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Conducting polymers with fibrillar morphology synthesized in a biphasic ionic
liquid/water system

Abstract

The synthesis of poly(pyrrole), poly(terthiophene), and poly(3,4-ethylenedioxythiophene) with unusual
fibrillar morphologies has been achieved by chemical polymerization in a biphasic ionic liquid/water
system. Use of aqueous gold chloride as the oxidant, with the monomers dissolved in a hydrophobic ionic
liquid, allows the polymerization to occur at the ionic liquid/water interface. The resultant conducting
polymer fibrils are, on average, 50-100 nm wide and can be thousands of nanometers long. The polymers
produced in this ionic liquid system are compared to those synthesized in a biphasic chloroform/water
system.
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Conducting Polymers with Fibrillar Morphology Synthesized in a

Biphasic lonic Liquid/Water System

Jennifer M. Pringle,*:' Orawan Ngamna,$ Carol Lynam,’ Gordon G. Wallace,}

Maria Forsyth,! and Douglas R. MacFarlane!

Australian Centre of Excellence for Electromaterials Science, Department of Materials Engineering,
School of Chemistry, Monash University, Wellington Road, Clayton, VIC 3800, Australia, and
Australian Centre of Excellence for Electromaterials Science, Intelligent Polymer Research Institute,
University of Wollongong, Northfields Avenue, Wollongong, NSW 2522, Australia

ABSTRACT: The synthesis of poly(pyrrole), poly(terthiophene), and poly(3,4-ethylenedioxythiophene) with
unusual fibrillar morphologies has been achieved by chemical polymerization in a biphasic ionic liquid/water
system. Use of aqueous gold chloride as the oxidant, with the monomers dissolved in a hydrophobic ionic liquid,
allows the polymerization to occur at the jonic liquid/water interface. The resultant conducting polymer fibrils
are, on average, 50—100 nm wide and can be thousands of nanometers long. The polymers produced in this ionic
liquid system are compared to those synthesized in a biphasic chloroform/water system.

1. Introduction

The utilization of conducting polymers now encompasses a
wide range of applications,' = which is fueling a continued need
for materials with improved physical and chemical properties.
In particular, there is an increased drive toward the fabrication
of nanostructured and reduced dimensionality materials, such
as thin films, nanotubes, wires, particles, etc., which can exhibit
markedly different properties from those of the bulk materials.*~®
Templating techniques,” such as those employing organic
templates,® ionic surfactants,® ! silicates,'? polyelectrolytes,'3
etc., are commonly employed in the synthesis of nanostructured
polymers, but such techniques can have the disadvantage of
having to subsequently remove the template to obtain the
nanostructured polymer. Techniques that avoid the use of a
template are primarily electrochemical,'4~!8 utilizing nanoelec-
trodes, STM or AFM tips, electron beam lithography, or
electrospinning, or involve the synthesis of nanocomposites
conlaining the conducting polymer and, for example, carbon
nanotubes.” The electrochemical synthesis of conducting poly-
mer fraclals has also been of interest for a number of years,
with some success.'®~2! Here we report the use of interfacial
chemical polymerization as a roule to nanodimensional, fibrillar
poly(lerthiophene), poly(3,4-cthylenedioxythiophene) (PEDOT),
and poly(pyrrole) without the aid of a template.

Interfacial polymerization is a well-established technique for
the synthesis of condensation polymers, but there are few reports
involving conducting polymer synthesis,?223 although it has
altracted recent attention for the synthesis of polyaniline
nanofibers.2426 Interfacial polymerization is traditionally per-
formed using a volatile organic phase—chloroform, toluene,
benzene, etc.—and an aqueous phase, although a recent report
by Gao et al.”” demonstrated that use of an ionic liquid/water
system yields polyaniline nanoparticles rather than nanofibers.
To the best of our knowledge there are no published reports of
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the synthesis of any other conducting polymers via interfacial
polymerization using an ionic liquid.

Ionic liquids are a relatively new class of solvent, composed
entirely of ions, whose advantageous physical properties can
include nonflammability and negligible vapor pressure, which
avoids the long-term problems of solvent evaporation from
electrochemical devices.?8?° Ionic liquids can significantly
improve performance and lifetimes when used as the supporting
electrolyte in conducting polymers devices,’*! and (he potential
benefits of using ionic liquids as the growth media for
conducting polymers are attracting increasing interest.>23* Ionic
liquids are ideal media for the synthesis and utilization of
conducting polymers as they can exhibit excellent oxidative and
reductive stability, which allows access to potentials previously
prohibited by the smaller electrochemical window of molecular
solvent/electrolyte systems. Further, ionic liquids have been
shown to dissolve a wide range of organic and inorganic
materials, which allows access to a range of monomers and
chemical oxidants at significant concentralions, some of which
are either insoluble in, or outside the electrochemical stability
of, molecular solvenls.

