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C
onjugated polymers have many po-
tential applications in electronic and
photonic materials as organic semi-

conductors.1�8 They conduct electricity and
are soluble in common solvents, facilitating
processing by printing or thin-film deposi-
tion andpatterning. Recent research has led to
functional devices of many types, including
fluorescent sensors,3,9,10 transistors,4,11,12 light-
emitting diodes (LEDs),1,13,14 lasers,5,15�17 and
photovoltaic cells.2,6,18�21 In order to improve
the properties of electronic devices incorpor-
ating conjugated polymers, considerable ef-
fort has been devoted to understanding the
factors that influence the bulk conductivity
and attempting to optimize them.
Since the intrinsic density of free charge

carriers in most conjugated polymer sys-
tems is negligible and the injection barriers
in most devices are sufficiently low, space-
charge limited conduction (SCLC) is as-
sumed, meaning that the electric field due
to neighboring carriers dominates over the
field due to the applied bias. Variousmodels

have been proposed to explain the current�
voltage characteristics of thin-film devices
based on this idea, including SCLC with an
exponential trap distribution or a hopping
transport field.22 In modified SCLC models,
there are distributions of traps that lie lower
in energy than the carrier transport states.
Such traps might be created by kinks in the
polymer chains,which interrupt the conjuga-
tion along the backbone. Minimizing the
number of kinks in the polymer backbone
should therefore maximize the conductivity.
Similarly, in hopping transport models, con-
duction is facilitated by charge carriers hop-
ping fromone chromophore to aneighboring
chromophore. This process has a strong de-
pendence on the orientation and distance
between chromophores, implying that opti-
mizing the geometry and packing density of
adjacent polymers also should maximize the
conductivity.
Although there is still debate as to which

model is the most accurate, measurements
of the field dependence of the holemobility
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ABSTRACT In an effort to favor the formation of straight polymer

chains without crystalline grain boundaries, we have synthesized an

amphiphilic conjugated polyelectrolyte, poly(fluorene-alt-thiophene)

(PFT), which self-assembles in aqueous solutions to form cylindrical

micelles. In contrast to many diblock copolymer assemblies, the

semiconducting backbone runs parallel, not perpendicular, to the long

axis of the cylindrical micelle. Solution-phase micelle formation is

observed by X-ray and visible light scattering. The micelles can be cast as

thin films, and the cylindrical morphology is preserved in the solid state.

The effects of self-assembly are also observed through spectral shifts in optical absorption and photoluminescence. Solutions of higher-molecular-weight PFT

micelles form gel networks at sufficiently high aqueous concentrations. Rheological characterization of the PFT gels reveals solid-like behavior and strain hardening

below the yield point, properties similar to those found in entangled gels formed from surfactant-based micelles. Finally, electrical measurements on diode test

structures indicate that, despite a complete lack of crystallinity in these self-assembled polymers, they effectively conduct electricity.

KEYWORDS: semiconducting polymer . amphiphilic assembly . self-assembly . hydrogel . polymer micelle .
water-soluble conjugated polymer
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in dialkoxy-substituted poly(phenylene vinylene)s, in
combination with spatially resolved photolumines-
cence and Raman spectroscopies, have revealed that
higher mobilities correlate with improved packing of
polymer chains in coplanar geometries, and that lower
mobilities are influenced by disruption of the packing
geometry and the conjugation length.23 The conduc-
tion in conjugated polymer-based devices can there-
fore be improved by forcing the polymers to adopt
aligned, straight-chain conformations that lead to
efficient packing in the solid state.
Ordered polymer conformations have been shown

to increase the charge carrier mobility; therefore, one
might expect that the charge transport properties of
conjugated polymer thin films should be enhanced by
increasing the solid-state crystallinity. This has been
investigated by comparing the crystallinity and charge
carrier mobility of spin-cast thin films of regioregular
poly(3-hexylthiophene) (P3HT) with different molecu-
lar weights (MW).24 Surprisingly, the results showed
that higher degrees of crystallinity correlate with lower
mobilities.24 This counterintuitive relationship results
from the higher grain boundary resistance in more
crystalline films. Poor overlap between crystalline do-
mains and/or crystal faces with exposed insulating side
chains inhibits the transport of charges between
grains. Higher-MW P3HT films are less crystalline and
possess higher overall mobilities because there are
fewer grain boundaries. Because the polymer chains
are longer than the crystalline domains, they can form
bridges between neighboring grains, creating more
continuous conductive pathways. Taken together,
these results indicate that controlling both polymer
chain conformation and domain structure is a worthy
goal in the field of organic electronics.
One route used previously to gain a high level of

control over polymer morphology has been to incor-
porate conjugated polymers into rigid matrices. For
example, porous matrices can be made by templating
inorganic phases such as silica using surfactants or
block copolymers. Polymers can then be incorporated
into these pores by diffusion or by in situ polymeriza-
tion of infused monomers.25�27 The pore size is found
to influence the degree of interchain electronic com-
munication, enabling control over polaron production,
photoluminescence quantum yield, and charge carrier
lifetime.28,29 Related host/guest systems also can be
produced by directly mixing a semiconducting poly-
mer or monomer with the surfactant template prior to
inorganic/organic coassembly.30,31 The use of such
host�guest systems, however, significantly impedes
the processability of semiconducting polymers.
Another option for controlling structure andchain con-

formation in all-solution-based semiconducting polymer-
based materials is to employ molecular self-assembly.
A range of rod�coil diblock copolymers has been
synthesized using semiconducting polymers for the rod

block.32�35 These diblocks have been shown to assemble
into a rich array of nanoscale architectures.32�35 Various
combinations of nucleated growth and controlled aggre-
gation have also been used to produce nanowires and
nanocrystals from pure semiconducting polymers.36�39

In most cases, the polymer backbone runs perpendicular
to the long axis of the polymer nanofiber,40,41 but in a few
cases, fibers have been produced where the polymer
chain axis is parallel to the nanofiber axis.42

