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ABSTRACT: Partially doped conductive poly(3-undecyl-
bithiophene) and its composites with porous, crosslinked
polystyrene were chemically doped with iodine using su-
percritical carbon dioxide to transport iodine to the conduc-
tive regions of the composite. The amount of iodine incor-
porated into the composite increased from 9.3 wt % at am-
bient conditions without carbon dioxide to 21.4 wt % in the
presence of supercritical carbon dioxide. The conductivity of

the composite increased by up to two orders of magnitude
with iodine doping using supercritical carbon dioxide. The
highest conductivity was obtained in samples treated at
moderate temperatures and pressures (313 K and 20.7 MPa).
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INTRODUCTION

The semiconductor band structure of conductive poly-
mers such as polypyrrole or polybithiophene permits
electron removal by oxidation, leading to a positively
charged polymer and an associated anion. These
charges are generally strongly delocalized and result
in the conductive properties of the resultant polymer."
Oxidation of the polymer requires the incorporation of
oxidants (dopants) such as C1~, I3, ClO;, and CF;SO5
into the structure during synthesis. However, un-
doped or partially doped polymers may also be doped
after synthesis by chemical, electrochemical, or other
means.! In chemical doping of partially doped poly-
mers, a solution containing the dopant is contacted
with the conductive polymer, leading to partitioning
of the dopant between the solvent and the polymer
phases. However, the solvent must be removed from
the polymer after doping. Moreover, the doping rate
and partitioning of the dopant are difficult to control
when there is a liquid solvent present.” Doping with-
out a solvent, or using a solvent that can easily be
removed, is therefore of considerable interest in the
development of practical applications of conductive
polymers.
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To create practical devices, the mechanical proper-
ties of conductive polymers must generally be im-
proved by forming blends or composites with an in-
sulating polymer or with an insulating matrix.? This is
done either by dispersing the conductive polymer into
the host polymer matrix or by in situ polymerization
of the conductive polymer within the insulating ma-
trix. As an example of the latter, conducting polymers
have been grown in the pores of templates such as
zeolites,*” controlled pore size membranes,®” and
synthetic opals.® The template structure of the host
allows interconnected networks of conducting poly-
mer to be assembled and facilitates improved order at
the molecular level that leads to enhanced electrical
conductivity.”'® However, a drawback of in situ poly-
merization inside a host matrix is that organic solvents
are generally used to transport the oxidant and/or the
monomer into the pores of the host, resulting in gen-
eration of volatile organic compounds and environ-
mental problems.

In the present work, the chemical doping of par-
tially doped poly(3-undecylbithiophene) (P3UBT) and
its composites with porous, crosslinked polystyrene
(PS) was studied using supercritical carbon dioxide to
transport the dopant (iodine) to the pores of the host
polymer. The porous host (PS) was synthesized by a
method that leads to a structure with uniform pores.'°
Furthermore, we previously showed'' that a
P3UBT/PS composite can be prepared by in situ po-
lymerization of 3-undecylbithiophene (3UBT) using
supercritical carbon dioxide as the solvent and ferric
triflate as the oxidant. Conductive composites of
P3UBT/PS with a conductivity of 107* S/cm were
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obtained in these studies. In the present work, the
additional doping of these composites by iodine was
studied as a function of carbon dioxide pressure and
temperature. Supercritical CO, has received consider-
able attention in the literature'” as a solvent/carrier
for deposition and impregnation because it offers high
mass transport rates, is easily removed by depressur-
ization, and allows in situ removal of unreacted mono-
mer and other impurities. Its solvent power can be
tuned continuously by changing the pressure and
temperature. Supercritical CO, is also known to swell
many polymers, which facilitates mass transport and
deposition.'*'* Moreover, iodine has appreciable sol-
ubility in supercritical CO,,"” so that significant quan-
tities can be transported to the host matrix. The effect
of CO, pressure and temperature to “tune” the
amount of iodine and hence the conductivity was also
examined.