The ionic liquid used in this invesligation was 1-ethyl-3-
methylimidazolium bis(trifluoromethancsulfonyl)amide, which
we have previously found to be an excellent choice for the
electrochemical polymerization of pyrrole, EDOT, and a range
of thiophene monomers.3*~37 We have also investigated the use
of this ionic liquid for the one-phase chemical synthesis of a
range of conducting polymers, including the synthesis of poly-
(thiophene) nanoparticles, and in this preliminary investigation
we found that the use of gold chloride as the oxidant resulted
in polymers with improved properties compared to those from
the more conventional iron-based oxidants.® Abdou et al.% have
shown that poly(2-hexylthiophene) containing AuCly~ as a
dopant, synthesized using AuCly as the oxidant in either
nitromethane or acetonitrile, is orders of magnitude more stable
than that containing FeCls™ and that the nature of the gold
dopant depends on the solvent used. Here we have used an ionic
liquid for the interfacial chemical synthesis of conducting
polymers in a biphasic ionic liquid/water system, where the use
of aqueous gold chloride as the oxidant, with the monomers



Figure 1. TEM images of the poly(terthiophene) (on lacey carbon copper grids) synthesized using gold chloride in the IL/water biphasic mixture.

Scale bars are all 200 nm.

dissolved in a hydrophobic ionic liquid, allows the polymeri-
zation to occur at the ionic liquid/water interface.

2. Experimental Section

2.1. Materials and Synthesis. The ionic liquid used was 1-ethyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)amide, prepared
according to the literature procedure,*® dried (water typically <40
ppm by Karl Fisher), and degassed before use. The gold(III) chloride
oxidant (Sigma) was used without further purification.

Gold chloride in Milli-Q water (1"mL, 0.05 M for the tet-~
thiophene reactions, 0.1 M for pyrrole and EDOT) was carefully
added to the monomer in ionic liquid (1 mL, 0.05 M for
terthiophene, which required gentle heating to achieve dissolution
in the ionic liquid at this concentration, 0.1 M for pyrrole and
EDOT), resulting in an immediate darkening of the ionic liquid in
contact with the water layer. Care was taken to minimize any mixing
of the two solutions during addition, and upon standing the solutions
became progressively darker and polymer could be seen to form at
the ionic liquid/water interface. The pyrrole reaction appeared to
result in synthesis of the polymer at the interface and in the water
layer, whereas the PEDOT synthesis resulted in polymer formation”
at the interface and darkening of the ionic liquid layer, with little
decoloration of the water layer. The poly(terthiophene) formed a
“film” at the solution interface, and the water layer remained
colorless.

The same experimental conditions were used for synthesis in
the biphasic chloroform/water systems and in the systems composed
of two immiscible ionic liquids. In the latter system, a phosphonium
ionic liquid, tri(hexyl)tetradecylphosphonium bis(trifluoromethane-
sulfonyl)amide (Cytec), was used as the upper layer, with the
1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide as
the lower layer. These reactions were performed with the monomer
in the top layer and the oxidant in the bottom layer, which appeared
to be preferable to the opposite arrangement, probably as a result
of the different solubilities of the reagents in the different ionic

liquids. The reactions in the one-phase systems were performed
using 0.1 M AuCl; in 1 mL of water, with pyrrole in water (0.1 M,
1 mL) and EDOT in acetonitrile (0.1 M, | mL).

The reactions were performed in small (50 x 12 mm) sample
vials—the effect of using a wider vessel, thus creating a larger
interfacial area, is under investigation. The reaction solution was
left to stand for 24 h, and then the polymer was isolated and washed
by repeated additions of ethanol, in which the ionic liquid is soluble,
and decantation of the supernatant liquid after the polymer had
settled. The use of a centrifuge to separate the polymers was avoided
in order to minimize polymer aggregation, which would be
detrimental to the studies of the polymer morphology by TEM
analysis. The polymers were retained as a solution in ethanol for
the TEM, CV, and UV—vis spectroscopic analysis. The dry yields
of the polymers were over 80%, calculated using the XPS analysis
data to determine the quantity of each dopant present, with the
exception of poly(terthiophene) from the chloroform/water system,
which was below 50%.

2.2. Instrumentation. The cyclic voltammograms were recorded
by casting films from ethanol/chloroform onto a glassy carbon

" working electrode (0.07 cm?) and cycling in 0.1 M tetrabutylam-

monium perchlorate/acetonitrile at 100 mV/s, starting at 0 V and
scanning to positive potentials first, using a Pt counter electrode
and a Ag/Ag* (0.1 M tetrabutylammonium perchlorate/acetonitrile)
reference electrode, unless stated otherwise. The magnitude of the
current recorded depends on the quantity of the polymer solvent-
cast onto the working electrode. The UV—vis spectra of the
polymers, dispersed in ethanol, were recorded using a Shimadzu
UV-1601 UV—vis spectrophotometer. The transmission electron
microscopy (TEM) was performed with the samples supported on
lacey Formvar/carbon 300 mesh Cu grids (ProSciTech), using a
Philips CM200 HRTEM at 75 eV, with the exception of those in
Figure 7, which were collected using a JEOL 1008 at 80 keV. X-ray
photoelectron spectroscopy (XPS) was performed using an Axis
Ultra spectrometer (Kratos Analytical, UK), equipped with a



b)

08+ 12+
0.8
< <
g _/ T E 04
O 044 (0]
0 e
2 S -
——___©
0.0+
0.4+
00 Ll L] ] . T L I
400 600 800 1000 0 1
wavelength/nm otential / V
000 ©) mee 2 d) ¢
5000 1 l
@
ki)
5 4000
8
2
23000
2
£
2000 1
aveh “‘M
,.,JV"/\“""W W
1000 s . B