In this work, we focus on amphiphilic semiconduct-
ing polymers as a route to obtain well-defined nanoscale
structures. There is a rich literature on semiconducting
polymers that have charged side chains (also termed
semiconducting polyelectrolytes) similar to the ones de-
scribed here. Polymers have been synthesized with
anionic,43�56 cationic,44�62 or zwitterionic63,64 side chains,
combined with a diverse set of homopolymer or copoly-
mer backbones. Many semiconducting polyelectrolytes
havebeen synthesized sincewater-soluble chromophores
form the basis for a large family of luminescence-based
biosensors.43,65�70 They also have been used extensively
tomodify charge injection barriers at interfaces.46,71,72 We
note, however, that despite the fact that both side chains
and backbones similar to those used here have been
made before, the previously reported charged polymers
do not have a molecular geometry that is optimized for
micelle formation, as we describe below.
Here, we build on this rich literature by reporting the

synthesis and characterization of an amphiphilic poly-
(fluorene-alt-thiophene) (PFT) that serves as a self-
assembling semiconductor. Specifically, our goal was
to create a polymer that forms wire-like cylindrical
micelles that can enable high conductivity by aligning
the conducting axis of the polymer with the micelle
axis. Like many of the charged polymers mentioned
above, our PFT has cationic quaternary ammonium
side chains, but the sp3-hybridized bridging carbon on
each fluorene unit allows for the incorporation of two
charged groups on every repeat unit that are distrib-
uted radially from the plane of the polymer. The
increased polar volume dramatically enhances solubi-
lity and is nearly ideal for creating a “pie-wedge”
shaped building block that can easily assemble into a
cylindrical micelle in polar solvents73 (Scheme 1).
Although both the fluorene and the thiophene como-
nomers contain nonlinear five-membered rings, the
angles between the fluorene linkers and the thiophene
linkers are complementary, giving rise to an approxi-
mately linear overall structure that further promotes
the formation of cylindrical micelles. In designing this
polymer, we also took into consideration the desired
goal of enhancing visible light emission and absorp-
tion. The charged fluorene comonomer was chosen
because of the need for a sp3-hybridized carbon, while
the thiophene comonomer was chosen both to create
a straight polymer chain and to shift the blue fluorene
absorption and photoluminescence into the visible
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region. We note that the structure in Scheme 1 is not
meant to be precise but rather merely suggestive of
the general micelle structure. The side chains are not
rigid and instead are highly disordered, and molecular
detail has been omitted from the side chains in the
scheme for clarity. The polymer backbones may also
form some transient π-stacks with their neighbors, but
the exact nature of those interactions is unknown.
The result of all of these considerations is a visible-

emitting semiconducting polyelectrolyte that is highly
soluble in water, a solvent that is ubiquitous, econom-
ical, environmentally responsible, and strongly pro-
motes self-assembly. As we show below, PFT is able
to form cylindrical micelles in aqueous solution, poten-
tially increasing its ability to conduct efficiently over
long distances. At high concentrations, PFT reversibly
forms gels whose rheological properties suggest that
they are composed of connected networks of semi-
flexible polymer fibers. The structure is thus nearly
ideal for the formation of a three-dimensional conduc-
tive polymer network.

RESULTS AND DISCUSSION

In this work, the fluorene�thiophene copolymer
[poly{(9,9-bis(30-(N,N-dimethylamino)propyl)fluorene)-
2,7-diyl-alt-(thiophene-2,5-diyl)}] (2) was first synthe-
sized. This hydrophobic polymer was then converted
to an amphiphilic polymer by quaternizing the di-
methylamino side chains using bromoethane. The
resulting polymer (3, PFT) was soluble in water and
highly polar organics such as DMSO. Scheme 2 illus-
trates the synthetic method and proved structures for
2 and 3. Two different batches of PFT 3 were synthe-
sized in order to study the effects of the degree of
polymerization on the self-assembly. As determined by
gel permeation chromatography (GPC), the shorter
polymer had a weight average molar mass Mw =
21 300 g/mol and polydispersity index of Mw/Mn = 2.02,
while the longer polymer was approximately twice as
long, havingMw = 35 000 and PDI = 1.75. According to
the molecular model shown in Scheme 3, the average
length of a monomer unit is approximately 12.4 Å, so

that when elongated, the low MW polymer chain
would have an average mass weighted length of ∼60
nm, while the high MW polymer would have an
average mass weighted length of ∼105 nm.

Solution-Phase Structural Studies. In determining
whether macromolecular systems self-assemble in so-
lution, two distinct questions must be addressed. The
first question is simply whether molecular aggregates
form, and the second concerns the specific structure of
the aggregates. Here we use visible light scattering to
assess the presence of aggregates in solution and syn-
chrotron-based small-angle X-ray scattering (SAXS) to
determine aggregate structure.

Before examining the data, we first consider the
structures that are likely to form. In the present study,
we have tried to produce a system optimized for
cylindrical micelle formation. Both the fluorene and
thiophene monomer units induce a bend in the poly-
mer's backbone, which offset each other in the copo-
lymer, allowing it to have a nearly straight backbone. This
molecular geometry, shown in Scheme 3, was obtained
using simple molecular mechanics.63 Although the struc-
ture is not meant to be definitive, it does indicate that a
straight polymer backbone, which is required for efficient
micelle formation, is achievable with the polymers used
here. The slight bend in the molecule observed in
Scheme 3 may be caused by the finite nature of the
oligomer employed in the calculations or may be a real
feature of the optimized structure. Regardless, our goal is

Scheme 1. Structure and self-assembly of PFT 3 micelles.

Scheme 2. Synthesis of amphiphilic poly(fluorene-alt-
thiophene).
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that the mostly straight nature of the polymer backbone
will allow the system to form micelles, which in turn
should prevent the coil formation that usually occurs for
polymers in solution. It is known that solution-phase
coiling can be preserved in the solid state, affecting
electronic properties of solution-cast polymer films.74

Another important feature of PFT 3 is the fact that
the sp3-hybridized bridging carbon atomon the fluorene
unit is used to attach solubilizing charged side chains.
Because of the high propensity for π-stacking in semi-
conducting polymers, many polymer aggregates and
nanowires contain some layered π-stacking motif.40�42

The large polar volume of the quaternary ammonium
groups on polymer 3, however, produces a monomer
unit that has a shape similar to a pie wedge. Amphiphilic
molecules with a large polar volume and a small hydro-
phobic volume do not pack easily into layered structures
but are able to efficiently fill space by assembling into a
cylindrical micelle.60 All of these design considerations
thus give copolymer 3 the potential to make soluble,
linear aggregates.

The scattering data presented in Figures 1 and 2
were collected on low-MWPFT samples because higher-
MW samples tended to form larger assemblies in
solution with more inhomogeneity and thus could not
be structurally characterized with sufficient rigor. As
discussed below, some of the higher-molecular-weight
samples can form hydrogels, but none of the samples
used in our light or X-ray scattering studies gel at any
accessible concentration. These studies are thus aimed
at examining the simplest aggregate structures that
form in solution.Webeginwithdynamic light scattering
(DLS), which can be easily performed in a range of
aqueous and organic solvents. The concentration of all
samples was maintained at 10 mg/mL, which provided
optimal scattering intensity, and the data were fit to
single-exponential (unimodal) functions. Such single-
exponential fits are equivalent to assuming that sphe-
rical aggregates are formed in solution. Unfortunately,
higher-level fits that directly model shape anisotropy
could not be uniquely fit to the data because of the
combination of shape anisotropy and polydispersity.
Some information about aggregate shape can be ob-
tained from angle-dependent data, however. For ex-
ample, a trend of decreasing apparent size with
increasing scattering angle, as observed in Figure 2,

indicates that the particles have an anisotropic shape.75

We note that because our model describes anisotropic
particles with a spherical particle that has the same
average diffusion constant, the numerical size presented
in Figure 1 is neither the length nor the diameter of the
anisotropic aggregate but is instead something between
the two.

