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ABSTRACT: Semiconducting polymers are a versatile class of materials that are
used in many (opto)electronic applications, including organic photovoltaics.
However, they are inherently disordered and suffer from poor conductivities due to
bends and kinks in the polymer chains along the conjugated backbone, as well as
disorder at grain boundaries. In an effort to reduce polymer disorder, we developed
a method to straighten polymer chains by creating amphiphilic conjugated
polyelectrolytes (CPEs) that self-assemble in water into worm-like micelles. The
present work refines our design rules for self-assembly of CPEs. We present the
synthesis and characterization of a straight, micelle-forming polymer, a derivative of
poly(cyclopentadithiophene-alt-thiophene) (PCT) bearing two ammonium-
charged groups per cyclopentadithiophene unit. Solution-phase self-assembly of PCT into micelles is observed by both small-
angle X-ray scattering (SAXS) and cryo-electron microscopy (cryo-EM), while detailed SAXS fitting allows for characterization of
intra-micellar interactions and inter-micelle aggregation. We find that PCT displays significant chain straightening thanks to the lack
of steric hindrance between its alternating cyclopentadithiophene and thiophene subunits, which increases the propensity for the
polymer to self-assemble into straight rod-like micelles. This work extends the availability of micelle-forming semiconducting
polymers and points to further enhancements that can be made to obtain homogeneous nanostructured polymer assemblies based
on cylindrical micelles.

■ INTRODUCTION
Semiconducting polymers are a useful class of optoelectronic
materials thanks to their straightforward solution process-
ability, low cost, and structural tunability. These factors make
them a good choice as the active material for a range of organic
electronic devices, including photovoltaics, thermoelectrics,
light-emitting diodes, and transistors.1−4 However, semi-
conducting polymers suffer from intrinsic disorder that
disrupts maximal coplanarity of their conjugated π-system,
resulting in decreased conductivity and overall device perform-
ance. Because disorder can be so detrimental to polymer device
performance, extensive efforts across the field have been
targeted at inducing molecular order within semiconducting
polymer aggregates.5 Semiconducting polymers generally
transport charge carriers via two methods: along the π-
conjugated backbone of the polymer chain and by chain-to-
chain hopping within ordered crystalline π-stacked domains.
As such, efforts to increase the order in semiconducting
polymers have mostly focused on increasing π-overlap, for
example by fusing aromatic rings as in cyclopentadithiophene,
and on straightening polymer sidechains to facilitate transport
along the polymer chain.6,7

The simplest way to improve transport in conjugated
polymers is by increasing the crystallinity in semiconducting

polymer films, as increased crystallinity improves both the π-
stacking and the chain straightness.8−10 Tuning crystallinity is
often achieved by altering film processing conditions, including
solvent or substrate choice, deposition speed, and temper-
ature.11,12 In addition, polymer crystallinity can be controlled
via post-casting treatments, including thermal and solvent
annealing.13 Another approach is through sidechain engineer-
ing.5,14−18

Conjugated polymer order and intrinsic carrier mobility can
also be increased by straightening the polymer chains to
eliminate inherent trap states where conjugation is broken, and
this can additionally increase polymer crystallinity. For
example, polymer chains have been straightened by incorpo-
rating them into host−guest systems of aligned nanopores,19 or
via mechanical rubbing or solvent shearing,20−23 which can
increase conductivity by up to three orders of magnitude
relative to the unaligned systems.24,25 Although post-synthetic
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processing methods like these are promising, they are not likely
to be applicable at larger scales because they require special
processing that negates many of the attractive aspects of easily
processable plastic electronics.
Conjugated polyelectrolytes (CPEs) are polymers that

consist of a π-conjugated backbone with charged sidechains,
allowing for processing and self-assembly in polar solvents.
CPEs are also commonly used as fluorescent sensors in
biological systems, thanks to their unique combination of water
solubility and easily measured optical properties.26−29 In
addition, the ion-conducting abilities of some CPEs make
them effective interlayer agents in organic electronics such as
solar cells and organic electrochemical transistors
(OECTs).30−32

In this work, we utilize CPEs to achieve an overall
straightening of conjugated polymer chains without post-
processing. We introduce intrinsic order and chain straighten-
ing by expanding on a previous set of design rules to prepare
CPEs that will spontaneously self-assemble in solution into
micelles with the polymer chains running along the primary
micelle axis.33,34 Our design rules take advantage of the unique
properties of CPEs to create self-assembled conjugate polymer
systems, which may be useful in organic electronic
applications.33−35 The design rules we proposed to maximize
chain straightening were (1) use a hydrophobic conjugated
backbone bearing charged sidechains to create amphiphilic
behavior; (2) choose an alternating copolymer backbone so
that the charged sidechains can all reside on the same side of
the polymer backbone when the conjugated π-system is in a
near-coplanar conformation; (3) employ dual sidechains that
are branched off an sp3 hybridized carbon within the π-
conjugated backbone to hinder π-stacking and create an overall
3-D wedge-shape that promotes self-assembly of the polymer
into a cylindrical structure. These rules are represented here by
PCT, which is shown in Figure 1.
Using these design rules, we initially synthesized and

extensively studied poly(fluorene-alt-thiophene) (PFT, Figure
1), an alternating copolymer with a hydrophobic conjugated
backbone and two positively charged hydrophilic sidechains
branching from each fluorene unit. Although water can interact