T T T T
500 1000 1500
Wavenumber (cm-1)

Figure 2. (a) UV—vis spectrum, (b) cyclic voltammogram, (c) Raman spectrum, and (d) 3C CP-MAS solid-state NMR spectra of the poly-

(terthiophene) fibrils formed using the biphasic ionic liquid/water system.

monochromatized X-ray source (Al Ko, hv = 1486.6 eV) operating
at 150 W. The spectrometer energy scale was calibrated using the
Au 4fy; photoelectron peak at binding energy (Ez = 83.98 eV).
Survey scan spectra were acquired from 0 to 1200 eV binding
energy at a pass energy of 160 eV. Region spectra were scanned
at a pass energy of 20 eV to obtain higher resolution spectra. The
analysis area was 700 um x 300 um. The peaks were fitted with
synthetic Gaussian—Lorentzian components and quantified using
the sensitivity factors for the Kratos instrument. The doping level
of the polymer was calculated from the XPS data using the relative
intensities of the relevant carbon peaks in comparison to those from
the TFSA and Cl1™ anions. This calculation requires the assumption
that no cations from the ionic liquid are incorporated into the
polymer as these cannot be clearly distinguished from the polymer
backbone; negligible cation incorporation into the polymers was
detected by solid-state NMR. For solid-state NMR analysis, the
polymers were crushed and ground up under N, with calcined MgO,
to avoid problems of arcing in the magnetic field, and packed into
a 4 mm zirconium oxide rotor with Kel-F end caps. Magic angle
spinning was used with a spinning speed of 8 kHz. Analysis was
performed using a Bruker AM300 instrument equipped with a
Bruker 4 mm solid-state probe operating at 75.5 MHz for 13C, with
chemical shifts referenced to external samples of glycine. The 3C
NMR signal was enhanced using cross-polarization techniques,
where the 'H polarization is transferred to the '3C nuclei. A contact
time of 800 us was used, with a 3.75 us pulse, a recycle delay of
2 s, and line broadening of 300 Hz, collected over at least 24 h.
The conductivity of the polymers was measured by pressing the
dried polymer into pellets and using a Jandel square array four-
point probe head and RM2 test unit.

3. Results and Discussion

3.1. Synthesis of Poly(terthiophene). The synthesis of poly-
(terthiophene) is of significant interest as it has been shown to
exhibit excellent performance in photovoltaic devices.*! The
high oxidation potential of thiophene can be problematic, for
both chemical and electrochemical polymerization, commonly
resulting in the overoxidation of the resultant polymer.#?
However, the oxidation potential of terthiophene is considerably
lower than thiophene and may increase the stereoregularity
of the polymer by reducing the number of 8,8 or a8
mislinkages, although it has also been reported that poly-
(terthiophene) can display a detrimental reduction in polymer
chain length compared to poly(thiophene).** Synthesis of poly-
(terthiophene) is often hampered by the poor solubility of the
monomer, but terthiophene can easily be dissolved in this ionic
liquid at concentrations up to 0.05 M with gentle heating. As
terthiophene is of only very low solubility in water there will
be only minimal diffusion of the monomer from the ionic liquid
into the water layer during the reaction. Transmission electron
microscopy (TEM) analysis of the poly(terthiophene) synthe-
sized in the biphasic ionic liquid/water system, formed as a film
at the liquid—liquid interface and after isolation, revealed a
polymer with an almost entirely fibrillar morphology (Figure
1), forming structures ~50 nm wide and hundreds of nanometers
long.

This reaction was also repeated in the presence of a second
salt, 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF&),
in the ionic liquid, to explore the effect of further ionic
components.** More rapid coloration of the reaction media
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Figure 3. TEMs of PEDOT (on lacey carbon copper grids) synthesized using an ionic liquid/water biphasic mixture. Scale bars are (a) 1000, (b)
500, (c) 500, and (d) 200 nm.

indicated a faster polymerization reaction had occurred, and
TEM analysis again showed that the resultant polymer was
almost entirely fibrillar in structure (not shown). Some of the
polymer fibrils produced are of considerable length—thousands
of nanometers—suggesting a kinetic influence on the length of’
the fibrils produced. However, analysis of the resultant polymer
by cyclic voltammetry, UV—vis, and Raman spectroscopy
indicated no significant difference in properties between the
polymers synthesized with or without TBAPF4 in the ionic
liquid.

The UV—vis spectra of the poly(terthiophene) (Figure 2a)
show significant absorption over the range 365—600 nm, but
only a weak bipolaron band at 400—600 nm. The terthiophene
monomer has an absorption, maximum at 355 nm,* and

absorption above this wavelength can be assigned.to longers. ..