Figure 1 shows DLS data on PFT 3 dissolved in
solutions of water and formamide at 10 mg/mL. Much
larger aggregates are observed in water (∼20�40 nm),
compared to formamide (∼7�12 nm), indicating that
the polymer self-assembles in water but not in forma-
mide. The angle-dependent data for water also show a
systematic decrease in apparent size with increasing
angle, consistent with an anisotropic self-assembled
structure in aqueous solution. By contrast, the smaller
particles formed in formamide are consistent with
molecularly dissolved or minimally aggregated poly-
mer chains in a loose random coil conformation. These
data are consistent with our understanding of amphi-
philic assembly in hydrogen-bonded liquids. Disrup-
tion of hydrogen bonds in network-forming solvents
like water by dissolution of nonpolar organic groups
comes at a large energetic cost, thus providing the
driving force to bury the nonpolar groups in the cores
of spherical or cylindrical micelles.76

Scheme 3. Three-dimensional model showing nearly linear conformation of the PFT chain.

Figure 1. Dynamic light scattering (DLS) of PFT 3 dissolved
in water and formamide as a function of scattering angle.
Larger particle sizes in water and decreasing apparent sizes
with increasing scattering angles indicate that the particles
have asymmetric shape, consistentwith a cylindricalmicelle
model. In formamide, smaller sizes with larger standard
deviations indicate small, amorphous aggregates or molec-
ularly dissolved polymer chains.
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X-ray Scattering. In order to gain more quantitative
information on the size and shape of the PFT aggre-
gates in solution, we performed small-angle X-ray
scattering (SAXS) measurements using a synchrotron
radiation source. The raw data (Figure 2A) were con-
verted by Fourier analysis to P(r), an electron distribu-
tion function which represents the radially averaged
distribution of electron density correlations as a func-
tion of the separation distance r within a given solu-
tion-phase aggregate (Figure 2B,C). The P(r) data

therefore yield information about the scattering form
factor of the dissolved particles, and since motional
averaging reduces interparticle correlations, the P(r)
curve predominantly contains information about the
average shape of the particles in solution. We note that
if the interparticle spacing is correlated, such as in the
case of liquid crystals or other aligned systems, peaks
may also be observed that correspond to the average
interparticle distance.

Figure 2A shows the wave-vector-dependent scat-
tering data plotted for two different concentrations in
aqueous solution. Fairly featureless data of this sort are
expected for cylindrical micelles in solution.77 Figure 2B
shows P(r) curves obtained by Fourier transformation of
the data in part A. The data for both 10 and 20 mg/mL
solutions of PFT show typical cylindrical scattering pro-
files: a sharp peak that corresponds to correlations across
the diameter of the cylinder, followed by a linear decay,
ending in a baseline intercept that correlates with the
cylinder length.72 For these data, the X-ray detector used
only allowed for two decades of range in scattering angle
and hence two decades in distance. As a result, the
baseline intercept may underestimate the actual length
of the cylindrical particles. The observed radius of ap-
proximately 2 nm correlates well with molecular models
of a structure like that shown in Scheme 1,63 which show
an end-to-end distance between the polymer backbone
and side chains of approximately 1 nm. The baseline
interceptof 60�70nm ison the sameorderofmagnitude
as the particle size measured by DLS and is in excellent
agreement with the mass weighted average polymer
length of 60 nm. However, the signal-to-noise ratio near
the baseline is low, and it is also near the minimum
scattering angle (maximum particle size) of the detector
in this experiment (100 nm), so this value might under-
estimate the actual length of the cylinders. Although the
micelle length is not precisely determined in this experi-
ment, the SAXS data presented in Figure 2B provide
concrete structural proof that low-molecular-weight PFT
3 forms cylindrical micelles in aqueous solution and
suggests that themicelle length in low-molecular-weight
polymersmay be dominantly determined by the average
molecular weight of the polymer.

We note that, in the SAXS profiles, there is a broad
peak centered at a distance of approximately 16 nm
(160 Å) superimposed on the standard cylindrical
scattering profile (Figure 2B). This peak grows in in-
tensity and shifts to lower r in the higher-concentration
sample, indicating that it may be an interparticle correla-
tion peak. As discussed below, aggregate correlations
lead to hydrogel formation in higher-molecular-weight
versions of thesepolymers, and the correlations observed
in Figure 2B are likely the first step in that process.

In order to determine the robustness of these
micelles in non-aqueous solutions, we also performed
SAXS experiments on PFT aggregates dissolved in
mixed solvent systems consisting of various volume

Figure 2. Small-angle X-ray scattering (SAXS) data for PFT 3
solutions. (A) Raw SAXS data collected on PFT 3 in aqueous
solution. (B) P(r) curves for aqueous PFT 3 solutions ob-
tained by Fourier transformation of the data in part A. The
data show cylindrical scattering profiles at both 10 and
20 mg/mL. Cylindrical micelles have diameters of ∼4 nm
and scattering intensity proportional to concentration.
(C) P(r) curves for PFT 3 dissolved in a mixed solvent system
with various volume ratios of water (good solvent) to
ethanol (poor solvent) all at 10 mg/mL. Addition of poor
solvent maintains cylindrical micelles until EtOH concentra-
tion increases to 70%, at which point cylinders coexist with
globular aggregates.
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ratios of water and ethanol. Because ethanol is only a
weakly hydrogen-bonding solvent, it does not pro-
mote amphiphilic assembly nearly as well as water.71 In
addition, PFT 3 is much less soluble in ethanol than in
water. All samples were dissolved at 10 mg/mL, and the
volumepercent of ethanol towaterwas varied from10 to
70%. As shown in Figure 2C, cylindrical particles are
maintained upon addition of EtOH until the volume
fraction of EtOH in the solution reaches 70%, at which
point the peak corresponding to the cylinder radius is still
visible, but the cylinder scattering profile becomes con-
voluted with a broad peak, indicating the coexistence of
cylindricalmicelleswith larger solution-phase aggregates.