favorably with the aromatic backbone, the aromatic inter-
actions between chains are much stronger than those with
water,36 so the conjugated backbone is not water-soluble. As a
result, the effective hydrophobicity of the conjugated backbone
and aliphatic sidechains, along with the fact that the charges on
the sidechains are designed to all lie on the same side of the
backbone, drives self-assembly of this amphiphilic polymer into
micelles.33−35 The alternating copolymer structure of PFT is
key to enabling worm-like micelle formation in aqueous
solutions, driven by favorable interactions of water with the
charged branched ammonium cations and less favorable
interactions between water and the aromatic rings along the
polymer chains. Studies of the optical and structural properties
of PFT have verified worm-like micelle assembly, along with
unusually efficient charge transfer to acceptor molecules that
are self-assembled within these micelles.33−35

Herein, a 4th rule expands on the concept of alternating
copolymer amphiphilic design: matching connectivity angles
between alternating monomer units to straighten the individual
polymer chains as much as possible within the self-assembled
micelles, as well as minimize steric hindrance to allow
monomers to adopt a relatively unhindered coplanar
conformation (Figure 1). Micelles are highly dynamic, and
fluctuations or partial bond rotations between aromatic units in
the copolymer chains should be possible. Despite these
dynamic fluctuations, matching connectivity angles and
minimizing steric constraints that prevent co-planarization
should favor well-ordered rod-like micelle formation, increas-
ing the length of linear regions of the micelle, also known as
the persistence length. In PFT, the alternating units have
matched bonding angles (Figure 1), but steric compression
between the 1,8-hydrogen atoms of fluorene and the 3,4-
hydrogen atoms of thiophene units forces the polymer chains
out of coplanarity, which gives these chains a much more
flexible overall structure (Figure S1). As a result, they would be
expected to form less-rigid micelles in an aqueous environ-
ment. By exchanging the fluorene with cyclopentadithiophene
subunits to obtain poly(cyclopentadithiophene-alt-thiophene)
(PCT, Figure 1), we gain two advantages over PFT. First,
unlike the sterically clashing hydrogen atoms in the
neighboring fluorene/thiophene units of PFT, the cyclo-
pentadithiophene and thiophene subunits in PCT have
virtually no steric restriction to rotation, increasing the overall
probability to maintain a coplanar conformation, and thus an
overall straighter polymer backbone (Figure S1). Although the
individual aromatic subunits are not frozen in a coplanar
conformation, they should be straighter, on average, than in
PFT when assembled in a micelle. The straighter backbone of
PCT should result in less disordered cylindrical micelles
compared to the PFT system. Second, in addition to
straightening the polymer chains, the use of cyclopentadithio-
phene subunits pushes the absorption spectrum well into the
red,37 making this polymer much more applicable for use in
organic photovoltaics and other visible light absorbing
applications.
The expansion of our design rules for straight-chain CPE

self-assembly into worm-like micelles in water has been studied
using a combination of cryo-EM, solution small-angle X-ray
scattering (SAXS), DAMMIN bead modeling, and CRYSOL
simulation of the SAXS scattering data. To aid with the
interpretation of P(r) patterns, close-packed bead modeling
was employed to simulate patterns for expected particle shapes.
We find that low molecular weight PCT forms relatively

Figure 1. Comparison of the steric mismatch and match between
PFT and PCT, showing that the 1,8-hydrogen atoms of fluorene and
3,4-hydrogen atoms of thiophene units force these rings to rotate out
of coplanarity in PFT. R = CH2CH2CH2N+Me2Et for both polymers.
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straight, rod-like micelles at low concentrations, while micelle
aggregation occurs at higher concentrations and that high
molecular weight PCT produces bent, worm-like micelles.
Additionally, PCT shows absorption that is ∼150 nm red-
shifted from PFT. Moreover, PCT forms well-ordered micelles
at low concentrations, while micelle disorder and aggregation
increase at higher concentrations. Overall, we demonstrate that
our design rules are verified and expanded to allow for the
design of different types of amphiphilic micelle-forming
polymer chains with a range of different band gaps.

■ EXPERIMENTAL SECTION
Materials. Chemical reagents were obtained from commercial

sources and used without further purification. Unless otherwise noted,
all reactions were performed under argon at 25 °C. Silicycle (Siliflash
P60) silica gel 60 (240−400 mesh) was used for all column
chromatography. Cyclopentadithiophene was purchased from Combi-
blocks at 98% purity. Tetrabutylammonium bromide was purchased
from TCI America at 99% purity. N,N-Dimethylacrylamide was
purchased from Sigma Aldrich at 99% purity. N-Bromosuccinimide
was purchased from TCI at 98% purity. Lithium aluminum hydride
was purchased from Sigma Aldrich at 95% purity. 2,5-Bis-
(tributylstannyl)thiophene was purchased from Sigma Aldrich at
97% purity. Tetrakis(triphenylphosphine)palladium was purchased
from Strem at 99% purity. Ethyl bromide was purchased from
Thermo Scientific at 98% purity.
Syntheses. 3,3′-(4H-Cyclopenta[2,1-b:3,4-b′]dithiophene-4,4-

