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ABSTRACT: Electrically conducting, semiinterpenetrating polymer networks (semi-IPNs) were synthesized
from soluble poly(3-octylthiophene), styrene monomer, and a cross-linking agent. By controlling the level
of cross-linking of the polystyrene component, it was possible to create semi-IPNs with highly dispersed
microdomains of the conjugated polymer. For example, semi-IPN samples containing 20% poly(3-octyl-
thiophene) (P30T) and 10% divinylbenzene (DVB) exhibited very finely dispersed P3OT domains on the
order of 1000 A. This particular cross-linking level also produced semi-IPNs with a very low percolation
threshold (ca. 3 vol % P30T). The conductivity stability of FeCls-doped samples containing 20% P30T and
cross-linked with 10% DVB was found to be considerably enhanced, thereby supporting the hypothesis that
improved stability in these materials may be achieved by restricting their chain mobility.

1. Introduction

For some time now it has been recognized that the
properties of electrically conductive polymers can be
substantially altered and in many cases significantly
improved by blending with suitable insulating host poly-
mers. Most notably, this approach has been quite suc-
cessful at producing electrically conductive blends with a
wide range of interesting mechanical and electrical prop-
erties. Thetechniques utilized to date include chemicall-
and electrochemical®€ in situ polymerization, melt and
solution processing,!’25 sintering,?® and precursor ma-
nipulation.2’-3! In all cases, however, blending has had
very little impact on the environmental stability of the
conducting polymer. One of the major limitations of the
blending approach is that it almost always produces a
highly heterogeneous two-phase system. This high level
of phase separation is a direct consequence of the small
entropy of mixing generally associated with macromo-
lecular systems. As a result of this, it is very difficult to
achieve the level of molecular intermixing needed to
significantly alter the physical properties of each of the
components of the blend.

We have recently reported that the chain mobility of
the doped poly(3-alkylthiophenes) dramatically influences
the stability of the electrical conductivity of these ma-
terials.?2 In essence, the lower the chain flexibility, the
more stable is the polymer. It was therefore proposed
that the conductivity stability might be improved by
restricting the chain mobility of these conducting polymers.
As indicated above, this cannot be readily accomplished
by simple blending techniques as the resultant two-phase
morphology is not sufficiently intermixed to restrict the
chain mobility of the conducting polymer. It is possible
to achieve this goal, however, through the use of semiin-
terpenetrating polymer networks. Semiinterpenetrating
polymer networks are typically two-component systems
in which one of the polymers has been cross-linked into
a covalently linked network.3? Since the formation of the
network is accomplished in the presence of the second
polymer, the level of phase mixing is usually significantly
higher than that obtained by blending. In addition, by
controlling the synthesis process and the level of cross-
linking, it is possible to vary the morphology of the semi-
IPN over a very wide range. Thus, in sharp contrast to
blending, one now has the ability to manipulate the level
of molecular dispersion of the two components, the size
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of their domains, and the nature of their interfacial regions.
Previous studies have indicated that the cross-linked
polymer in a semiinterpenetrating polymer network can
be used to reduce the molecular mobility of the non-cross-
linked polymer.?* Thus, this approach seems well suited
toimproving the conductivity stability of the poly(3-alkyl-
thiophenes).

In this paper, we describe the synthesis, molecular
organization, and conductivity stability of semi-IPNs
comprised of cross-linked polystyrene and poly(3-octyl-
thiophene). Althoughalarge number of studies have been
conducted on various conducting polymer composites and
blends, we believe that this represents the first investi-
gation of an electrically conductive semiinterpenetrating
polymer network.

2. Experimental Section

2.1. Synthesis of Poly(3-octylthiophene). The starting
monomer, 3-octylthiophene (30T), was synthesized via the
coupling of octylmagnesium bromide with 3-bromothiophene in
the presence of Ni(dppp)Clz according to the method of Kumada
et al.®® The monomer was purified prior to use by distillation
under reduced pressure. Polymerization of 30T was achieved
following the FeCl; method of Sugimoto et al.%¥ Special pre-
cautions were taken to avoid oxygen and moisture during the
polymerization. The as-prepared polymer was extracted in a
Soxhlet extractor consecutively with methanol and acetone for
2 weeks. The purified polymer was then dissolved in warm
chloroform, filtered, and cast into free-standing films under a
flow of nitrogen. Molecular weight characterization of the
polymer was performed on a Waters Associates 6000A gel
permeation chromatograph using THF as the carrier solvent and
polystyrene standards for calibration. The weight-average mo-
lecular weight (polystyrene equivalents) was found to be 64 900,
and the number-average molecular weight was 8230.