Finally, while null data are not usually discussed in a
scientificmanuscript, it isworth ending this sectionwith a
brief discussion of high-angle diffraction obtained on
films of these amphiphilic polymers. Polythiophene-
based polymers tend to be highly crystalline,78 but unlike
most pure polythiophene derivatives, this amphiphilic
copolymer showsnohigh-anglediffraction. That fact runs
contrary to most of the current literature on polythio-
phene-based nanostructures36,37 but is consistent with
the general structure presented in Scheme 1, suggesting
that amphiphilic interactions, rather than π-stacking,
dominate the self-assembly of these materials.

Atomic Force Microscopy. Although the data above
provide good evidence that PFT 3 forms cylindrical
aggregates in solution, our ultimate goal is to make
thin-film optoelectronic devices, so it is important to
understand if these micellar structures can be trans-
ferred to the solid state with retention of the nanoscale
structure. We thus employed atomic force microscopy
(AFM) to image submonolayer films of low-MW PFT
deposited on substrates. We found organized struc-
tures only in samples drop-cast from dilute solutions
(0.01 mg/mL); samples cast from more concentrated
solutions formed thick films with large agglomerates
that could not easily be imaged (not shown). Films cast
from more dilute solutions, however, showed submo-
nolayer coverage with anisotropic polymer domains.
Figure 3 shows a representative AFM image of a
sample of PFT drop-cast on a mica substrate from a
0.01 mg/mL solution made of 90% water and 10%
ethanol. Ethanol was added to aid wetting of the mica
surface in order to produce more homogeneous films.
Figure 3A shows a large-area image (5.7� 5.7 μm)with
multiple rod-like polymer aggregates on a thin layer of
amorphous polymer underneath. Single rods and bun-
dles of rods are visible, indicating that some micelles
agglomerate during the drying process. Figure 3B
shows a zoomed-in image (750 nm � 750 nm) of the
large bundle indicated by the black square in the
image in Figure 3A. Here, individual rods are clearly
visible within the bundle.

The black lines in Figure 3A,B correspond to the
height profiles in Figure 3C,D, respectively. The cross
sectional height of the isolated rod in Figure 3A is

4.2 nm, while the heights of the rods within the bundle
in Figure 3B vary from approximately 2.5 to 4.5 nm.
Measuring height profiles of many different rods, both
single and bundled, yields the histogram shown in
Figure 3E. The observed rod heights of ∼3�5 nm corre-
late well with the SAXS data, which indicates a cylinder
diameter of approximately 4 nm. It should be noted that
the in-plane widths of the rods are fairly consistent in the
range of 15 nm. Although one would expect a circular
cross section for the self-assembled PFT cylindrical mi-
celles, this is not necessarily inconsistent with the height
data because the in-planemeasurement is convolutedby
the finite width of the silicon tip of the AFM probe. The
15 nm value is thus a measure of the AFM tip diameter,
rather than the in-plane micelle diameter. The height
data are thereforemore accurate, and the actual width of
the rods is likely closer to the 3�5 nm observed height.

Micelle lengths tend to be several hundred nano-
meters, which is significantly longer than the 60 nm
length observed by SAXS. It is not clear if this discre-
pancy is caused by restructuring or joining of the
micelles upon evaporation, by bias in the SAXS mea-
surement toward smaller structures, or by bending of
the micelles in solution. If the latter is true, then SAXS
measures the average persistence length of micelles in
solution (∼60 nm) and AFM measures the actual
micelle length (hundreds of nanometers). What is clear
from the AFM measurements is that micelles signifi-
cantly longer than the average molecular weight can
form by overlapping assembly of the polymer chains.
That conformation is required for the gel formation
discussed below.

Regardless of the precise length, the observation of
rod-like particles in the solid state as well as in solution
indicates that the amphiphilic structure of PFT 3
provides a strong tendency to self-assemble into cy-
lindrical aggregates, and this structure is maintained
when cast as a film. Preservation of the cylindrical
micelles observed in SAXS in the solid state is a
necessary prerequisite for the use of this self-as-
sembled polymer in any electronic devices.

Polymer Rheology. In order to function efficiently in
an electronic device, the PFT active layer must not only
form local conductive pathways but it must also form a
continuous network to allow for long-range conduc-
tivity. Moreover, cylinders lying in the plane of the film,
like those shown in Figure 3, are not ideal for typical
sandwich structure devices, where current must flow
normal to the plane of the film. To address this, we
consider the formation of gel networks from these
polymers. Three-dimensional networks of thread-like
molecules or aggregates swollen with aqueous solvent
(hydrogels) can be formed from many types of mol-
ecules that assemble into linear aggregates, including
surfactants,79 polyelectrolytes,80 and biopolymers.81

These networks are formed when the concentration
is high enough that the molecules or aggregates
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become entangled (either physically or chemically) to
form a percolating network, yielding viscoelastic gels.

We find that, depending on the degree of polymer-
ization, high-MW PFT forms gels at aqueous concentra-
tions of 1.5�2.5% bymass at room temperature. Figure 4
shows a picture of one of these gels in an inverted vial
showing that neither the gel nor the embedded stir-bar
flows under the force of gravity. Gel formation is rever-
sible upon addition of solvent, but the gels are stable at
elevated temperatures up to the boiling point of water.

The rheological properties of these gels were mea-
sured using a strain-controlled rheometer employing a
cone-and-plate geometry. These properties are highly
dependent on the concentrations of the starting solu-
tions. Figure 5A shows the frequency-dependent elas-
tic storage modulus G0 and viscous loss modulus G00 of
PFT gels at concentrations of 16 and 21mg/mL. All data
were collected at an amplitude of 1% strain. The data
show that G0 > G00 across most of the frequency range
for both samples, indicating that the gels are indeed
more solid-like than liquid-like. The moduli of the

21mg/mL gel are nearly an order ofmagnitude greater
than those of the 16 mg/mL gel, however. This dra-
matic increase inmodulus for a relatively small increase
in concentration suggests that the polymer micelles
are strongly interacting in the gel network.