diyl)bis(N,N-dimethylpropanamide) (1). Cyclopentadithiophene
(1.50 g, 8.40 mmol, 1.0 equiv) was dissolved in toluene (15 mL)
along with tetrabutylammonium bromide (250 mg, 0.840 mmol, 0.1
equiv) and N,N-dimethylacrylamide (3.33 g, 33.6 mmol, 4.0 equiv)
and sparged with argon for 15 min. Separately, a 50 wt % solution of
sodium hydroxide (7.5 mL) was sparged under argon. The sodium
hydroxide solution was then added dropwise to the reaction mixture
and heated at 65 °C overnight. After cooling to 25 °C, the solution
was washed with 1 M NaOH and then brine. The organic layer was
dried over MgSO4 and concentrated in vacuo. The residue was
triturated with n-pentane and the suspension filtered to yield
compound 1 as a tan solid (2.66 g, 91%). 1H NMR (500 MHz,
CDCl3): 7.17 (d, J = 4.7 Hz, 2H), 6.94 (d, J = 4.7 Hz, 2H), 2.77 (s,
6H), 2.63 (s, 6H), 2.35 (m, 4H), 1.73 (m, 4H) (Figure S2). 13C
NMR (500 MHz, CDCl3): 172.0, 153.9, 137.1, 124.8, 112.1, 54.1,
37.1, 35.4, 32.9, 27.5 (Figure S3). HRMS (DART) calculated for
C19H24N2O2S2: 377.1352; found: 377.1337.
3,3′-(2,6-Dibromo-4H-cyclopenta[2,1-b:3,4-b′]dithiophene-4,4-

diyl)bis(N,N-dimethylpropanamide) (2). Compound 1 (4.00 g, 15
mmol, 1.0 equiv) was dissolved in THF (100 mL) along with N-
bromosuccinimide (4.29 g, 24.1 mmol, 2.1 equiv). The reaction vessel
was covered in aluminum foil and stirred at 25 °C overnight under
argon. This mixture was concentrated in vacuo, and the residue was
redissolved in chloroform and washed with 10% aqueous sodium
thiosulfate, 1 M sodium hydroxide, and then brine. The organic layer
was dried over MgSO4 and evaporated on a Rotavap before
purification by chromatography on silica gel using hexanes/CH2Cl2/
MeOH (1:1:0.1) as an eluent to give compound 2 as a tan solid (4.98
g, 81%). 1H NMR (500 MHz, CDCl3): 6.95 (s, 2H), 2.81 (s, 6H),
2.68 (s, 6H), 2.32 (m, 4H), 1.73 (t, 4H) (Figure S4). 13C NMR (500
MHz, CDCl3): 172.5, 155.9, 137.3, 125.4, 121.7, 52.4, 37.0, 35.3,
33.3, 27.8 (Figure S5). HRMS (ESI) calculated for C19H22N2O2S2
[MH+]: 532.9568; found: 532.9528.
3,3′-(2,6-Dibromo-4H-cyclopenta[2,1-b:3,4-b′]dithiophene-4,4-

diyl)bis(N,N-dimethylpropan-1-amine) (3). Lithium aluminum hy-
dride (874 mg, 23.0 mmol, 3.0 equiv) was dissolved in THF (50 mL)
in a flame-dried round-bottom flask and then cooled to 0 °C in an ice
bath before concentrated sulfuric acid was added dropwise (2.45 mL,
46.1 mmol, 6.0 equiv) to generate AlH3 in solution. After stirring for 5
min, a solution of 2 (3.89 g, 7.68 mmol, 1.0 equiv) in THF (77 mL)
was added and refluxed overnight under argon. The reaction was
quenched with 1 M HCl at 0 °C and then basified with 1 M NaOH.

The precipitate was filtered and washed with THF. The resulting
filtrate was washed with brine and dried over MgSO4 and then
evaporated on a rotary evaporator. The product was purified on silica
gel with 5% MeOH in CH2Cl2 to give 3.12 g of bisamine 3 as a white
solid (80%). 1H NMR (500 MHz, CDCl3): 6.94 (s, 2H), 2.2−2.1 (m,
16 H), 1.83 (m, 4H), 1.07 (m, 4H) (Figure S6). 13C NMR (500
MHz, CDCl3): 155.3, 136.6, 124.4, 111.5, 59.6, 54.6, 45.4, 35.2, 22.6
(Figure S7). HRMS (ESI) calculated for C19H26N2O2S2 [MH+]:
504.9982; found: 504.9826.

Poly{(4,4-bis(3′-(N,N-dimethylamino)propyl)cyclopenta[2,1-
b:3,4-b′]dithiophene)-2,6-diyl-alt-(thiophene-2,5-diyl)} (4, U-PCT).
2,5-Bis(tributylstannyl)thiophene (4.08 g, 6.16 mmol, 1.0 equiv) and
bisamine 3 (3.12 g, 6.16 mmol, 1.0 equiv) were dissolved in THF
(175 mL) and sparged for 15 min under argon before tetrakis-
(triphenylphosphine)palladium (712 mg, 0.616 mmol, 0.1 equiv) was
added. The reaction was then refluxed for 3 days under argon. Upon
cooling to room temperature, the polymer was precipitated with 700
mL of hexanes and centrifuged in separate aliquots. The supernatant
was decanted, and the process was repeated until the supernatant was
light purple. The resulting polymer was vacuum dried to yield 1.85 g
of purple solid (69%). 1H NMR (500 MHz, CDCl3): 7.9−6.5 (br m,
4H), 2.4−1.5 (m, 20H), 1.5−1.0 (br m, 4H) (Figure S8). The
molecular weight of 4 (referred to as unquaternized PCT, or U-PCT)
was determined by gel permeation chromatography (GPC) (2,2,2,-
trifluoroethanol). Mn = 30,000, Mw =37,000, PDI = 1.2.