chained oligomers; this spectrum indicates the presence of
predominantly short-chained or undoped polymer, which is
consistent with the suggested difficulties in forming long-chain
poly(terthiophene).*? It may also suggest that here the polymer
is in its reduced form, possibly as a result of using ethanol as
the solvent. This spectrum is very similar to that which we have
previously observed for poly(terthiophene) chemically synthe-
sized using gold chloride in a one-phase ionic liquid system,*
which displayed advantageous features compared to those
obtained using iron-based oxidants, indicating that these ad-.
vanlages are retained when an aqueous gold chloride system is
used. The electrochemical activity of the fibrillar poly(ter-
thiophene) was analyzed by cyclic voltammetry (Figure 2b) and

shows well-clarified oxidation reduction responses, which we
also observed for poly(terthiophene) synthesized chemically and
electrochemically in this ionic liquid, at similar potentials.?6-7
Raman analysis of the poly(terthiophene) (Figure 2¢) is con-
sistent with the formation of the polymer, with bands assigned
to the C=C antisymmetric stretching vibration (1512 ¢cm™!),
C=C symmetric strelching (1451 cm™'), inter-ring C—C stretch
(1220 cm™"), C—H in-plane bending (1049 cm™'), and inler-
ring C—C stretching (1179 and 1154 cm™").*" Solid-state '*C
CP-MAS NMR analysis of the polymer (Figure 2d) is consistent
with the formation of poly(terthiophene),*® with only a small
intensity in the region of 0—50 ppm indicative of the incorpora-
tion of the ionic liquid cation into the polymer. The sharpness
of the polymer peak is indicative of a low polydispersity, again
consistent with the formation of predominantly short-chained
polymer. XPS analysis of poly(terthiophene) samples synthe-
sized in this way indicated an average doping level of ~0.27
charges per terthiophene unit, with the majority (ca. 75%) of
the dopant anions being TFSA anions from the ionic liquid
rather than C1~ from the oxidant. The gold was incorporated
into the polymer at an average concentration of ca. 0.5 atom %
Aut and 0.14 atom % Au**. The conductivity of the polymers,
pressed into a pellet and measured using a four-probe method,
was 6.5 + 0.16 S cm™!.

3.2. Synthesis of Poly(3,4-ethylenedioxythiophene). 3,4-
Ethylenedioxythiophene (EDOT) is a popular choice of substi-
tuted monomer as it forms a low-band-gap polymer with high
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Figure 4. (a) UV—vis spectrum, (b) cyclic voltammogram, (c) Raman spectrum, and (d) '*C CP-MAS solid-state NMR spectrum of the PEDOT

synthesized using the biphasic ionic liquid/water system.

stability and good conductivity. The use of ionic liquids for the
chemical synthesis of poly(3,4-ethylenedioxythiophene) has been
investigated by ourselves?® and others,*~52 but to the best of
our knowledge the chemical synthesis of PEDOT in ionic liquids
has not been previously explored. Unlike terthiophene, EDOT
is partially soluble in water (2.1 g/L), and thus some degree of
diffusion of the monomer into the water layer during the reaction
is predicted. However, during the interfacial polymerization the
polymer was observed to form at the interface, with decolori-
zation only of the ionic liquid layer, and the polymer produced
fell to the bottom of the reaction vessel. TEM analysis of the
polymer (Figure 3) shows the formation of fibrillar structures
similar to those of poly(terthiophene), although the proportion
is lower, with the synthesis also producing some round polymers
nanoparticles (Figure 3d). The parameters that determine this
distribution of polymer morphologies is the focus of our future
work in this area. As for poly(terthiophene), the synthesis was
also performed in the presence of TBAPF; in the ionic liquid
layer, which yielded some similar fibrillar polymer structures
(not shown) that again displayed similar material properties (CV,
UV—vis, Raman) to the polymer synthesized in the absence of
TBAPF,.

The UV —vis spectrum of the PEDOT (Figure 4a) displays a
small peak at 600 nm, which corresponds to the nm—m *
transition,> plus a strong, broad absorption over higher wave-
lengths (the free carrier tail), indicating the presence of
delocalized charges on the polymer chains. It is known that
during the doping of PEDOT the peak near 600 nm decreases,
and the doped polymer absorbs in the infrared range, near 1200

nm,’* as suggested here. This spectrum is also similar to that
observed for PEDOT chemically synthesized in alcohol sol-
vents.>S The intensity at low wavelengths may be due to the
presence of some ionic liquid, either incorporated into or coating
the polymer, which absorbs at wavelengths below 400 nm. The
electrochemical activity of the PEDOT was analyzed by cycling
in 0.1 M tetrabutylammonium perchlorate/acetonitrile (Figure
4b). The polymer shows well-defined oxidation and reduction
peaks, at potentials similar to those observed for PEDOT
electrochemically synthesized in this ionic liquid.*® The Raman
spectrum (Figure 4c¢) is typical of PEDOT, dominated by the
strong C=C symmetric stretching vibration at 1426 cm™!, whose
position indicates significant doping, and a weaker Cy—Cy
stretching band at 1364 cm™'.3* The 13C solid-state NMR of
the polymer (Figure 4d) shows a strong signal due to the ether
carbons at 69 ppm*® and also indicates little incorporation of
the ionic liquid cation. There is negligible intensity for the
aromatic carbons (128 and 140 ppm), possibly because the
radical character of the polarons in the doped polymer result in
significant paramagnetic broadening,*657 which is severe for the
aromatic carbons but much less so for the more remote
oxyethylene bridge and/or is a result of the absence of any
coordinated protons that are key to this cross-polarization NMR
technique. The conductivity of the polymer, pressed into a pellet
and measured using a four-probe method, was 1.5 & 0.08
Scm™!,