The characteristic relaxation time can be estimated
from the crossover point of G0 and G00 by simply
extrapolating power law fits to the data and calculating
the inverse of the frequency at which G0 = G00. The
characteristic relaxation time of approximately 8600 s
(2.4 h) for the 16 mg/mL gel indicates that it flows
very slowly. The characteristic relaxation time of about
43 000 s (11.9 h) for the 21 mg/ml gel is nearly an order
of magnitude larger than that of the 16 mg/ml gel,
reflecting the higher storage modulus of the more
concentrated sample. The density of entanglements
in the gel network can also be estimated from the
frequency-dependent modulus data. The plateau
modulus at intermediate frequencies Gp is related to
the entanglement length Le by Gp = kT/Le

3.82 By
estimating Gp as G0 at the inflection point83 in the

Figure 3. Atomic force microscope (AFM) images of PFT 3 on mica substrates showing rod-like aggregates (height scale =
12 nm). (A) 5.7� 5.7 μm image showing individual rods and aggregated bundles of rods. (B) 750� 750 nm image showing a
zoomed-in imageof the largebundle of rods indicatedby the box in (A). (C,D) Cross sectional height profiles corresponding to
the black lines in (A) (upper left corner) and (B), respectively. (E) Histogramof rodheights, showing an average around4 nm, in
agreement with cylindrical micelle diameter from SAXS.
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intermediate frequency regime, the entanglement
length is estimated to be ≈83 nm for the 16 mg/mL
gel and ≈42 nm for the 21 mg/mL gel. The shorter
length is consistent with the much stiffer gel ob-
served at higher concentration. We note that a
correlation distance of similar magnitude to these
values was observed in SAXS (Figure 2), suggest-
ing that the micelles may begin to entangle before
gelation occurs.

Figure 5B,C shows strain-dependent dynamic
storage moduli of dilute and concentrated PFT gels
collected at a frequency of 5 rad/s. Both samples
exhibited an increase in their storage moduli with
increasing strain prior to the yield point, a phenomen-
on known as strain hardening (or strain stiffening).
Such behavior is not generally observed in random
polymer gels, but it has been observed in gels made
from surfactant micelles with added salt84 and in
structural biopolymer gels.85 These systems are both
composed of semiflexible thread-like chains that form
gels with entangled filaments having a finite extensi-
bility and bending energy. This resistance to bending
and stretching causes the material to harden as the
strain is increased. The magnitude of strain hardening
typically increases with increasing cross-link density,
which is a function of the mass concentration of the
gel.80 This second trend is not observed in our PFT gels,
which may be an indication that the micelle fibers are
already fully extended in high-concentration gels.
Although further study is clearly required to fully
understand the behavior of the PFT gels, the key result
is that the rheological data are fully consistent with a
strongly interacting and dense network of semicon-
ducting polymer fibers. On the basis of the SAXS and
AFM results for lower-molecular-weight versions of PFT
3, it is likely that polymer micelles form the basic
building blocks of these gels.

Optical Properties. As discussed above, the fluorene
monomer is an important building block of this am-
phiphilic polymer because of the need for an sp3

carbon to join the charged side chains to the polymer
backbone in a noncoplanar geometry. Fluorene is not,
however, an ideal monomer to use in organic photo-
voltaic cells. With a band gap of 2.95 eV,86 the

Figure 5. Rheological properties of PFT 3 gels formed
spontaneously in aqueous solution as a function of con-
centration. Gel formation is reversible upon dilution, and
recovery is rapid, as rheology is not affected by cycling or
yield history. (A) Frequency-dependent storage (G0) and loss
(G00) moduli for gels formed from PFT 3 solutions of 16 and
21 mg/mL. G0 > G00 indicates a gel or solid-like material.
Estimated plateaumoduli and crossover points ofG0 andG00
indicate that the higher-concentration sample has a smaller
entanglement length and longer characteristic relaxation
time. (B) Storage modulus G0 as a function of strain for
16 mg/mL gel. Strain hardening suggests that the gel is
composed of entangled semiflexible polymer micelle fila-
ments. (C) Storage modulus G0 as a function of strain
for ∼22 mg/mL gel. Here the modulus is higher, but less
strain hardening occurs.

Figure 4. Photograph of a PFT hydrogel suspended in a vial
upside down, trapping a magnetic stir bar and showing the
resistance to viscous flow by gravity.
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absorption of polyfluorene lies in the blue and ultra-
violet range of the spectrum, providing poor overlap
with the peak of the solar spectrum. Polythiophene, by
contrast, has a moderately small band gap of 2.1 eV,87

providing a somewhat better match with the solar
spectrum. By copolymerizing fluorene with thiophene,
we are able to shift the band gap to longer wave-
lengths, while maintaining the needed sp3 side chain
attachment site. The band gap of PFT was determined
by comparing the optical absorption spectra of several
films of varying thicknesses (data not shown) in order
to correct for optical scattering. The divergence point
between the spectra of various film thicknesses was
assigned as the band gap. Our measured band gap of
2.50 eV is the same for both low- and high-molecular-
weight samples and is quite close to the average of the
reported polyfluorene and polythiophene band gaps.

In general, the photophysical properties of PFT 3
were independent of the degree of polymerization,
and so all data presented in Figure 6 correspond to the
highermolarmass sample in order tomaintain continuity
between solution, film, and gel samples. Figure 6A shows
absorption andphotoluminescence (PL) spectra of PFT in
two different solvents: water (which promotes assembly)
and formamide (which does not). There are a number of
issues to consider in correlating polymer chain conforma-
tion with photophysics.88 Straighter polymer chains
shouldhavea longer averageconjugation length, leading
to red-shifted absorption and emission. Bringing polymer
chain segments into close contact can also lead to the
formation of low-energy interchain delocalized excited-
state species or simply provide a higher dielectric con-
stant environment for each chromophore, either ofwhich
can again result in a red shift of the emission.89 As
indicated by SAXS, in PFT3, the linear polymer backbone,
combined with the highly amphiphilic nature of the
polymer, causes the polymers to form micellar aggre-
gates like those shown in Scheme 1. In this case, both
chain conformation and aggregation should favor red-
shifted absorption and luminescence. By contrast, DLS
indicates that little aggregation takes place in formamide,
and so the polymer chains should be molecularly dis-
solved and likely coiled. In agreement with these ideas,
both absorption and PL are red-shifted in water com-
pared to formamide. The difference in the magnitude of
the peak shift in absorption (14 nm) and PL (8 nm) likely
results from solvatochromism, which depends on the
dipole moments of the ground and excited states.90

Beyond spectral shifts, previous research on conju-
gated polymers also has shown that aggregation can
cause changes in the structure of the optical absorption
and emission spectra.1,91,92 In PFT 3 (Figure 6A), only one
peak is evident in the absorption spectrum in formamide
(421 nm), but the appearance of a red shoulder produces
two peaks inwater (435 and∼471 nm). This red shoulder
has been associatedwith polymer aggregates containing
linear polymer chains, and it is usually assigned either to

enhanced vibronic structure or to an interchain excited
state.93 In the luminescence, two peaks are evident in
both solvents (490 and 521 nm inwater, 482 and 511 nm
in formamide), but the magnitude of the lower-energy
peak is increased in water. The energy difference be-
tween these two peaks correlates well with the vibronic
structure that arises from the excited-state displacement
of the CdC stretch in other conjugated polymers.1,86 The
increased vibronic shoulder in the aqueous sample is also
consistent with micelle formation in water but not in
formamide because increased vibronic coupling is fa-
vored in straight-chain conformations.