2.2. Synthesis of the Semiinterpenetrating Polymer
Networks. The purified P3OT was dissolved in solutions of
styrene and divinylbenzene (DVB; dried over molecular sieves)
to give mixtures with different P30T volume fractions (3, 5, 10,
15, 20, and 26%) and different DVB mole fractions (relative to
the number of moles of styrene) (0, 1, 2, 5, 10, 16, and 23% for
the 20% P30T samples; 10% for the rest). To the mixtures was
also added 1% (by weight) AIBN as the initiator. Three freeze—
thaw cycles were performed after the solutions became homo-
geneous to avoid the presence of oxygen in the reaction flasks.
The reaction flasks were slowly rotated in a horizontal position
in order to coat the inner flask walls with uniform thin films of
the reaction mixtures. The rotating flasks were then placed in
an oven at 90 °C. After 2-3 h the temperature was raised to 110
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°C for an additional 1-2 h to allow complete reaction. The
reaction flasks were then allowed to cool to room temperature,
and the semi-IPN films were removed from the flask walls using
anultrasonic treatment. The free-standing films were then dried
under vacuum at 60 °C for 24 h. The thickness of the films
ranged from 40 to 90 um. Doping of the semi-IPN free-standing
films was accomplished using ferric chloride solutions: 30 g/L
of FeCl; dissolved in a mixture of nitromethane and benzene
(volume ratio 2/1). Benzene was used as a cosolvent to swell the
semi-IPNs and thereby facilitate penetration of the dopant into
the networks.

2.3, Stability Tests. The stability tests were carried out in
an environment-controllable glass chamber whose temperature
was regulated using suitable circulating baths. Dry nitrogen was
created by passing the prepurified gas consecutively through a
concentrated sulfonic acid column and a calcium oxide column.
Laboratory air was air-conditioned and had a relative humidity
of about 30% at room temperature (22 °C). All of the environ-
mental tests were carried out under static conditions rather than
with a flowing stream of the gas. A four-lead method was used
to measure the conductivity, and an Electrodag 502 was used to
make electrical contact with the films. Constant currents were
generated from a Keithley 224 programmable current source,
and the voltages were recorded on strip-chart recorders.

2.4, Characterization of the Semi-IPNs. UV-vis spectra
of thin semi-IPN films were recorded on an Oriel 77200 250-mm
spectrometer in a laboratory atmosphere at room temperature.
DSC studies of the samples were conducted on a Perkin-Elmer
DSC7 differential scanning calorimeter under nitrogen at a
scanning rate of 10 °C/min. Bright-field optical micrographs of
the semi-IPN films were taken in the transmission mode with a
Nikon HFX-II microscope. Scanning transmission electron
microscopy (STEM) of cryomicrotomed samples (20% P30T/
10% DVB) was performed on a Vacuum Generators VG HB5
scanning transmission electron microscope.

3. Results and Discussion

The morphological features of semi-IPNs, such as their
level of phase mixing, the molecular and supermolecular
organizations of their domains, and the nature and form
of their interfacial zones, are known to be strongly
influenced by the amount of cross-linking introduced
during network formation. These features, in turn,
determine the macroscopic properties exhibited by the
semi-IPN. In order to examine the effects that different
cross-linking levels have on the conductivity and conduc-
tivity stability of the P30T-based semi-IPNs, samples were
prepared with different DVB mole percentages ranging
from 0 to 23% (based on the amount of styrene monomer
present). The influence of the level of cross-linking was
examined with films containing 20% P30T since this
conjugated polymer amount produced films with good film
quality and high electrical conductivities after doping.
According to Sperling’s nomenclature,33 these semi-IPNs
are of the second kind; i.e., they consist of a non-cross-
linked polymer (polymer I; P30T) and a cross-linked
polymer (polymer II; polystyrene). As-prepared films
containing 5, 10, 16, and 23% DVB appeared completely
uniform to the eye, whereas films prepared with no DVB
orwithonly 1 or 2% DVB appeared highly heterogeneous.
This immediately suggests that the level of cross-linking
does indeed strongly influence the morphology of the semi-
IPN. The conductivity of samples doped with FeCls was
in the range of 0.01-0.1 S/cm, which is 1-2 orders of
magnitude lower than that of free-standing films of doped
P30T. Essentiallyall of the P3OT in the semi-IPNs could
be extracted by solvents (chloroform, THF, etc.) provided
that sufficient time was allowed for the extraction process.