3.3. Synthesis of Poly(pyrrole). We have also investigated
the synthesis of poly(pyrrole) in this biphasic ionic liquid/water
system using gold chloride and have observed the formation of



Figure 5. TEMs of the poly(pyrrole) (on lacey carbon copper grids) synthesized in the biphasic ionic liquid/water system. Scale bars are (a) 1000,

{b) 200, (c) 500, and (d) 200 nm.

similar fibrillar structures (Figure 5). However, the proportion
of the resultant polymer that displays this morphology is lower
than in the poly(terthiophene) or PEDOT cases. As separation of
the fibrillar polymer from the round species is not at this stage
possible, analysis of the polymer was performed on the bulk ma-
terial, and thus the results are not specific to the fibrillar polymer.
The UV—vis spectrum of the poly(pyrrole)-l(P’igure 6a)
exhibits the typical poly(pyrrole) m—m* transition at 440 nm
and a strong bipolaron absorption at higher wavelengths. The
cyclic voltammogram (Figure 6b) shows well-defined oxidation
and reduction peaks, at ca. 0.8 and —0.25 V, respectively. The
Raman spectrum (Figure 6c¢) is characteristic of poly(pyrrole),
with a strong C=C stretching at 1596 cm™!, consistent with
the presence of polarons, but little intensity at higher wave-
numbers (i.c.,, 1613 em™!) due to the presence of bipolaron/
quinoidal structures.’ The spectrum also shows the s
at 1497 em™!, an antisymmetrical C—N stretching at 1411 em™!,”
the double peaks from the symmetrical C—H in-plane bending
(1047 cm™"), and the ring deformation (939 cm™'), although
the expected antisymmetric C—H in-plane bending is very weak
(expected in the range 1000—1150 cm™'). The solid-state 13C
CP-MAS NMR spectrum shows a broader polymer peak that
was observed for the poly(terthiophene) or PEDOT, possibly
due to a wider range of conjugation lengths and the presence
of the different polymer morphologies within the sample. The
spectrum shows the expected polymer peak (130 ppm) in.

eletal band )

addition to some higher frequency resonances (143 ppm) which
suggest the presence of quinoidal structures that are indicative
of an oxidized polymer.>® There is also significant intensity
between 0 and 50 ppm due to the incorporation of the ionic
liquid cation into the polymer. XPS analysis of poly(pyrrole)
samples synthesized using this technique indicated an average

""doping level of ca.’0.2 anions per pyrrole unit, with more CI~

than TFSA dopant. Gold was only incorporated into the polymer
as Au™, at an average concentration of ca. 1 atom %.

The lower proportion of fibrillar structures in the poly(pyrrole)
compared to the poly(terthiophene) or PEDOT suggests that the
sulfonated polymers have a higher propensity for forming such
fibrils than the nitrogen-containing analogues. This may be
related to the stronger interaction that exists between gold and
sulfur atoms compared to gold—nitrogen, suggesting an interac-
tion between the gold and the monomer during polymerization.

The kinetics of the polymerlzatlon reactions are also expected
to play a significant role in determining the polymer morphol-
ogy. However, the polymerization of pyrrole, which has a lower
oxidation potential and appears to proceed faster than the
terthiophene polymerization, would thus have been expected
to yield the most fibrillar structures, actually forms a relatively
smaller amount, suggesting that kinetics may not be the
dominant factor.

Possibly most significantly, the miscibility of the monomer

_.in the water layer may influence the polymer morphology;
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terthiophene is insoluble in water, and thus no phase transfer
of the monomer will occur during the reaction time (24 h),
whereas pyrrole is significantly soluble in water and, thus, some
diffusion of the monomer between the ionic liquid and water

may occur. Further, once the polymerization of pyrrole has been -

initiated, some oligomeric poly(pyrrole) may be expected to
diftuse into the water layer and undergo secondary oxidation
processes. Similarly, gold chloride is sparingly soluble in the
ionic liquid, and thus some transfer of oxidant from the water
to the ionic liquid may occur during the reaction, resulting in
polymerization in the ionic liquid itself rather than at the ionic
liquid/water interface. However, during the polymerization of
the terthiophene the formation of the hydrophobic poly-
(terthiophene) effectively blocks the interface (similar to the
effect observed during the interfacial chemical synthesis of
Nylon in an organic solvent/water). Thus, the polymerization
of terthiophene may be considered to be a more exclusively
interfacial polymerization than that of the pyrrole. Once
polymerization of the terthiophene is initiated at the interface,
negligible mixing occurs, and the polymer is not exposed to
further monomer and/or oxidant. Hence, no secondary growth
can occur, and thus the product may be considered to be the
result of only primary growth. The polymer grows only at the
interface and in a fibrillar fashion. This appears to be consistent
with the studies by Huang and Kaner,26 who have shown that
during the chemical polymerization of aniline in water nanofi-
bers are the initial product formed, and it is only the secondary
growth processes that result in the formation of particles. Thus,
the key to achieving a polymer product with entirely fibrillar
morphology may simply lie in the choice of an appropriate
oxidant and/or biphasic solvent system in which the oxidant

and the monomer are completely insoluble in the opposing
phase.