Poly{(4,4-bis(3′-(N-ethyl-N,N-dimethylamino)propyl)cyclopenta-
[2,1-b:3,4-b′]dithiophene)-2,6-diyl-alt-(thiophene-2,5-diyl)} Bro-
mide (PCT). Polymer 4 (100 mg, 1.0 equiv) was dissolved in THF
(30 mL) under argon. A very large excess of ethyl bromide (15 mL)
was added, and the mixture was refluxed for 4 days. The cooled
mixture was evaporated on a rotavapor to yield 146 mg of a purple
powder (97%). 1H NMR (500 MHz, DMSO-d6): 7.6−7.2 (m, 4H),
3.13−3.11 (m, overlapping with the H2O peak), 3.0−2.8 (m, 12H),
2.51 (s, 8H), 1.9−1.7 (br s, 4H), 1.5−1.3 (br m, 4H), 1.3−1.0 (m,
6H) (Figure S9). Size-selective precipitation was performed by
dissolving the polymer in minimal dimethyl sulfoxide (DMSO),
followed by the addition of sufficient ethyl acetate to generate a visible
precipitate. The mixture was centrifuged at 4000 rpm for 15 min to
pellet the precipitated high-molecular-weight (high-MW) polymer
fraction, and the supernatant was removed. A second precipitation
was performed by another addition of ethyl acetate, yielding a low-
MW polymer fraction. Both polymer fractions were washed with ethyl
acetate and dried under vacuum overnight.

Characterization. Spectroscopy Measurements. UV−vis absorp-
tion spectra were acquired using a Shimadzu UV-3101PC UV−vis−
NIR scanning spectrophotometer. Solutions were measured using a
quartz cuvette with a 1 cm path length. Solution NMR spectra were
obtained on a Bruker AV500 instrument.

Molecular Weight Measurements. Gel permeation chromatog-
raphy traces were obtained from a JASCO GPC with a UV-4075 UV
detector and an RI-4030 refractive index detector. The mobile phase
was 2,2,2-trifluoroethanol with 20 mM sodium trifluoroacetate as an
additive, operating at a flow rate of 500 μL/min. The equipped
columns were two in tandem, 300 mm PSS PFG analytical linear
columns with 5 μm particle size. The samples were calibrated to
poly(methyl methacrylate) standards manufactured by PSS.

Cryo-Electron Microscopy (Cryo-EM). Cryo-EM grids were
prepared using a Vitrobot Mark IV cryo-sample plunger. A total of
2 μL of polymer sample at a concentration of 0.5 mg/mL was
deposited onto a glow-discharged Quantifoil holey-carbon grid (SPI
Quantifoil R3.5/1). The grid was then blotted dry and rapidly frozen
by plunging into a 2:1 mixture of liquid propane to liquid ethane
cooled to liquid nitrogen temperature, producing thin films of vitreous
ice containing the sample in the holey carbon film. Grids were imaged
on an FEI (Hillsboro, OR) Tecnai G2 TF20 EM (Electron Imaging
Center for Nanomachines, California Nanosystems Institute, Los
Angeles, CA) operating with an accelerating voltage of 200 kV.
Images were acquired in transmission mode with a TIETZ F415MP
4k × 4k pixel CCD camera at 50k× magnification with a defocus
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value of 3−4 μm, and the total beam exposure was maintained
between 20 and 40 e/Å2.
Solution SAXS. Solution SAXS was collected at the Stanford

Synchrotron Radiation Lightsource using beamline 4-2. The solution
samples were dissolved in milli-Q ultrapure water and loaded into a
quartz capillary and held at room temperature. The scattering X-rays
(12 keV) were collected using a 2D detector at a sample-to-detector
distance of 1.7 m. The 2D patterns were radially averaged to obtain
the 1D scattering curves. GNOM, DAMMIN, and CRYSOL, packages
in the ATSAT software suite developed by the European Molecular
Biology Laboratory (EMBL), were utilized to process and fit the
SAXS data. The P(r) plots were obtained using the GNOM software
from the European Molecular Biology Laboratory.38 The smoothed
1D SAXS data were used for bead modeling, using DAMMIN, Monte
Carlo-based modeling software.39 CRYSOL, another feature in the
ATSAT software package, was used to simulate and fit atomic model
structures to experimental SAXS data.40 Parameters for the bead
modeling and CRYSOL simulation can be found in the Supporting
Information (SI).
J−V Device Fabrication and Measurement. Devices were

fabricated on 1.5 cm × 1.5 cm indium tin oxide (ITO)-coated glass
substrates, which were cleaned by sonicating successively in soap
water, deionized water, ethanol, dichloromethane, and acetone for 15
min each. Substrates were then plasma cleaned using a PDC-32G set
to a low RF level for 5 min. PCT films were spin-cast onto the clean
substrates using a VTC-100 spin coater at 2100 rpm for 90 s from a
20 mg/mL aqueous solution of high-MW PCT. U-PCT films were
drop-cast from 10 μL of a 10 mg/mL ethanolic solution. The solution
layer was allowed to equilibrate with its vapor in a petri dish before
the dish was opened slightly to induce drying. Films were completely
dried by storing under vacuum overnight. An aluminum layer of 80
nm was deposited at a rate of 0.5 Å/s under vacuum resulting in an
electrode surface area of 6.6 mm2. The dark current injection was
performed using a Keithley 2400 sourcemeter under ambient
conditions. The thicknesses of the U-PCT and PCT films were
measured using a Dektak 150 profilometer. The measured thicknesses
were 111 and 198 nm for U-PCT and PCT, respectively.
Grazing Incidence Wide Angle X-ray Scattering (GIWAXS).