EXPERIMENTAL
Materials

The monomer 3-undecylbithiophene (3UBT) and the
oxidant ferric triflate were synthesized according to
procedures described in the literature.'>!! Coleman
grade CO, (99.9% purity) was purchased from Air
Products (Bethlehem, PA) and used as received. Io-
dine was obtained from Aldrich (Milwaukee, WI) with
a stated purity of 99.8% and also used as received.
Porous, crosslinked polystyrene (PS) was prepared
according to the procedure described by Park and
Ruckenstein.'® These authors have shown that their
procedure yields a polymer with uniform pores of
about 10 um. Furthermore, we previously showed'®
that the porous structure of PS prepared in this man-
ner allows supercritical CO, to diffuse rapidly
through the polymer without appreciable swelling at
313 K and 10.5 MPa.

Composite preparation

A simple two-step batch process was used for the in
situ polymerization of 3UBT in PS at 313 K and 10.5
MPa. In the first step, the host polymer and ferric
triflate were placed in separate vials in a high-pres-
sure Paar reactor, and the reactor was pressurized
with carbon dioxide until a pressure of 10.5 MPa
was attained at 313 K. These conditions were main-
tained for a length of time necessary for maximum
uptake of CO, (determined in separate experiments
according to procedures described elsewhere'®). In
the second step, the oxidant-containing host poly-
mer was placed in contact with a mixture of CO,
and monomer (3UBT) until a maximum was reached
in the uptake of CO, into the host polymer matrix.
The polymerization of 3UBT occurred inside the
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oxidant-containing pores of the polymer host. The
vessel was then quickly depressurized, and the host
substrate weighed to obtain the mass gain attributed
to the synthesized P3UBT. The actual amount of
P3UBT was subsequently determined by elemental
analysis. The composite was characterized using an
optical microscope, by elemental analysis, and by
UV-vis spectroscopy. Finally, the electrical conduc-
tivity of the sample was measured with a probe
consisting of four parallel copper wires pressed onto
the composite sample. A constant current was sup-
plied through the outer wires of the probe and the
voltage drop across the inner wires was measured to
obtain the resistivity of the material. The measure-
ments were repeated at various positions of the
probe and values of the resistivity were averaged.

Doping experiments
Doping of P3UBT

A 1-cm? film of the polymer was cast from its THF
solution and placed in a glass container, and the film
was connected to a four-point probe for electrical con-
ductivity measurements. A known mass (3 g) of iodine
was then placed in the container, and the container
was sealed to allow iodine to diffuse into the polymer
under its own vapor pressure at 313 K. The voltage
and current through the probes were measured until
the resistivity attained a steady value.

Ambient doping of the composite

A 1-cm? film of the P3UBT/PS composite and 3 g of
iodine, separated by glass beads, were placed in a
glass container maintained at 313 K and 0.1 MPa. The
glass beads ensured that transfer of iodine to the film
was solely by diffusion. Diffusion time was measured
with a stopwatch, starting at the instant when the
polymer film was placed in the container. The sample
was removed from the container at various times, and
any surface deposits of iodine were quickly dusted off.
The sample was then transferred to a Mettler (Greif-
ensee, Switzerland) AE163 balance where its mass
gain (attributed to iodine) was measured to =0.0001 g.
Mass gain and time data were recorded until no
changes in mass could be observed. The electrical
conductivity of the film was then measured with a
four-point probe and recorded. The conductivity mea-
surements were repeated at several positions of the
probes on the film, and averaged.

Supercritical doping

The amount of iodine transferred from a supercritical
phase to a 1-cm” film of the conductive composite was
obtained by a series of absorption experiments. The
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Figure 1 Apparatus for supercritical doping experiments.

apparatus used in the experiments is shown in Figure
1. The polymer film and 3 g of iodine, again separated
by glass beads, were loaded into a 5-mL pressure
vessel (Thar Designs, Pittsburgh, PA) and the vessel
was pressurized by the addition of CO,. After the
pressure reached its specified value, steady-state con-
ditions (temperature and pressure) were maintained
for a specified time interval. At the end of this time
interval, the vessel was depressurized quickly, any
surface deposits of iodine quickly dusted off, and the
host polymer transferred to a Mettler AE163 balance.
Here, the initial mass gain and subsequent loss were
monitored to =0.0001 g. Several experiments (con-
ducted over different time periods) were performed to
obtain an iodine uptake curve at the specified condi-
tions of temperature and pressure. Finally, the exper-
iments were repeated at several temperatures and
pressures.