In order to investigate the role of the water, the interface,
and the ionic liquid on the production of polymer fibrils, we
have also performed the polymerizations in a one-phase system
(in water for pyrrole and in acetonitrile/water for EDOT, not
possible for terthiophene due to monomer insolubility), in a two-
phase ionic liquid system composed of two immiscible ionic
liquids,®” and in a two-phase system composed of chloroform/
water. TEM analysis of the poly(pyrrole) and PEDOT synthe-
sized in the one-phase systems, neither of which could be as
well dispersed in ethanol as the products from the ionic liquid/
water reactions, showed only round polymer particles (not
shown). The synthesis of poly(terthiophene) in the two-phase
ionic liquid system (with the monomer in the bottom layer, in
1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)a-
mide) proceeded very slowly, without the immediate color
change evident when aqueous gold chloride is used. TEM
analysis indicated the presence of some fibrillar polymer
structures, but they appeared to only constitute a small percent-
age of the sample. We have tentatively concluded that this is
due to the reduced kinetics in this more viscous, less conductive
medium. However, when a biphasic chloroform/water system
was used (with the monomer in the chloroform layer), a
significant percentage of the poly(terthiophene) and PEDOT
synthesized had a fibrillar morphology (Figure 7). Very few
fibrils were observed for poly(pyrrole) synthesized in this
system, which is consistent with the observations made for the
ionic liquid/water system. It is interesting to note that the poly-
(terthiophene) fibrils appear to be longer and thinner than those
of the PEDOT, which also appear to be much shorter and wider



Figure 7. Poly(terthiophene) (a—c) and PEDOT (d—f) (on lacey Formvar/carbon mesh) synthesized using gold chloride in a biphasic chloroform/
water system. Scale bars are (a) 400 nm, (b) 500 nm, (c) 200 nm, (d) 1 um, (e) 800 nm, and (f) 800 nm.

than those made in the ionic liquid/water system (Figure 3).
The direction of polymer growth is clearly evident in some of
these PEDOT structures, more reminiscent of the evolution of
fractal polymer structures?! than the reports of, for example,
poly(aniline) nanofibers produced by interfacial chemical po-
lymerization.8 The polymerization reactions performed in the
chloroform/water appeared to be predominantly interfacial, with
less color change of the lower layer observed in this system
than for the same reactions in the ionic liquid/water reaction,
which may explain the considerable proportion of fibrillar
polymer formed.

The UV —vis spectrum (Figure 8a) of the poly(terthiophene)

from the chloroform/water system shows a broad absorption’

over ca. 250—500 nm, but only a weak free carrier tail, similar
to the poly(terthiophene) synthesized in the ionic liquid system
and consistent with the formation of predominantly short-
chained or undoped polymer,*® whereas the PEDOT again shows
strong absorption over higher wavelengths. The cyclic volta-
mmograms of the lwo polymers (Figure 8b) indicate good
electrochemical activity. The poly(terthiophene) again displays

two reduction peaks, but these occur at relatively high potentials
compared to that of the polymer made in the ionic liquid/water

~-system (Figure 2), which again suggests a shorter conjugation

length. The PEDOT displays very broad oxidation and reduction
processes, which is typical of this polymer and suggests a high
charge capacity. The Raman spectra of the PEDOT (Figure 8¢)
and poly(terthiophene) (Figure 8d) from the chloroform/water
system are quite similar to those from the ionic liquid/water
systems, although the PEDOT spectrum is less well-defined and
there are some slight differences in the higher-wavelength region
of the poly(terthiophene) spectrum, which exhibits a weaker
C=C antisymmetric stretching vibration (1501 cm™!) and a
shaper C=C symmetric stretching (1450 cm™') than the polymer
from the ionic liquid.

The yields of poly(pyrrole) and PEDOT (dry weight) obtained
from the chloroform/water reactions were comparable to that
from the ionic liquid/water system, allowing for uncertainties
in dopant level, the nature of the dopant anions, and the quantity
of gold incorporated into the polymer, but the yield of poly-
(terthiophene) was considerably lower using the chloroform/
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Figure 8. (a) UV—vis spectra, (b) cyclic voltammograms, (c) Raman spectrum of PEDOT, and (d) Raman spectrum of poly(terthiophene), synthesized

in a chloroform/water biphasic system.

water system. The conductivities of the polymers from chlo-
roform/water were 0.9 & 0.1 S cm™! for poly(terthiophene) and
28 £ 5 S cm™! for PEDOT.

4. Conclusions

The chemical polymerization of pyrrole, EDOT, and ter-
thiophene using a biphasic ionic liquid/water system results in
the formation of conducting polymers fibrils. Our preliminary
investigation into this phenomenon suggests that the sulfonated
polymers have a higher propensity for fibril formation in this
system, which may reflect the lower solubility of these
monomers in water, minimizing interphase transfer of the
monomet/oligomers during the polymerization process, hence
discouraging secondary growth. We have performed analogous
experiments in a one-phase water system and also a biphasic
system composed of two immiscible ionic liquids in an attempt
to elucidate the factors that predominantly influence the polymer
morphology and result in these unusual fibrillar structures. The
use of a biphasic chloroform/water system was also found to
result in the formation of poly(terthiophene) and PEDOT fibrillar
structures, but with a lower poly(terthiophene) yield than from
the ionic liquid/water system.