By analogy to other amphiphilic systems, such as
surfactants andblock copolymers, it would be reasonable
to assume that the formation of PFT 3 micelles also

Figure 6. Optical absorption and photoluminescence spec-
tra of PFT 3 normalized to show spectral shifts. (A) PFT 3 in
water and formamide solution. PFT 3 self-assembles to form
cylindrical micelles in water but not in formamide. (B)
Aqueous solutions of PFT 3 at high and low concentrations.
(C) Thin films cast from the two aqueous solutions shown in
part B. A polymer gel made from PFT 3 is included for
comparison.
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depends on the solution concentration,94 and that spec-
tral differences similar to those observed in water and
formamide could be tuned using concentration.
Figure 4B shows optical absorption and emission spectra
of PFT in aqueous solution at 0.001 mg/mL (near the
lower limit of observable optical density) and 10 mg/mL.
The absorption and PL spectra are similar at both con-
centrations, indicating that the polymer is assembled at
all measurable concentrations.

Although concentration-independent assembly of
conjugated polyelectrolytes has been observed before,95

it is worth considering why this occurs. For most molec-
ular amphiphiles, there is a critical micelle concentration
(CMC) belowwhich the amphiphilicmolecule dissolves in
monomeric form. TheCMC isdeterminedby the interplay
between the enthalpic price associatedwithdisruptionof
the water hydrogen-bonding network by dissolution of a
nonpolar group in water and the entropic price asso-
ciatedwith aggregatingmany surfactantmolecules into a
single micellar species. Because PFT is a facially amphi-
philic polymer, the enthalpic price for exposing the
nonpolar backbone to water should be high, and the
entropic loss associated with self-organization should be
small compared to a monomolecular species like a
surfactant. Therefore, the CMC is likely to be exceedingly
low for these materials.

Figure 6C shows the optical absorption and PL
spectra of PFT 3 thin films cast on glass substrates
from aqueous solutions of various concentrations of
the polymer. The absorption shifts in these spectra
reveal changes in the conformations of the polymer
chains in different solid-state environments, even
when cast from solutions with similar absorption. The
film cast from dilute solution (0.001 mg/mL) shows
an absorption peak position (433 nm), which is similar
to the aqueous samples, but the primary peak in the
PL spectrum is blue-shifted (475 nm). The AFM data
in Figure 3 show a similar sample cast from low-
concentration solution to consist of submonolayer
coverage of micelles, well separated from each other
in most cases. Polymer rearrangement upon drying or
micelle substrate interactions may result in the blue-
shifted PL, and the fact thatmicelles are not interacting
prevents energy transfer between micelles that could
result in redder PL.

Solutions up to 10 mg/mL can be similarly used to
generate solid-state film samples using spin-coating or
drop-casting. Increasing the concentration further be-
yond the gel point (16 mg/mL) results in the formation
of a viscoelastic hydrogel. Gel samples were prepared
for absorption and photoluminescencemeasurements
by compressing a small amount (∼10 μL) of gel
between two glass coverslips and sealing the edges
with vacuum grease to avoid excessive evaporation of
water in the hydrogel during the measurements. For
both films cast from high-concentration solutions
(10 mg/mL) and for gel samples, the data are similar

(Figure 6C). The absorption and luminescence are both
very similar to the solution-phase spectra in terms of
peak position and shape. These data thus add weight
to the argument that aggregates present in solution
are preserved in the solid state and in gel samples.

Current�Voltage Characteristics. The experiments
listed above all suggest that the amphiphilic PFT 3
described in this work forms cylindrical micelles in
solution, and the micelle structure is preserved in the
solid state and in gel networks that form upon con-
centration. In order for these self-assembling polymers
to find eventual device applications, however, a funda-
mental question that we must address is whether the
high density of positive charges on the side chains
inhibits electrical conductivity in these materials.
Although direct mobility measurements are beyond
the scope of this work, we have constructed bipolar
diodes from the high-MW amphiphilic PFT 3 described
above. Figure 7A shows the diode response of a PFT
film cast onto a PEDOT:PSS-coated ITO substrate. The
diode uses a vapor-deposited aluminum cathode, and
the device was thermally annealed prior to cathode
deposition. We find that PFT can support reasonable
current densities, indicating that it could potentially be
used in device applications. The simple fact that a high
density of permanent charges, a novel self-assembled
architecture, and little or no π-stacking do not inhibit
electrical conductivity is the most important conclu-
sion of this section.

Figure 7. (A) Current�voltage characteristics for both charged
and uncharged versions of PFT 3. Significantly higher
current densities are observed in the charged, micelle-
forming polymer, indicating a higher carrier mobility in this
polymer. (B) UV/visible absorption for the devices used in
part A. The absorptionof the neutral polymer is blue-shifted
with respect to the charged analogue, indicative of a more
coiled chain conformation.

A
RTIC

LE



CLARK ET AL. VOL. 7 ’ NO. 2 ’ 962–977 ’ 2013

www.acsnano.org

972

It is also interesting to compare the behavior of PFT
to the same polymer (2) before quaternization of the
side chains in an effort to see how self-assembly
modifies the conductivity of polymer 3. The uncharged
parent polymer 2 does not assemble in standard
organic solvents and thus serves as a control for the
effect of self-organization since the two polymers have
identical backbones and thus identical electronic struc-
tures. We have verified that the thicknesses of the two
polymer films are similar by profilometry and UV�
visible absorption spectroscopy (Figure 7B). Figure 7A
indicates that the amphiphilic polymer 3 supports a
current density that is roughly 4 times greater than its
neutral analogue 2 at a forward bias of 7 V. This is
consistent with the expectation that the charge carrier
mobility should be higher in a system with straight
polymer chains. Carrier traps can form when a chain
kinks and breaks the π-conjugated network.96,97

Straight chains should have a lower density of traps
and thus a higher carrier mobility. Therefore, all else
being equal, both drift and diffusive carrier motion
should be enhanced in the strongly assembling con-
jugated polyelectrolyte. This conclusion is supported
by the UV�visible absorption spectrum, shown in
Figure 7B, which highlights the differences between
the charged and neutral polymer films. The spectrum
of the polyelectrolyte is clearly shifted to redder wave-
lengths relative to the neutral polymer. Coiling of
polymer chains leads to shorter conjugated segments
and thus causes both the blue shift in the absorption
and the increased trap density discussed above.98,99