RESULTS AND DISCUSSION
Iodine doping of P3UBT

The conductivity of pure P3UBT attributed to iodine
doping is plotted in Figure 2 as a function of time. The
intrinsic conductivity of the polymer (at t = 0) was
found to be 1078 S/cm, which is also the conductivity
of P3UBT reported by Kowalik et al.'” The conductiv-
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Figure 2 Conductivity as a function of time during iodine
doping of P3UBT at ambient conditions.
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Figure 3 Iodine uptake as a function of time for a
P3UBT/PS composite exposed to iodine vapors at 313 K and
0.1 MPa.

ity increased to about 1 S/cm after iodine doping for
about 10 min. Similar results were also reported by
Kowalik et al.'” for P3UBT synthesized in nitroben-
zene. The P3UBT samples synthesized in nitrobenzene
and those synthesized in supercritical CO, used in this
work have been shown'! to have similar molecular
weights, structures, and effective conjugations.

Ambient doping of P3UBT/PS composites

Conducting composites of PBUBT/PS were prepared
at 10.5 MPa and 313 K and their conductivity was
measured. The value obtained, 2.4 X 107° S/cm, is
higher than that of pure P3UBT synthesized at the
same conditions, lending support to the hypothesis
that synthesis of conducting polymers in a template
leads to improved order at the molecular level and
hence higher conductivity.”'® (It should be added,
however, that our pure P3UBT sample did not contain
any excess ferric triflate, whereas the composite con-
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Figure 4 Iodine uptake of a PBUBT/PS composite at 10.5
MPa and 313 K.
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TABLE 1
Properties of Iodine-Doped P3UBT/PS Composites
Iodine
content of Initial Final
Time composite conductivity conductivity
Doping conditions (min) (wt %) (S/cm) (S/cm)
298 K, 0.1 MPa 8500 9.3 24x10°° 11x10°°
313 K, 10.5 MPa, CO, 60 214 24%x107° 1.2 x 1074

tained appreciable amounts of ferric triflate.'') The
results of ambient doping of P3UBT/PS composite
films are shown in Figure 3. The uptake of iodine after
about 8500 min was about 9.3 wt %, and the conduc-
tivity of the film increased from its initial value of 2.4
X 107 S/cm to 1.1 X 107° S/cm after iodine treat-
ment. The time taken to reach a steady-state value in
iodine uptake by the composite, however, was several
orders of magnitude higher than the time taken for
iodine uptake by P3UBT, because iodine had to reach
regions of P3UBT the composite. Furthermore, the
partial pressure of iodine is quite low (0.00014 MPa at
313 K*), resulting in the partitioning of only a modest
amount of iodine.

Supercritical doping

The results of supercritical doping at 10.5 MPa and 313
K are shown in Figure 4 where the amount of iodine
uptake is plotted as a function of time. The maximum
amount of iodine uptake was 21.3 wt % after 60 min.
The higher pressure leads to an increase in iodine
fugacity and therefore iodine uptake by the composite.
In addition, the time needed for maximum mass gain
is much shorter because of the increase in diffusion
coefficient of supercritical CO,."® Both these effects
lead to two orders of magnitude increase in conduc-
tivity from an initial value of 2.4 X 107° S/cm to a
final value of 1.2 X 10~* S/cm (Table I).