GIWAXS data were collected at the Stanford Synchrotron Radiation
Lightsource (SSRL) using beamline 11-3. The beam energy was 12.7
keV, and the incidence angle was 0.12°. The sample-to-detector

distance was 250 mm. The sample chamber was filled with helium,
and the samples were irradiated for 90 s each. Scattering was collected
on an area detector, and the 2D diffraction patterns were radially
integrated to produce 1D diffraction patterns shown here using the
WAXStools package in Igor Pro.

■ RESULTS AND DISCUSSION
Figure 1 and Scheme 1 show the structure of amphiphilic PCT,
indicating how a straight backbone is achieved by using
cyclopentadithiophene and thiophene as the monomeric units;
amphiphilicity is conferred by incorporating two hydrophilic
ammonium sidechains per cyclopentadithiophene unit branch-
ing off the backbone of the polymer. The total synthesis of
PCT has been realized as shown in Scheme 1. We found that it
was much easier to introduce these sidechains via a double
Michael addition of N,N-dimethylacrylamide at the sp3 carbon
of the cyclopentadithiophene moiety (Scheme 1), which
considerably enhances the yields of the intermediates
compared to the more traditional double alkylation approach
with ClCH2CH2CH2NMe2.

30,31,34 Our attempts to pursue the
latter approach resulted in complete loss of the very expensive
cyclopentadithiophene starting material. The NMR character-
ization data for the intermediates and final products can be
found in Figures S2−S9. We have also shown that introducing
the sidechains via double Michael addition works with fluorene
in addition to cyclopentadithophene (Figures S10−S12).
Subsequent bromination of the outer cyclopentadithiophene
rings followed by reduction of the N,N-dimethylamide in 2 to
N,N-dimethylamine in 3 using in situ generated AlH3 yielded
the monomeric core (3) of PCT. After copolymerization of 3
with 2,5-bis(tributylstannyl)thiophene, polymer 4, or U-PCT,
was quaternized with excess bromoethane to generate the
hydrophilic N,N-dimethyl-N-ethylammonium moieties in
PCT. The versatility of this strategy allows for straightforward
changes to the core or side chains of these or other linker units
and thus allows us to obtain a potential library of amphiphilic
polymers.

Scheme 1. Greatly Improved Synthetic Approach to PCT Making Use of a Double Michael Addition of N,N-
Dimethylacrylamide onto Cyclopentadithiophene
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Optical characterization of PCT in aqueous solution is
shown in Figure 2a. The absorption spectrum of PCT shows a
band gap that is red-shifted by ∼150 nm compared to the
previously studied micelle forming polymer, PFT. The large
shift is the result of exchanging higher band-gap fluorene units
for lower band-gap cyclopentadithiophene units. As expected,
the emission spectrum is also shifted to lower energy and is
centered in the red region of the visible spectrum.
These optical spectra demonstrate that the band gap of the

CPEs created using our design rules can easily be tuned, with
only minor changes in the backbone structure.41

To investigate the self-assembly of PCT into worm-like
micelles, we began with cryo-EM on flash-frozen dilute
aqueous solutions of PCT, as seen in Figure 2b. The cryo-
EM samples were prepared as described in the Experimental
Section, producing thin films of vitreous solution suspended
across holey-carbon grids. The resulting image shows many
individual micelles overlapping one another, with dark spots
indicating points of intersection. Each micelle measures about
2 nm in diameter. Because the electron density contrast
between water and PCT is low, the TEM image in Figure 2b is
not well resolved. It is nevertheless a real-space image of the
self-assembled PCT micelles that form in aqueous solutions.
To complement the cryo-EM images, we used SAXS to

provide more quantitative information on the size and shape of
self-assembled PCT micelles and aggregates in solution. All
samples measured by solution SAXS underwent size-selective
precipitation to separate high- and low-molecular weight
(MW) polymers prior to dissolution in water, as described in
the Experimental Section. The raw SAXS scattering curves in