The formation of the polymers was confirmed by UV—vis,
cyclic voltammetry, and Raman analysis, which suggested that
the physical properties of these materials were similar to those
of the bulk polymer material. However, these nanodimensional
polymer fibrils will possess a significantly larger surface area
and, thus, charge accessibility, than any of the larger polymer
particles prepared by conventional chemical polymerization,
which may be key to improving the device performance of these
conducting polymers.

Acknowledgment. We thank the Australian Research Coun-
cil for a Discovery Grant, Dr. Grant Van Riessen at the Centre
for Materials and Surface Science, La Trobe University,
Victoria, Australia, for the XPS analysis, and Monash Micro
Imaging for the use of the TEM (Figure 7).

References and Notes

(1) Sonmez, G. Chem. Commun. 2005, 5251—5259.
(2) Chandrasekhar, P. Conducting Polymers, Fundamentals and Applica-
tions: a Practical Approach; Kluwer Academic: London, 1999.
(3) Malinauskas, A.; Malinauskiene, J.; Ramanavicius, A. Nanotechnology
2005, 16, R51—R62.
(4) Aleshin, A, N. Adv. Mater. 2006, 18, 17-27.
(5) Leclere, Ph.; Surin, M.; Viville, P.; Lazzaroni, R.; Kilbinger, A. F.
M.; Henze, O.; Feast, W. J.; Cavallini, M.; Biscarini, F.; Schenning,
A. P. H. J.; Meijer, E. W. Chem. Mater. 2004, 16, 4452—4466.
(6) Schwarz, J. A.; Contescu, C. 1.; Putycra, K. Dekker Encyclopedia of
Nanoscience and Nanotechnology; Marcel Dekker: New York, 2004.
(7) Wallace, G. G.; Innis, P. C. J. Nanosci. Nanotechnol. 2002, 2, 441 —
451.
(8) Zhong, W.; Deng, J.; Yang, Y.; Yang, W. Macromolecul. Rapid
Commun. 2005, 26, 395—400.
(9) Shinkai, S.; Takeuchi, M.; Bae, A.-H. Supramol. Chem. 2005, 17,
181—186.
(10) Lu, G.; Li, C.; Shi, G. Polymer 2006, 47, 1778—1784.
(11) Dai, T.; Yang, X.; Lu, Y. Nanotechnology 2006, 17, 3028—3034.
(12) Tajima, K.; Aida, T. Nanostruct. Catal. 2003, 231—-255.
(13) Bocharova, V.; Kiriy, A.; Vinzelberg, H.; Moench, I.; Stamm, M.
Angew. Chem., Int. Ed. 2005, 44, 6391—6394.
(14) Shi, W.; Ge, D.; Wang, J.; Jiang, Z.; Ren, L.; Zhang, Q. Macromol.
Rapid Commun. 2006, 27, 926—930.
(15) Wang, J.; Mo, X,; Ge, D.; Tian, Y.; Wang, Z.; Wang, S. Synth. Met.
2006, 156, 514—518.
(16) Gupta, S. Appl. Phys. Lett. 2006, 88, 063108—1—063108/3.
(17) Li, X.; Lu, M,; Li, H. J. Appl. Polym. Sci. 2002, 86, 2403—2407.
(18) Toshima, N.; Eguchi, K.; Inokuchi, M.; Ucda, M.; Yan, H. Synth.
Met. 2005, 152, 145—148,



(19) Fujii, M.; Abe, S.; lhori, H. Synth. Met. 2005, 152, 41—44.

(20) Woodson, M.; Liu, J. J. Am. Chem. Soc. 2006, 128, 3760—3763.

(21) Avnir, D. The Fractal Approach to Heterogeneous Chemistry,
Wiley: Chichester, 1989.

(22) Sree, U.; Yamamoto, Y.; Deore, B.; Shiigi, H.; Nagaoka, T. Synth.
Met. 2002, 131, 161—165.

(23) Nakata, M.; Shiraishi, Y.; Taga, M.; Kise, H. Makromol. Chem. 1992,
193, 765—171.

(24) Huang, J.; Kancr, R. B. J. Am. Chem. Soc. 2004, 126, 851—855.

(25) Huang, J; Virji, S.; Weiller, B. H.; Kaner, R. B. J. Am. Chem. Soc.
2003, 725, 314-315.

(26) Huang, J.; Kaner, R. B. Chem. Commun. 2006, 367—376.

(27) Gao, H.; Jiang, T.; Han, B.; Wang, Y.; Du, J.; Liu, Z.; Zhang, J.
Polymer 2004, 45, 3017—3019.

(28) Wasscrscheid, P., Welton, T., Eds.; fonic Liquids in Synthesis; Wiley-
VCH: Weinheim, Germany, 2003.

(29) Davis, J. H, Jr.; Fox, P. A. Chem. Commun. 2003, 1209—1212.

(30) Lu, W.; Fadeev, A. G.; Qi, B.; Smcla, E.; Mattcs, B. R.; Ding, J;
Spinks, G. M.; Mazurkiewicz, J.; Zhou, D.; Wallace, G. G.; MacFar-
lane, D. R.; Forsyth, S. A.; Forsyth, M. Science 2002, 297, 983—987.

(31) Lu, W.; Mattes, B. R, Synth. Met. 2005, 152, 53—56.