There is, however, a complication that arises when
assessing the intrinsic electronic conductivity of poly-
electrolytes because of electrode�ion interactions.
Specifically, counterions distributed along the polymer
backbone can migrate under the influence of an
applied bias.58 This ion motion could work to screen
the electric field at the metal�organic interface, low-
ering the effective interfacial potential energy barrier
and consequently allowing charge injection to take
place from metal electrodes with Fermi levels that are
energetically mismatched relative to the HOMO and
LUMO levels of the polymer.59 The dynamic signature
of this screening effect is a current density that in-
creases monotonically with time until a plateau region
is reached.58 Previous work employing thin semicon-
ducting polyelectrolyte interface layers showed re-
sponse times on the order of 10 s using organic
counterions.58 To probe whether a similar phenomen-
on is affecting current densities in our bulk amphiphilic
polymer diodes, wemeasured the current�voltage char-
acteristics of our PFT diodes at two different integration
rates, one faster than the characteristic ion motion time
reported previously (∼1 s) and one comparable to pre-
viously reported response times (∼10 s). As shown in
Figure S3 in the Supporting Information, we find no
enhancement in the injected current magnitude with

sequential scans or slower integration rates. We thus
conclude that dynamic ionic redistribution under applied
bias is not an important effect in our system, a result that
is consistent with previous studies when Br�was used as
a counteranion.58

We note that, in addition to dynamic ion effects,
there is also the possibility that static dipoles at the
interface, which are present in the charged polymer
but not in the neutral control polymer, could modify
carrier injection barriers, allowing for higher current
densities in our amphiphilic PFT 3. Although we have
no quantitative way to assess the effect of these
interfacial dipoles, we find that a log�log plot of the
data shown in Figure 7A produces amuch higher slope
for the neutral polymer 2 than the charged PFT 3.
A variety of modified space-charge-limited current
models indicate that transport that occurs within a
manifold of trap states will produce a higher slope in a
log�log J�V plot. Thus, while these models do not
allow us to extract mobilites for either polymer, the
data are consistent with our picture of a lower trap
density in the self-assembled,micelle-forming polymer
3.100 Therefore, it appears reasonable that the differ-
ences we observe between the amphiphilic polyelec-
trolyte 3 and its neutral analogue 2 in Figure 7A are due
at least in part to differences in the intrinsic charge
conductivity and do not arise solely from modified
injection barriers.

CONCLUSIONS

We have designed and synthesized a water-soluble
conjugated polyelectrolyte (PFT3) as an activematerial
for optoelectronic applications. Like many semicon-
ducting polymers, PFT 3 can be processed in solution,
but aqueous solubility eliminates the need for organic
solvents, which are less economical and environmentally
responsible, particularly in roll-to-roll processing, which
generates significant solvent vapor. By incorporating
alternating thiophene monomers with water-solubilizing
fluorenemonomers, the optical band gap of the polymer
is shifted into the visible region of the electromagnetic
spectrum, giving it the potential for applications in
photovoltaics or visible light-emitting diodes. In order
to improve carrier mobility in this polymer, we designed
PFT 3 to self-assemble into cylindricalmicelles containing
fully extended polymer chains. DLS and SAXS indicate
that the polymer indeed forms cylindrical micelles in
solution, and the structure of these micelles can be
preserved in the solid state, as observed by AFM. Films
and solutions of this assembling semiconductingpolymer
showred-shifted luminescenceandabsorption, consistent
with a fully extended chain conformation.
At high enough concentrations, PFT reversibly forms

entangled hydrogels. Strain-controlled oscillatory
rheological measurements indicate that these gels
have solid-like properties, and that they can display a
high degree of strain hardening. These properties are
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similar to the rheology of other systems consisting of
entangled networks of filaments with finite extensibil-
ity and bending energy. This network of semiflexible
conjugated polymermicelles should have conductivity
in three dimensions, making it an exciting system for
optoelectronic applications. In agreement with this
idea, current�voltage measurements indicate that the
micelle-formingPFT3 can support amuchhigher current
density than the control polymer 2 that has the same
conjugated backbone but does not possess charged side
chains.
The self-assembling, network-forming polymer 3 has

interesting potential for optoelectronic applications. In

addition to the environmental advantages of a water-
processable semiconducting polymer, the three-
dimensional network formed by the PFT 3 gels poten-
tially could also be used in chemical sensing applica-
tions.101�104 Although charged polymers have been
extensively employed as chemical sensors, the vast
majority of work to date is optically detected, and a
fully interconnected gel network could enable elec-
trically detected sensors. This system thus holds inter-
esting potential for conventional optoelectronic de-
vices, as well as for new applications made possible by
the self-assembly and gelation properties of this net-
work-forming semiconductor.

EXPERIMENTAL DETAILS

Polymer Synthesis and Quaternization. 2,7-Dibromo-9,9-bis(30-(N,
N-dimethylamino)propyl)fluorene and 2,5-bis(tributylstannyl)-
thiophenewere synthesized according to published procedures.57,105

Poly{(9,9-bis(30-(N,N-dimethylamino)propyl)fluorene)-2,7-diyl-
alt-(thiophene-2,5-diyl)} (2). 2,7-Dibromo-9,9-bis(30-(N,N-dimethyl-
amino)propyl)fluorene (494mg,1.0mmol), 2,5-bis(tri-n-butylstannyl)-
thiophene (662 mg, 1.0 mmol), dichloro(bistriphenylphosphine)-
palladium (14 mg, 0.02 mmol), and anhydrous THF (30 mL) were
placed in a 100 mL three-necked flask equipped with a magnetic
stirrer and condenser. The systemwas purgedwith argon, and the
mixture was gently refluxed for 16 h. Some precipitate was
observed at the end of the polymerization. To terminate the
polymerization, hexane was added to the mixture. The precipi-
tated polymer was separated by filtration and then washed with
distilled MeOH, followed by hexanes, which was sufficient to
remove the palladium catalyst (no PPh3 or Ph3PO by 1H NMR).
The polymer was not fractionated for these experiments. After
dryingunder vacuum, polymer2was obtained as a yellowpowder
(430 mg, ∼90%): 1H NMR (500 MHz, CDCl3, Figure S1) δ (ppm)
0.82�0.78 (m, 2H relative integration), 2.02 (m, 16H), 2.14 (m, 4H),
7.38 (m, 2H), 7.62�7.50 (m, 2H), 7.65 (m, 4H), 7.72�7.68 (m, 2H).