Figure 3a for both high- and low-MW PCT samples (red and
blue curves, respectively) are fairly featureless, which is
expected for cylindrical micelles in solution.35,42,43 The general
shape of the solution self-assembly can be determined by
fitting to a power law based on the Guinier−Porod model,
wherein the power-law slope is indicative of the polymer fractal
structure.44 In essence, this power law slope is representative of
the dimensionality of the average shapes in solution: slopes of
1, 2, and 3 correlate to rods, disks, and spherical structures,
respectively. Interactions between molecules, or branching/
bending in the case of rods, can result in deviations from a
slope of 1.
The power-law slope is properly measured for worm-like

micelles in the region given by the Guinier−Porod model. This
region roughly lies between the q-values corresponding to the
diameter and length of the micelles.44 Preliminary estimates for
a rod-shape micelle (diameter = 20 Å, length = 400 Å) suggest
that the intermediate-q region that follows the power law lies in
0.011−0.24 Å−1 (calculations described in the SI). Figure 3a
shows that for both the high- and low-MW PCT scattering
profiles have slopes near 1 in this region, with the low-MW
scattering profile fitting precisely to 1. The higher power-law
slope of 1.2 for high-MW PCT may be explained by micellar
bending, as shown in the left inset of Figure 3b. For
comparison, the power-law slope of low-MW PFT is 1.4
(Figure S13), and it is 1.5 for high-MW PFT.32 This is
evidence that the absence of steric compression between the
hydrogen atoms of neighboring thiophene and cyclopentadi-
thiophene indeed straightens the polymer chains and results in
stiffer micelles.

Figure 2. (a) Optical characterization of PCT showing that its lower
band gap results in absorption in most of the visible region, compared
to PFT which absorbs only in the blue. (b) Cryo-EM micrograph of a
frozen PCT solution showing micelle-like structures with an average
diameter of 2 nm.

Figure 3. (a) Radially averaged SAXS data with power-law fits, and
(b) P(r) transformations of the SAXS data confirming rod-like micelle
structures for both high- (red) and low- (blue) MW PCT in water.
The right inset in panel (b) and the numbers on the curves show
where the micelle diameter (region 1) and length (region 2) are
reflected in the data, and the left inset shows how micelle curvature
results in correlations across the curve (region 3).
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The 1D scattering data shown in Figure 3a can be further
interpreted by indirect Fourier transformations to a pair-
distance distribution function, P(r), as seen in Figure 3b. The
P(r) function represents the average relative probability of
electron density correlations at a given separation distance,
r.42−44 Simulated P(r) patterns with corresponding I(q)
patterns for various ideal shapes are shown in Figure 4. The

P(r) functions derived from the SAXS data for low-MW PCT
confirm a rod-like micelle, showing a sharp peak correlated
with the cylinder diameter (Figure 3b, region 1) followed by a
linear decay that terminates at the x axis (region 2) near a
value, Dmax, correlated with the long axis length of the micelle.
We found that the shape of the linear decay and the
intersection with the x axis did not change significantly when
iterating the maximum cutoff size (Dmax), indicating that the fit
is robust. For both the high- and low-MW PCT (red and blue
curves, respectively), there is a sharp peak near r = 20 Å.
Particularly in the case of low-MW PCT, P(r) demonstrates a
shape nearly identical to that of a straight rod-like particle with
a length of 400 Å.
For the high-MW sample, aside from the generally rod-like

shape of the P(r) pattern, there is also a broad peak centered at
around 150 Å (red curve, regions 3), suggesting that additional

particle correlations are possible with longer chain lengths. The
peak in region 3 is likely due to micellar bending, as shown
pictorially in the Figure 3b left inset and in Figure 4 for a single
radius of curvature (RC = 80 Å). Because the longer polymer
chains of high-MW PCT are expected to produce longer
micelles, this type of bending fluctuation should become
increasingly common in higher molecular weight polymers.
Unlike with low-MW PCT, the bent shape of the high-MW
PCT micelles disallows correlations along the full length of the
micelle, meaning region 2 in this case represents the longest
correlations across the bent micelle, instead of the physical
length of the micelle. Together, the presence of these intra-
micellar correlation peaks suggests a more curved shape in
high-MW PCT micelles, though the underlying worm-like
shape of the micelles is preserved.
To further explore the structure of our amphiphilic polymer

assemblies, we also utilized DAMMIN bead modeling, which is
a Monte Carlo-based optimization procedure to fit the SAXS
data. In the fitting process, the 1D SAXS data were first fit to a
smoothly varying function (green curve in Figure 5) so that the

Monte-Carlo routine does not try to fit structure to the noise
in the data. Beads in a simulation box were then moved using
Monte-Carlo methods to create structures whose scattering
profiles best matched the fit to the scattering data.39 The fits
are usually not unique, so a series of best fit structures are used
to define the average best structure in solution. Due to
computational limitations, we were not able to use simulations
boxes larger than 140 Å, which is smaller than some of the
correlation distances shown in Figure 3b. The visible mismatch
in the very low-q region is related to this relatively small box
size.
DAMMIN bead models for low-MW PCT (Figure 5a)

generally show straight, rod-like chains that agree with both the
power-law fits and the P(r) data presented in Figure 3. For the

Figure 4. Simulated (a) I(q) and (b) P(r) patterns for possible
particle shapes. (c) Close-packed bead models of the possible particle
shapes. The selected rod-like shapes represent deviations from an
ideal rod by aggregation (bundle) and by deformation (bent rod). It is
noteworthy that bending of the rod-like particle produces a distinct
difference in the P(r) pattern that is not visually obvious in the I(q)
pattern. The computational procedure is described in the SI. Regions
1, 2, and 3 are defined as in Figure 3b. Figure 5. DAMMIN bead model fits and structures for (a) 1 mg/mL