3.1. Spectroscopic Studies. Parts a and b of Figure
1 display the UV-vis spectra of the semi-IPNs fabricated
with different levels of cross-linking. Also included in
Figure 1a is the spectrum of the semi-IPN liquid mixture
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(20% P30T) before polymerization of the styrene/DVB
monomer system (curve b) and a spectrum of a thin film
of neutral P30T (curve a). The primary absorption band
present in all of these curves is the well-known w~r* in-
terband transition of the conjugated polythiophene back-
bone (Angy at about 470 nm for the cast film of pure P30T).
After dissolution of the P30T in the liquid styrene/DVB
mixture, it can be seen that the absorption band of the
conjugated polymer becomes narrower and loses its lower
energy tail (curve b). The elimination of the longer
wavelength portion of this absorption band indicates that
the dissolved polymer chains have assumed a shorter
average conjugation length due to dissolution in the mon-
omeric solvent. In other words, the r-electrons of the
conjugated backbone have become more localized due to
the conformational disorder introduced when the polymer
isdissolved. The narrowing of the absorption band reflects
the fact that many of the different environments available
to the conjugated chains (such as crystalline and paracrys-
talline environments) have been disrupted upon solva-
tion, thereby leaving a much narrower distribution of
shorter effective conjugation lengths.

Spectra c—h were recorded after the polymerization of
the semi-IPN solutions. The P3OT content was 20% for
samples c-g and 5% for sample h. In all cases, there is
a reestablishment of the lower energy absorption present
in the film of pure P30T. Specifically, it is now possible
to identify at least three major peaks in each of these
spectra: a low-energy peak at about 605 nm which arises
due to conjugated chains present in well-defined, highly
ordered domains, a higher energy peak at about 500 nm
which is characteristic of conjugated chains present in
less ordered, perhaps more dispersed domains, and a peak
at about 460 nm which is due to conjugated chains present
in highly disordered regions of the film such as in the
interfacial zones. The emergence of the lower energy peaks
in these spectra indicates that the conjugated poly-
thiophene chains now exist in a variety of molecular
environments which impose different constraints on the
planarity of their backbones. In particular, the develop-
ment of an intense low-energy shoulder suggests that many
of the polythiophene chains have aggregated into well-
ordered crystalline or paracrystalline domains. Thus, a
significant amount of phase separation occurs during the
formation of the glassy polystyrene network. It can be
seen, however, that the lowest energy peak is most
pronounced in the film formed without any cross-linking
but becomes significantly less intense in the cross-linked
films. Thus, the ability of the conjugated chains to phase
separate into well-ordered domains is clearly inhibited by
the formation of the polystyrene network. Itisinteresting
to note that the smallest low-energy shoulder is found in
sample h which has only 5% P30T. This implies that
crystallization of the polythiophene chains is further
restricted in semi-IPNs with lower P30T contents. The
presence of a stronger low-energy absorption in the semi-
TPNs as compared to the thin film of pristine P30T simply
reflects the fact that the semi-IPNs were annealed during
network formation which clearly promotes the develop-
ment of a greater fraction of ordered polythiophene chains.

3.2. Thermal Analysis. The DSC thermograms of
the semi-IPN samples with different levels of cross-linking
are displayed in Figure 2. The heat flow scale is arbitrary
in this case since the curves have been normalized for the
sake of clarity. Curve g represents the DSC thermogram
of pure P30T whereas curve h is that of a polystyrene
sample cross-linked with 10% DVB. The DSC thermo-
gram of P30T exhibits a melting transition at about 62
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Figure 1. (a) UV-vis spectra of the semi-IPNs and related
materials. a: Neutral P30T, b: P30T (20%) solution instyrene
and DVB. ¢: Semi-IPN (20% P30T)/0% DVB. d: Semi-IPN
(20% P30T)/2% DVB. (b) UV-vis spectra of the semi-IPNs
and related materials. e: Semi-IPN (20% P30T)/5% DVB. f:
Semi-IPN (20% P30T)/10% DVB. g: Semi-IPN (20% P30T)/
16% DVB. h: Semi-IPN (5% P30T)/10% DVB.