Quaternized Polymer (3, PFT). A 100 mL flask with a mag-
netic stir bar was charged with the neutral polymer (430 mg)
dissolved in 40 mL of THF. To this were added a large excess of
bromoethane (5 mL) and 20 mL of DMSO. The solution was
stirred at 50 �C for 5 days. The THF solvent and excess
bromoethane were then evaporated. The polymer was precipi-
tated with 100 mL of ethyl acetate, collected by centrifugation,
washed with chloroform and THF, and dried overnight under
vacuum at 60 �C: yield 60�70%; 1H NMR (500 MHz, DMSO-d6,
Figure S2) δ (ppm) 2.54 (m, 4H relative integration), 2.90�2.80
(m, 6H), 3.11 (m, 4H) 3.38 (m, 20H), 8.29�7.58 (m, 8H).

Analysis. The molecular weight of PFT was measured by gel
permeation chromatography (GPC) prior to quaternization of
the amine group using N,N-dimethylformamide (DMF) as the
solvent and polystyrene as the standard. Two different batches
were synthesized in order to study the effects of the degree of
polymerization on the self-assembly. The shorter polymer had a
number average molar mass Mn = 10 530 g/mol and a weight
average molar mass Mw = 21 300 g/mol, yielding a polydisper-
sity index of Mw/Mn = 2.02. The molar mass of the polymer as
determined by GPC, combined with the molar mass of a single
repeat unit (446.69 g/mol), translates to a degree of polymer-
ization between 24 (numberweighted) and 48 (massweighted).
Using Cambridgesoft's Chem3D Ultra 11.0.1 to model a PFT
trimer,106 the average length of a monomer unit was 12.4 Å,
meaning that an elongated polymer chain would have an
average length of approximately 30 nm (number weighted) or
60 nm (mass weighted). The longer polymer was approximately
twice as long, having Mn = 20 000 and Mw = 35 000 for a PDI =
1.75 and length of∼60 nm (number weighted) or 105 nm (mass
weighted).

All solution-phase photophysics and scattering measure-
ments were carried out on samples made by dissolving solid
polymer samples in the appropriate solvent by stirring and
heating to no more than 70 �C. Water was deionized to
18 MΩ 3 cm and filtered using a Millipore 4-bowl Super-Q
system. Then, 200 proof ethanol (EtOH) was used as received
from Gold Shield Chemical Company. Solvents used for scatter-
ing experiments were filtered using 0.45 μm polyvinylidene
fluoride (PVDF) syringe filters. For visible light scattering and
spectroscopy, the samples were transferred to 10 mm path
length, 3.5 mL quartz cuvettes for measurement. PFT thin films
were prepared on glass or quartz substrates that were cleaned
by ultrasonication in an Alconox bath for 20min and rinsedwith
deionized water.

UV/visible absorption measurements were conducted on a
Perkin-Elmer Lambda 25 spectrometer. Photoluminescence (PL)
measurements were carried out using a Jobin Yvon Horiba
Fluorolog-3 spectrofluorometer in front-face geometry. Light
scattering measurements were recorded with a Beckman Coul-
ter N4 Plus submicrometer particle size analyzer using a 10 mW
He�Ne laser operating at 632.8 nm.

Small-angle X-ray scattering (SAXS) experiments were con-
ducted at the Stanford Synchrotron Radiation Laboratory (SSRL)
Beamline 4-2. Using a syringe pump, 25 μL of each sample was
loaded in a quartz capillary and held at 25 �C. Scattered X-rays
(λ = 1.38 Å) were collected with a MarCCD detector (sample to
detector distance = 2.5 m) and converted to 512 � 512 pixel
images. The two-dimensional data were radially averaged to
obtain one-dimensional scattering curves. The radially aver-
aged distance distribution function, P(r), was calculated as the
inverse Fourier transform of the scattered intensity as a function
of scattering vector q. The data were analyzed with the ATSAS
package.107�109

Atomic force microscopy (AFM) was carried out using a
Nanoscope V Dimension 5000 (Bruker Nano, Inc.) in ambient
conditions. Phosphorus n-doped silicon cantilevers (MPP-22100,
Bruker Nano, Inc.) with spring constants of ∼0.9 N/m, first long-
itudinal resonance frequencies between 31 and 49 kHz, and
nominal tip radii of 10 nm were employed in tapping mode.
Simultaneous height and phase images were acquired and repro-
duced from multiple samples, which were prepared by drop-
casting 0.01 mg/mL solutions onto freshly cleaved mica. The
solutions were composed of a mixed solvent system consisting
of 90% 18 MΩ deionized water and 10% ethanol, which was
added to aidwetting toproducemorehomogeneous coverageon
the mica substrates. Optimization of deposition conditions was
carried out in order to produce samples with both isolated rod-like
structural units and bundles of rods. Simple plane fitting of the
acquired images110 enabled subsequent cross sectional analyses
of molecular dimensions by analyzing each feature individually
and recording statistics of length, width, and height. Reported
values demonstrated no significant variation between different
samples or cantilever probes. The applied loading force and
nominal radius of the cantilever probe tip produced some image
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convolution and molecular deformation,111 generating slight var-
iation in reportedmolecular dimensions as compared to expected
values frommolecular modeling and small-angle X-ray scattering.

Rheological properties of polymer gels were measured
under ambient conditions using a Rheometrics RFS2 strain-
controlled rheometer. The frequency-dependent storage mod-
ulus and lossmodulus weremeasured by loading the gels into a
cone-and-plate geometry, which ensures a uniform strain field.
To prevent unwanted changes in polymer concentration by
solvent evaporation, throughout the rheology measurements,
we employed a vapor trap.

For electrical measurements, the charged polymer was
dissolved in 18 MΩ water at a concentration of 5 mg/mL; the
neutral polymer was dissolved in chloroform at a concentration
of 5 mg/mL. Both solutions were passed through a 0.45 μm
PVDF filter prior to spin-coating. Indium-doped tin oxide (ITO)
substrates were cleaned by successive ultrasonication in deter-
gent solution, deionized water, acetone, and finally isopropyl
alcohol. The substrates were then subjected to a dry air plasma
treatment (200 mTorr, 10 min) prior to spin-coating a thin
poly(ethylenedioxythiophene):poly(sulfonic acid) (PEDOT:PSS)
layer. The PEDOT:PSS-coated slides were then baked in a
nitrogen atmosphere for 20 min. The aqueous solution of
charged polymer was spin-cast in air onto the room tempera-
ture PEDOT:PSS-covered substrates at 1000 rpm for 60 s,
whereas the neutral polymer solution was cast at 5000 rpm
for 60 s. All films were then annealed at 150 �C for 20 min in an
argon atmosphere and quenched rapidly on a room tempera-
ture metal surface prior to depositing the aluminum cathode
(100 nm). The current�voltage characteristics were measured
in inert atmosphere using a Keithley 2400 source meter.
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