high-MW PCT, and (b) 1 mg/mL low-MW PCT. Models for the low-
MW PCT show straighter bead segments while those for the high-
MW PCT show a significant bending curvature.
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high-MW PCT samples, the overall shape of the reconstruc-
tions is still rod-like, but now all the cylinders show some
curvature (Figure 5b), consistent with the additional intra-
micellar correlation peak observed in the P(r) pattern. We
emphasize that the DAMMIN fits are artificially small, given
that the bending-related correlation distances (region 3 of
Figure 3b) peak is near ∼150 Å and the simulation box is only
140 Å. Thus, the fits should not be taken as exact structures,
but rather as sample configurations that contain features likely
found in the real micellar structures. Overall, both the high-
and low-MW DAMMIN bead models further demonstrate that
PCT forms worm-like micelles in solution. More representative

examples of bead models computed for low- and high-MW
PCT are shown in Figures S14 and S15.
To gain more detailed insight into the micellar structure in

solution, we utilized the CRYSOL package in the ATSAT
software suite to simulate and fit scattering profiles based on
model atomic structures.40 We built illustrative micellar
structures composed of 1−5 chains using the Spartan 20
atomic modeling program and then simulated I(q) and P(r)
patterns using CRYSOL (Figure 6). In all cases, the data are
qualitatively similar to the measured I(q) and P(r) data.
Quantitative comparison allows for differentiation, however.
By comparing the position, r, of the diameter-related

Figure 6. (a) Illustrative atomic structures of PCT micelles with one to five chains generated in Spartan 20. (b) Simulated I(q) data for each of the
five structures from part (a) generated using CRYSOL, (c) simulated P(r) data for each of the structures from part (a), generated using CRYSOL.
(d) Position of the first correlation peak from the P(r) simulations in part (c).

Figure 7. Concentration-dependent I(q) and P(r) patterns for (a, b) low-MW PCT and (c, d) high-MW PCT. P(r) patterns (a, c) were obtained
by indirect Fourier transformation of the radially integrated 1D I(q) SAXS patterns (b, d). Power-law slopes (α) are given in the legends for the
regions indicated with lines in (b, d). Regions 1−3 in panels (a) and (c) are indicated in relation to the cartoons in Figure 3b, and region 4
represents inter-micellar correlations in aggregated micelles as shown in Figure 7. The position of the region 4 aggregation peak is different for the
low and high molecular weight samples, indicating that the nature and details of the aggregated structures vary with micelle length.
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correlation peak to the measured peak position (Figure 6d), we
estimate that the PCT micelles are composed of 4−6 chains.
To observe how the concentration of polymer in solution

affects micelle formation and the types of micellar interactions,
solution SAXS was performed on both low- and high-MW
PCT at varying concentrations (Figure 7). In non-interacting
systems, the scattering profiles do not change shape as the
concentration changes, and only the scattering intensity
increases with increasing concentration.45,46 For interacting
systems, however, repulsive or attractive interactions can result
in new aggregation-related peaks as concentrations increase.
Figure 7a shows concentration-normalized P(r) transforma-
tions for the low-MW fraction of PCT. The peak at 20 Å
remains the same for all concentrations, indicating that the
worm-like shape of the micelles remains unchanged.47

However, as the concentration increases, a broad peak appears
at ∼400 Å, which we define as region 4 likely corresponding to
micellar aggregation.
Simulated P(r) patterns for aggregated worm-like micelles

(1−3 micelles) are shown in Figure 8. From these patterns, we

see that the appearance of a prominent peak resembling the
P(r) of a ball-like particle corresponds to correlations between
micelles that are close to each other. The shape of the
simulated P(r) for a micellar aggregate closely resembles that
of the high-concentration low-MW solutions. Because micelles
of low-MW PCT are relatively straight due to shorter polymer
chain length, the high aspect ratio of the rod-like micelles
makes them prone to aggregation. This aggregation also causes
an increase in micellar bending due to contact with other
micelles, as reflected in the increasing power-law slopes with
increased concentrations (from 1.0 at 1 mg/mL to 1.2 at 10
mg/mL) in Figure 7b.
For the high-MW PCT, increasing concentration is again

shown to result in the emergence of a new broad peak at a
larger distance, but in this case, the peak position is smaller,
with a peak at ∼250 Å (region 4, Figure 7c). The new peak is

accompanied by a slight increase in the power-law slope
(Figure 7d). Although the identity of this peak is not known
with certainty, it may also be related to micellar aggregation,
with the smaller size resulting because bent micelles are less
prone to aggregation. Alternatively, it could be a high-
probability nearest-neighbor distance between non-aggregated
micelles. Note that this nearest neighbor distance is different
from an X-ray structure factor, which requires long-range
sample order. Such a nearest-neighbor correlation peak should
be absent from the P(r) patterns of low-MW PCT because the
low-MW micelles are aggregated at higher concentrations,
resulting in very long nearest-neighbor correlations between
micellar aggregates that lie outside the measured range. On
comparing the P(r) patterns of low- and high-MW PCT, we
can conclude that higher-MW PCT permits the formation of
bent micellar structures that are less prone to aggregation while
lower-MW PCT produces straighter individual micelles that
tend to aggregate at higher concentrations.
Given that cryo-EM and solution SAXS confirm that PCT

self-assembles into worm-like micelles in aqueous solution, the
next question is whether these structures are maintained in
PCT films. Although a full film structural study is outside of
the scope of this work, some information can be gained from
GIWAXS experiments performed on PCT films cast from
aqueous solutions. Almost all conjugated polymers show some
diffraction due to partial crystallinity induced by π-stacking.
Specifically, almost all conjugated polymers show at least two
characteristic peaks in their GIWAXS patterns that are
correlated with the lamellar distance and a π−π stacking
distance. As shown in Figure 9a, this is true for both highly

Figure 8. (a) Simulated P(r) patterns for micellar aggregates. (b)
Bead models for micelle aggregates composed of 1−3 micelles. The
preservation of a diameter-related correlated peak at low r, combined
with a spherical correlation peak that dominates the pattern, is
characteristic of micellar aggregation.