°C but no indication of a glass transition temperature
within the experimental temperature range. We attribute
the melting peak, which can also be found in the DSC
thermograms of samples a—f, to a thermally induced
disordering of the octyl side chains of P3OT. These peaks
did not show up (or were extremely weak) in the ther-
mograms of samples evaluated immediately after synthesis.
Only after storage of the samples at room temperature for
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Figure 2. DSC thermograms of the semi-IPNs and related
materials: (a) semi-IPN (20% P30T)/0% DVB, (b) semi-IPN
(20% P30T)/1% DVB, (¢) semi-IPN (20% P30T)/2% DVB,
(d) semi-IPN (20% P30T)/5% DVB, (e) semi-IPN (20% P30T)/
10% DVB, (f) semi-IPN (20% P30T)/16% DVB, (g) neutral
P30T, (h) polystyrene/10% DVB.
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at least a week did the melting transitions become
conspicuous. Thus, the development of this form of
ordering within the P30T regions appears to be a very
slow process. Note that the melting peak occurs at about
62 °C for all of the samples with the exception of sample
¢ (semi-IPN/10% DVB) which exhibits a melting transition
at about 50 °C. The melting point depression of this
sample suggests that this particular semi-IPN composition
produces a higher level of phase mixing. The consequences
of this higher level of phase mixing will become apparent
shortly.

The glass transition temperatures observed in these ther-
mograms are due to the polystyrene component of the
semi-IPN. For the sample prepared without any cross-
linking (sample a 0% DVB), this transition occurs at the
same temperature of pure polystyrene, about 100 °C. As
expected, as the level of cross-linking in the semi-IPN
increases, the glass transition temperature is also seen to
increase (from 100 to about 156 °C). It is interesting to
note, however, that the glass transition temperature of
thesemi-IPN cross-linked with 10% DVB (curvee) is over
10 °C higher than that observed in a pure sample of
polystyrene cross-linked with 10% DVB (curve h). This
suggests that the ability of the cross-linked network to
inhibit the chain mobility of the polystyrene phase is
enhanced inthesemi-IPN. This may be due tothe creation
of more effective cross-links or a higher degree of molec-
ular interpenetration with the P30T phase.

3.3. Thermal Stability of the Electrical
Conductivity. Figures 3 and 4 display the conductivity
(normalized to the value at ¢ = 0 min) of various FeCls-
doped semi-IPNs (containing 20% P30T) and related
materials recorded at different temperatures (80 °C for
Figure 3 and 120 °C for Figure 4) as a function of time.
A quick survey of the data collected at 80 °C reveals that
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Figure 3. Conductivity stability of the semi-IPNs (20% P30T)

and related materials at 80 °C under dry nitrogen (or in laboratory
air as indicated).
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Figure 4. Conductivity stability of the semi-IPNs (20% P30T)
and related materials at 120 °C under dry nitrogen (or in
laboratory air as indicated).

all of the semi-IPNs exhibit a better conductivity stability
than P3OT. Most notably, the samples prepared with
10% DVB are significantly more stable than samples
prepared from the pure conjugated polymer or any of the
various network compositions. It can also be seen that all
of the semi-IPN samples exhibit increases in conductivity
during the first few hundred minutes of the stability tests
(this effect is most pronounced in the 10% DVB samples).
Since the data were recorded after the samples were
equilibrated at the test temperature, this phenomenon
cannot be attributed to a sample thermally activated
conduction process. Thisthermally induced conductivity
increase is therefore believed to be due to an additional
doping process that occurs at elevated temperatures.
Similar behavior has also been observed in the FeCls-doped
P3ATs32 although to a much lesser extent. The fact that
the additional doping process is more pronounced in the
semi-IPNs suggests a number of interesting possibilities.
The first possibility may simply reflect the fact that a
larger amount of unreacted FeCl; or its doping byprod-
ucts remain trapped in the network after doping. This
hypothesis, however, does not explain the fact that the
highest level of additional doping is observed in samples
cross-linked with 10% DVB and not the more highly cross-
linked samples. In addition, a more highly cross-linked
sample would also be less likely to absorb a large excess
of the dopant. The second possibility is that the samples
prepared with 10% DVB are significantly more stable than
samples prepared with a lesser or greater amount of the
cross-linking agent. Clearly, the thermally activated
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additional doping process competes directly with the
normal conductivity degradation process. Anintrinsically
more stable material would therefore be able to benefit
more from this process than a less stable material. All of
these results indicate that the morphology of the 10%
DVB composition is particularly well suited for enhancing
the stability of its conducting polymer component. The
reason for the significantly better conductivity stability
of this composition will become apparent shortly.