Effect of temperature and pressure

Supercritical doping was also investigated at several
temperatures and pressures. Doping experiments

were performed for 60 min at 313 K and pressures of
10.5, 20.7, and 34.5 MPa; and at 10.5 MPa and temper-
atures of 363 and 413 K. Conductivities of the samples
were measured at the end of each experiment with a
four-point probe. The results are summarized in Table
II. Initial conductivity of the film was 2.4 X 107°S/cm
in all cases. Final conductivities of the samples doped
at 313 K and 10.5 MPa, and at 363 K and 10.5 MPa,
were 1.2 X 10™*S/cm in each case. The conductivities
were also uniform throughout the samples, with the
standard deviation being on the order of 107° S/cm.
The conductivity of the film doped at 413 K and 10.5
MPa did not increase from its initial value, probably
because of a loss in conjugation resulting from the
high temperature. This can lead to lower electrical
conductivity, as discussed by Pei et al.'® In addition,
the experimental temperature (413 K) was higher than
the melting temperature of iodine (387 K), thus allow-
ing iodine to condense as a liquid on the surface of the
film. Therefore, the iodine uptake measured at this
temperature is not reliable and is not reported in Table
II. A sample doped at 313 K and 34.5 MPa also exhib-
ited a negligible increase in conductivity (4.9 X 107°
S/cm), probably as a result of the limited iodine up-
take in this experiment.

The iodine uptake by each sample was measured by
weighing the sample before and after each doping
experiment. Results are shown in Table II. The sam-
ples doped at 313 K and 10.5 MPa, and at 363 K and
10.5 MPa, exhibited the same increase in conductivity
and also the same mass gain of iodine (about 21%). On
the other hand, the sample doped at 313 K and 20.7
MPa showed the highest increase in conductivity (2.4
X 1072 S/cm) and a 16 wt % uptake of iodine. More-

TABLE II
Properties of Iodine-Doped P3UBT/PS Composites Using CO,
Average Standard
Pressure Temperature Iodine solubility® Iodine content conductivity deviation
(MPa) (K) (mol fraction X 10%) (wt %) (S5/cm) (S/cm)

10.5 313 1.96 214 1.2 1074 7.4 x107°
105 363 4.48 213 11x107* 3.6 x107°
10.5 413 38.6 — 54x10°° 46x1077
20.7 313 2.66 16.0 24x1073 45x107*
345 313 2.53 37 49 x10°° 41x10°°

@ Interpolated from the data of Fang et al.’”
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Figure 5 Micrographs of composites after doping at (a) 313 K, 10.5 MPa; (b) 363 K, 10.5 MPa; (c) 413 K, 10.5 MPa; (d) 313

K, 20.7 MPa; and (e) 313 K, 34.5 MPa.

over, the conductivity was uniform (standard devia-
tion 4.5 X 10~* S/cm) across the sample. Finally, the
sample doped at 313 K and 34.5 MPa did not exhibit
uniform conductivity, and was able to take up only 3.7
wt % of iodine. As pressure increases, the amount of
CO, absorbed in a host polymer is likely to increase.
However, pneumatic stress can lead to lower mobility
at high pressures'® and could have resulted in the
small amount of iodine uptake at 34.5 MPa.

The morphologies of the doped samples are shown
in Figure 5. All samples exhibited similar morpholo-
gies with interconnected domains of conducting poly-
mer throughout the host substrate. The only exception
is the sample doped at 413 K and 10.5 MPa. Under an
optical microscope, this sample was found to contain
segregated domains of conductive polymer leading to
lower conductivity.

CONCLUSIONS

Partially doped conductive polymer composites can
be additionally doped by iodine using supercritical
CO, to transport the dopant to conductive regions
of the composite. Supercritical doping of P3UBT/PS

composites with iodine resulted in an increase in
iodine uptake from 9.3 wt % at ambient conditions
to 21.3 wt % under supercritical conditions, and up
to two orders of magnitude increases in the conduc-
tivity.

The highest increases in conductivity were ob-
tained in samples treated at moderate temperatures
and pressures (313 K and 20.7 MPa). Higher tem-
peratures led to lower effective conjugation of the
conductive polymer, and higher pressures to pneu-
matic stresses that resulted in a lower uptake of
iodine. Changes in temperature and pressure also
affect iodine solubility in supercritical CO,, and the
partitioning of iodine between the supercritical
phase and the composite. All these effects must be
considered in processes to “tune” electrical conduc-
tivity of polymer composites by supercritical iodine
doping.
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