Figure 9. (a) Radially integrated GIWAXS patterns of several films of
conjugated polymers. Regardless of crystallinity, conjugated polymers
typically show two characteristic peaks (lamellar and π-stacking).
However, micelle formation, as shown in the blue curve, disrupts the
conjugated polymer’s ability to π-stack, resulting in low scattering. (b)
SCLC measurements of PCT and U-PCT diodes.
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ordered conjugated polymers like poly(3-hexylthiophene-2,5-
diyl) (P3HT, black curve) and amorphous conjugated
polymers like dihexyl-substituted poly(3,4-propylenedioxythio-
phene) (ProDOT, purple curve). In agreement with this idea,
the non-amphiphilic precursor polymer U-PCT (green curve),
which does not have charged sidechains and thus should not
form micellar structures, also shows these two peaks (Figure
9a). In contrast, the micelle-forming PCT conjugated polymers
show very little scattering (blue curve), suggesting that micelle
formation inhibits standard polymer crystallization. Consistent
with the hypothesis that micelles are preserved in the solid
state is the fact that PCT does show a broad, low intensity peak
in the high-q region around 1.4 Å−1 that is usually associated
with disorder, partly π-stacked correlations, but the diffraction
pattern for PCT shows no hint of a lamellar peak at low q.
Although a lack of diffraction is not proof of micelle
preservation in the solid state, it is consistent with this
hypothesis.
The ability to easily produce nanostructured films of worm-

like micelles from solutions by spin-casting is expected to
benefit devices that rely on polymer morphology, such as
OECTs. To verify that the films produced in this method have
electronic properties promising for these applications, the
space-charge-limited current (SCLC) method was used to
calculate drift mobilities for films of PCT and U-PCT (shown
in Figure 9b) deposited on ITO, with evaporated Al used as
the top electrode. PCT creates micellar structures in aqueous
solutions and likely maintains that structure in the solid state,
but U-PCT does not form micelles due to the lack of charged
sidechains. Thus, we expect PCT to have a higher drift
mobility than U-PCT. As shown in Figure 9b, both films show
SCLC behavior with a slope of 2 in a log−log plot at higher
voltages, but the turn-on voltage for the PCT film is markedly
lower, suggesting improved electrical contacts, perhaps
facilitated by the ionic character of the PCT. The drift
mobility of the PCT film was calculated to be 40% higher than
that of the U-PCT film (1.4 × 10−7 cm2/V s for PCT, 1.0 ×
10−7 cm2/V s for U-PCT), indicating that the worm-like
micellar nanostructure of the PCT films increases the drift
mobility. This finding opens up the potential for using micelle
forming conjugated polymers in thin film device applications.

■ CONCLUSIONS
With this work, we have demonstrated the utility of our design
rules for straightening polymer chains using self-assembling
amphiphilic CPEs by exploring the formation of cylindrical
micelles in PCT. The band gap of PCT sits in the middle of
the visible range, making this polymer well suited for future
optoelectronic applications. Solution SAXS characterization of
PCT demonstrates that low-MW PCT can form straight rod-
like micelles in solution at low concentrations, as suggested by
a power-law slope of 1 in the I(q) pattern and corresponding
P(r) profile that matches the theoretical shape for a rod-like
particle. In high-MW PCT, the micellar structure at low
concentrations is worm-like and shows evidence of micellar
bending by the presence of intra-micellar correlations in the
P(r) pattern in combination with a higher power-law slope in
the I(q) pattern. With increasing polymer concentration in
solution, the rod-like low-MW PCT micelles begin to
aggregate into larger aggregates while the bent high-MW
PCT micelles show less aggregation. Regardless of different
molecular weights and different concentrations, PCT in
solution maintains an underlying worm-like micellar structure,

and films spin-cast from high-MW PCT appear to maintain
this structure, resulting in an improved drift mobility compared
to the semi-crystalline U-PCT films.
Our design rules for amphiphilic self-assembly of charged

conjugated polymers open up exciting potential for further
studies in which self-assembling polymers are combined with
various excited state electron acceptors to study charge transfer
properties, both in solution or in the solid state. Together, our
design rules include (1) a hydrophobic core with hydrophilic
sidechains, (2) an alternating copolymer in order to ensure
that all polar substituents can reside on the same side of the
polymer chain after self-assembly, (3) a substituent branching
point from an sp3 carbon created by linking two aromatic rings
of a copolymer unit to prevent random polymer aggregation
and π-stacking, and lastly, (4) a connecting dihedral angle close
to 180° between repeat units of co-monomers and the absence
of steric interactions between aromatic units to produce a
straighter polymer chain. Due to the high structural tunability
within these parameters, many other CPEs can be synthesized
using these design rules. This class of water-soluble polymers
with inherent order and nearly straight polymer chains may
help reduce the many trap states which are typically seen in
semiconducting polymers, thereby improving electronic
performance in devices.
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