The conductivity of the semi-IPN/10% DVB sample
increases 23% in the first 200 min at 80 °C due to the
thermally activated additional doping process and then
remains level for another 1000 min before starting todecay
at 1200 min. An extended stability test at 80 °C on this
sample revealed that the time for its conductivity to drop
by 1 order of magnitude (¢1,10) at this temperature is about
16 000 min. In contrast, the ¢/ value for pure P30T is
about 1900 min. Even underalaboratory-air atmosphere,
the FeCls-doped semi-IPN/10% DVB composition is still
much more stable than doped P30T in nitrogen. Also
note that the sample prepared without any cross-linking
of the polystyrene phase is not as stable as the 10% DVB
material. This rules out the possibility that the signifi-
cantly improved stability of the 10% DVB semi-IPN
simply reflects the better barrier properties of the glassy
polystyrene matrix. Inaddition, the barrier properties of
the polystyrene matrix, whether cross-linked or not, should
not have a bearing on the samples evaluated in a dry-
nitrogen atmosphere. As can be seen in Figure 3, the
conductivity stability of the 10% DVB sample is dimin-
ished when it is exposed to humid air. This indicates that
ambient species do get through the barriers in the network
and accelerate the degradation of the conductivity.

At 120 °C under dry nitrogen (see Figure 4) the
improvement in stability is not as significant. In fact, the
samples with 0% and 5% DVB are now less stable than
the pure P3OT. In the case of the 0% DVB sample, this
temperature is greater than the glass transition temper-
ature of the polystyrene matrix. The added molecular
mobility of the polystyrene matrix must therefore better
facilitate disorder-inducing conformational transitions of
the P3OT chains. The increased conformational activity
of the P30T chains would, in turn, assist in the thermal
dedoping process which is known to be strongly enhanced
by increased chain mobility.32 Since the onset of the glass
transition temperature of the 5% DVB sample is near 120
°C, a similar argument could be used to explain its lower
stability. There are only two semi-IPNs (10% DVB and
16% DVB) that are more stable than P30T at this tem-
perature. The time for the conductivity to decay by 1
order of magnitude at 120 °C is about 330 min for these
two samples as compared to about 180 min for the P30T,
Interestingly, these two conductivity-time curves are
identical, as shown in Figure 4. The onset temperatures
of the glass transition of these two samples are much higher
than 120 °C, thereby insuring less conformation activity
and a better conductivity stability. The fact that the two
stability curves overlap with each other suggests that very
similar environments exist for the P30T chains in the
semi-IPNs at 120 °C. Thus, the morphological differences
between these samples at 80 °C are essentially eliminated
at 120 °C. The greater stability in this case is still best
attributed to the mobility-restricting effect of the semi-
IPN network rather than the barrier properties of the
cross-linked polystyrene matrix. Indeed, when the doped
semi-IPN/10% DVB sample was exposed to humid air at
120 °C, the decrease in the conductivity stability (rep-
resented by dots in Figure 4) is significant, indicating that
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DVB samples. Open squares represent the experimental data
and the solid curve is theoretical.

the barrier properties of the sample at this temperature
are very poor.

3.4. Electrical Conduction Threshold. The manip-
ulation of conducting polymers via the fabrication of semi-
IPNs provides a unique opportunity to control the
morphological features of electroactive multicomponent
systems. Of particular interest is the development of a
two-component system in which microdomains of the
conducting phase are molecularly dispersed in an insu-
lating matrix. Such molecular composites are expected
to exhibit very low percolation thresholds and hence high
electrical conductivities with low loadings of the conducting
phase. Inordertodetermine the percolation threshold of
the P30T-based semi-IPNs, the conductivity of a series
of samples containing different volume fractions of P30T
and a fixed DVB level of 10% were examined. Figure 5
displays the conductivity—composition plot of the FeCls-
doped semi-IPNs with different volume fractions of P3OT.
A sharp transition in the composition dependence of the
conductivity takes place between 3 and 5% P30T,
indicating that the percolation threshold for electrical
conduction in this system is very low.