(32) Murray, P. S.; Ralph, S. F.; Too, C. O.; Wallace, G. G. Electrochim.
Acta 2006, 51, 2471—2476.

(33) Koo, Y. K.; Kim, B. H.; Park, D. H.; Joo, J. Mol. Cryst. Lig. Cryst.
2004, 425, 55—60.

(34) Sckiguchi, K.; Atobe, M.; Fuchigami, T. J. Electroanal. Chem. 2003,
557, 1-17.

(35) Pringle, J. M.; Efthimiadis, J.; Howlett, P. C.; Efthimiadis, J.;
MacFarlanc, D. R.; Chaplin, A. B; Hall, S. B.; Officer, D. L.; Wallace,
G. G.; Forsyth, M. Polymer 2004, 45, 1447—1453.

(36) Wagncr, K.; Pringle, J. M,; Hall, S. B,; Forsyth, M.; MacFarlanc, D.
R.; Officer, D. L. Synth. Met. 2005, 153, 257—260.

(37) Pringle, J. M.; Forsyth, M.; MacFarlane, D. R.; Wagner, K.; Hall, S.
B.; Officer, D. L. Polymer 2005, 46, 2047—2058.

(38) Pringle, J. M.; Ngamna, O.; Chen, J.; Wallace, G. G.; Forsyth, M.;
MacFarlanc, D. R. Synth. Met. 2006, 156, 979—983.

(39) Abdou, M. S. A.; Holdcroft, S. Chemn. Mater. 1996, 8, 26—31.

(40) Bonhole, P.; Dias, A.-P.; Papagcorgiou, N.; Kalyanasundaram, K.;
Gractzel, M. Inorg. Chemn. 1996, 35, 1168—78.

(41) Too, C. O.; Wallace, G. G.; Burrell, A. K.; Collis, G. E.; Officer, D.
L.; Bogc, E. W.; Brodic, S. G.; Evans, L. J. Synth. Mer. 2001, 123,
53—60.

(42) Zotti, G.; Schiavon, G. Synth. Met. 1990, 39, 183—90.

(43) Roncali, J.; Gamier, F.; Lemaire, M.; Garreau, R. Synth. Met. 1986,
15, 323-31.

(44) Egashira, M.; Okada, S.; Yamaki, J.; Yoshimoto, N.; Morita, M.
Electrochim. Acta 2005, 50, 3708—3712.

(45) Eales, R. M.; Hillman, A. R. J. Mater. Sci. 1990, 25, 3806—13.

(46) Pringle, J. M.; Ngamna, O.; Chen, J.; Wallace, G. G.; Forsyth, M.;
MacFarlane, D. R. Synth. Met. 2006, 156, 979—983.

(47) Furukawa, Y.; Akimoto, M.; Harada, L. Synth. Met. 1987, 18, 151—6.

(48) Martinez, F.; Voelkel, R.; Naegele, D.; Naarmann, H. Mol. Crvst. Lig.
Cryst, 1989, 167, 227-32.

(49) Randriamahazaka, H.; Plessc, C.; Teyssic, D.; Chevrot, C. Electrochen.
Commun. 2004, 6, 299—305.

(50) Randriamahazaka, H.; Plesse, C.; Teyssic, D.; Chevrot, C. Electrochem.
Commun. 2003, 5, 613—617.

(51) Danielsson, P.; Bobacka, J.; Ivaska, A. J. Solid-State Electron.chem.
2004, 8, 809—-817.

(52) Damlin, P.; Kvamstrom, C.; lvaska, A. J. Electroanal. Chem. 2004,
570, 113—122.

(53) Garrcau, S.; Louarn, G.; Buisson, J. P.; Froyer, G.; Lefrant, S.
Macromolecules 1999, 32, 6807—6812.

(54) Garreauy, S.; Louam, G.; Lcfrant, S.; Buisson, J. P.; Froycr, G. Synth.
Met. 1999, 101, 312—313.

(55) Kim, T. Y,; Kim, J. E.; Suh, K. S. Polym. Int. 2006, 55, 80—86.

(56) Adriacnsens, P.; Carleer, R.; Storme, L.; Vanderzande, D.; Gelan, J.
Polymer 2002, 43, 7003—7006.

(57) Meng, H.; Perepichka, D. F.; Bendikov, M.; Wudl, F.; Pan, G. Z.;
Yu, W.; Dong, W.; Brown, S. J. Amm. Chem. Soc. 2003, 125, 15151
15162.

(58) Liu, Y.-C. J. Electroanal. Chem. 2004, 571, 255—264.

(59) Groenendaal, L. B.; Zotti, G.; Aubert, P.-H.; Waybright, S. M.;
Reynolds, J. R, Adv. Mater. 2003, 15, 855—879.

(60) Arce, A.; Earle, M. J.; Katdare, S. P.; Rodrigucz, H.; Scddon, K. R.
Chem. Commun. 2006, 2548—2550.

MA0624831



	Conducting polymers with fibrillar morphology synthesized in a biphasic ionic liquid/water system
	Recommended Citation

	Conducting polymers with fibrillar morphology synthesized in a biphasic ionic liquid/water system
	Abstract
	Keywords
	Disciplines
	Publication Details
	Authors

	tmp.1414104523.pdf.MUXyy

