

Note Added in Proof: After this paper had been
submitted for publication, we came across the paper by
Sumita et al.! in which an approach similar to ours is
suggested to explain away a low CP content of carbon
black filled polymer blends. Notably, the term coined for
this approachis also double percolation. The experimental
part of the paper constitutes, in our opinion, another
interesting and useful example of multiple percolation,
and the intent of the authors to apply the concepts of
percolation is justified. However, the concept of perco-
lation within percolation is arrived at qualitatively, and
the quantitative analysisis not attempted. The anomalous
conductivity is not discussed, even though it seems to be
observed experimentally.
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