According to percolation theory3” and previous studies
on conducting polymer systems,?3° a scaling law (egs 1
and 2), is applicable to the conductivities of multiphase
systems.

o= C(f—fc)t 1)
logog=logC+tlog (f-f, 2)

In these equations, f represents the volume fraction of
the conducting component, f. is the critical volume fraction
(percolation threshold), ¢t is a universal exponent, and C
is an arbitrary constant. By fitting the experimental data
to a plot of log ¢ vs log (f - f.), it is therefore possible to
estimate the percolation threshold. In this case, such a
fit reveals a percolation threshold of about 2.8% P30T
and an exponent value of 3.2. This percolation threshold
issurprisingly low as compared to most conducting polymer
composites or blends.132527 Note also that even at 5%
P30T, the doped semi-IPN is already in the semicon-
ducting range. This is very interesting because the
compromise in mechanical properties of a host polymer
will generally be insignificant if only a few percent of the
conducting component is incorporated into the matrix.
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Figure 6. Optical micrographs of the semi-IPNs and related
materials: (a) semi-IPN (20% P30T)/0% DVB, (b) semi-IPN
(20% P30T)/1% DVB, (c) semi-IPN (20% P30T)/2% DVB,
(d) semi-IPN (20% P30T)/5% DVB, (e) semi-IPN (20% P30T)/
10% DVB, (f) semi-IPN (20% P30T)/16% DVB.

The theoretically predicted percolation threshold expected
for a composite consisting of conductive hard-core spheres
dispersed within an insulating matrix is 0.164 £ 0.020.40:41
In fact, a percolation threshold of 16 % has been observed
in solution-processed composites fabricated from poly(3-
hexylthiophene-co-3-benzylthiophene) and polystyrene.2
For composites consisting of conducting thin cylinders
instead of spheres, however, the percolation threshold can
be extremely low because the critical volume fraction in
this case is determined by the excluded volume per
cylinder.*243 It has been found, for example, that con-
nected conducting paths exist at conducting polymer
volume fractions below 5 X 10 in a conducting gel
consisting of ultrahigh-molecular-weight polyethylene (in
decalin) and P30OT.# A percolation threshold of 2.8%
therefore suggests a very fine dispersion of the P30T
domains in the semi-IPN, but not completely at the mo-
lecular level. The theoretical value of the exponent ¢,
calculated using percolation theory, 3”4 is t = 1.9 £ (0.1.
Although the experimentally determined ¢ value of 3.2 is
higher, the agreement between the experimental data and
theoretical curve is quite satisfactory as seen in Figure 5.

3.5. Optical and Electron Microscopy. All of the
data presented thus far confirm the notion that the level
of network cross-linking dramatically influences the
electrical properties of the P30T-based sémi-IPNs. As
might be expected, these variations in properties can be
directly related to the different morphological arrange-
ments that develop during network formation. These
differences are readily observed in the optical micrographs
displayed in Figure 6. The samples imaged in this figure
all contain 20% P30T but different amounts of DVB.
Two distinctive phases can be clearly observed in the
sample that did not contain any cross-linking agent (Figure
6a). This material is of course not a semi-IPN but rather
a simple blend. Since the micrographs are bright-field
images, the 10-50-um bright spheres seen in parts a and



Macromolecules, Vol. 25, No. 12, 1992

b of Figure 6 are domains of the polystyrene phase. These
domains show a faint tint of yellow under the optical
microscope, indicating a slight dissolution of the P30T in
the polystyrene phase. The dark regions beyond the bright
spheres contain most of the P30T, but a simple consid-
eration of the fact that the polystyrene phase represents
80% of the blend indicates that polystyrene must also
coexist in these regions. The much smaller features in the
background of Figure 6a vary upon changing the image
focus of the microscope, and they appear to be surface
features rather than bulk features. The somewhat blurred
rims of the spheres in Figure 6b can be interpreted as the
start of mixing of the polystyrene phase and the more
continuous P30T/polystyrene matrix phase.*> In any
event, it is clear that at these cross-linking levels the
polystyrene and P30T phases are highly incompatible and
grossly phase separated.

As the cross-linking level increases, the large domains
of polystyrene start to break up and become better
dispersed throughout the semi-IPN. The 2% DVBsample
shown in Figure 6¢ is a good example of the intermediate
stage of this process. With 5% DVB (Figure 6d), the
polystyrene domains (bright regions) have been reduced
to the order of 3-4 um. The preferred orientation visible
in Figure 6¢, where the texture is somewhat oriented from
lower left to upper right, most likely is due to the constant
flow of the reaction mixture along the flask wall during
polymerization. This type of orientation may also exist
inother samples prepared by this technique. For example,
inFigure 6a, a slight elongation of the polystyrene domains
along a preferred direction is discernible. As the amount
of DVB increases to 10%, the semi-IPN achieves its highest
level of molecular dispersion. The fine structure evident
in the 10% DVB sample (Figure 6e) is in fact a surface
phenomenon rather than a true representation of the bulk
state, indicating an even higher level of molecular mixing
of the domains. As will be discussed shortly, this con-
clusion was confirmed by the STEM results. When the
cross-linking amount exceeds 10%, the semi-IPN under-
goes an interesting morphological change. The micrograph
of the 16% DVB sample presented in Figure 6f displays
large dark clusters on the sample surface which are mostly
comprised of P30T. At this higher cross-linking level,
syneresis*® occurs and a large portion of the P30T is
rejected from the cross-linked matrix. In other words,
the cross-link density of the polystyrene network has
become so high that it is no longer able to support a large
amount of finely dispersed P30T microdomains. A similar
phenomenon is also observed in the 23% DVB sample
(not shown).

Figure 7 displays the STEM results of the semi-IPN/
10% DVB sample. Figure 7a is simply a dark-field TEM
micrograph of the sample. The bright areas in the
micrograph are sulfur-rich areas, i.e., P30T-rich phases.
Figure 7b is a carbon map of the same sample area
displayed in Figure 7a, whereas Figure 7c is a sulfur map
of a slightly shifted area. In Figure 7b, the different
concentrations of carbon are indicated by different levels
of brightness. Because there is only a slight difference
between the carbon concentration in polystyrene and that
in P30T, the distribution of carbon seems rather uniform.
The dark areas in this graph simply represent thinner
sections of the sample. In the sulfur map (Figure 7c),
however, segregation of a sulfur-rich phase is clearly visible.
The dimensions of these P30T-rich aggregates are on the
order of 1000 A. Although this value is higher than that
found in other semi-IPNs of the second kind (ca. 250 A),333¢
it is reasonable when one considers the more rigid nature
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Figure 7. STEM results of the semi-IPN (20% P30T)/10%
DVB: (a) dark-field TEM micrograph of the sample, (b) carbon
map of the sample, (c) sulfur map of the sample, (d) sulfur map
of the sample (larger area).

of the conjugated polymer chains. Figure 7d is a sulfur
map on a larger sample area (4.4 X 4.2 um?). If there were
1-2-pm P30T-rich domains in the bulk as suggested by
optical microscopy (Figure 7e), it would be possible to
identify such features on this scale. The distribution of
sulfur, however, appears quite uniform as displayed in
Figure 7d, thereby confirming that the features observed
in the optical micrograph are surface artifacts. The STEM
results therefore show that the 10% DVB sample is best
characterized as a semi-IPN with a high level of micro-
domain dispersion. Thus, the unique properties of this
composition can be directly related to its more highly
intermixed domain morphology.

4. Conclusions

The results presented in this paper demonstrate that
the environmental stability of poly(3-octylthiophene) can
be significantly improved by forming semiinterpenetrat-
ing networks with cross-linked polystyrene. By controlling
the cross-link density of the polystyrene phase, it is possible
to use this approach to vary the level of microdomain
mixing that occurs in this new multicomponent system.
The highest level of microdomain dispersion was achieved
insamples prepared with 20% P30T and 10% of the DVB
cross-linking agent. This particular composition produced
materials with a high electrical conductivity and an
excellent conductivity stability. The improved conduc-
tivity stability can be directly traced to the higher level
of molecular mixing (at the microdomain scale) that
develops in this system during network formation. Qur
current hypothesis is that this higher level of molecular
dispersion of the P30T phase in the cross-linked poly-
styrene network restricts the conformational mobility of
the P3OT chains, thereby rendering them less susceptible
to the thermally induced dedoping process. Another
consequence of producing molecularly dispersed, inter-
penetrating phases is a reduction of the percolation
threshold from 16 vol %, which is what is observed in a
simple blend, to about 3 vol %. Because the semi-IPN
technique involves the manipulation of a soluble con-
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ducting polymer in a cross-linkable monomer, this ap-
proach can be readily used with a variety of conducting
polymers and matrix materials. Thus, this approach
provides a new avenue for controlling the mechanical and
electrical properties of conjugated polymers.
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