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ABSTRACT: We report on the solution-state assembly of
all-conjugated polythiophene diblock copolymers contain-
ing nonpolar (hexyl) and polar (triethylene glycol) side
chains. The polar substituents provide a large contrast in
solubility, enabling formation of stably suspended crystalline
fibrils even under very poor solvent conditions for the
poly(3-hexylthiophene) block. For appropriate block ratios,
complexation of the triethylene glycol side chains with
added potassium ions drives the formation of helical nano-
wires that further bundle into superhelical structures.

Solution-processable conjugated polymers have received at-
tention in recent years due to their potential for cost-effective,
lightweight, and flexible electronics and photoactive materials."
Among 7t-conjugated polymers, polythiophene (PT) derivatives
have been the most intensively studied as p-type active layer
materials for thin-film organic solar cells and field effect transis-
tors due to their high hole mobilities.” High-performance devices
from such materials benefit from precise control of nanometer-
scale morphology and molecular-scale crystallinity within the
active components.” Thus, the control of thin-film morphology
through self-assembly of rationally designed golymers is being
pursued as a means to optimize performance.” In the simplest
case, placing aliphatic side chains on the PT backbone promotes
solubility, enabling solution-state assembly into 1-D crystalline
nanowires,* and also allowing electronic properties to be tuned as
a function of side-chain length.® Such solution-processed nanos-
tructures are attractive building blocks for fabricating thin-film
devices, since they provide efficient intermolecular charge trans-
port through crystalline domains without delicate thermal or
solvent vapor annealing treatments.’ The use of block copoly-
mers, wherein a poly(3-alkylthiophene) (P3AT) block is cova-
lently connected to another p-type polymer, an n-type polymer, or
an insulating block, provides improved control over the self-
assembled structures due to immiscibility or differences in crystal-
linity or solubility between the blocks.” However, the self-assembly
of such polymers into crystalline nanostructures with precisely
controlled shapes and sizes remains largely unexplored.

Here we describe the solution-state self-assembly of PT-based
diblock copolymers, in which one PT block contains nonpolar
side chains and the other PT block contains polar substituents.
Specifically, we prepared regioregular poly(3-hexylthiophene)-
block-poly(3-triethylene glycol thiophene) (P3HT-b-P3(TEG)T)
diblock copolymers (Figure 1) that provide two distinct advan-
tages for solution-state assembly. First, the large contrast in
solubility between the blocks allows for the efficient formation of
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Figure 1. Molecular structure of P3HT-b-P3(TEG)T diblock copoly-
mers and schematic representation of their assembly into superhelical
structures through crystallization in the presence of potassium ions.

stably suspended crystalline nanostructures through addition of a
poor solvent for P3HT, without the need to introduce a
nonconjugated (i.e., photoinactive) solubilizing block. Second,
the ability of the TEG side chains to complex alkali metal ions
provides an additional handle to tune the hierarchical self-
assembly of these conjugated polymers. These polymers give
rise to nanowires upon addition of methanol to solutions of
P3HT-b-P3(TEG)T in chloroform, with wire lengths that de-
pend on block ratio and solvent quality. In addition, for appro-
priate block ratios, the presence of K* ions during self-assembly
drives formation of helical wires that further bundle into super-
helices containing two or more crystalline fibrils, as represented
schematically in Figure 1 and described in detail below.

P3HT-b-P3(TEG)T diblock copolymers were synthesized
following the procedure of McCullough and co-workers
(Scheme S1).* The P3HT block was prepared by Grignard
metathesis (GRIM) polymerization (using Ni(dppp)CL) to give
P3HT with a living chain-end, which was chain-extended into the
diblock structure using the TEG-substituted thiophene monomer.
The resulting products were purified by sequential Soxhlet extrac-
tion using methanol, hexane, and chloroform, respectively. Three
diblock copolymers were studied in detail, having similar overall
molecular weights but different targeted P3HT:P3(TEG) T weight
ratios of 1:1, 2:1, and 4:1, denoted H1T1, H2T1, and H4T]1,
respectively. The actual ratios of the block lengths determined by
"H NMR spectroscopy, and the polystyrene-equivalent molecular
weights estimated by gel permeation chromatography (GPC)
using chloroform as the eluent, are shown in Table 1.

In general, self-assembly of P3HT into crystalline nanowires
can be achieved by addition of a nonsolvent to a polymer solution
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Table 1. Characteristics of P3HT-b-P3(TEG)T Polymers

polymer type  P3HT:P3(TEG)T weight ratio® M, (g-mol )’ PDI’

HI1T1 1.0:1 18000 1.7
H2T1 2.2:1 16 000 1.7
H4T1 4.0:1 18 000 15

“ Determined from "H NMR. " Estimated by GPC.

in a good solvent.®™® Here, the P3HT-b-P3(TEG)T polymers
were initially dissolved in chloroform, a good solvent for both
blocks. Aggregation was induced by addition of methanol, a
selective solvent for P3(TEG)T, as indicated by a color change of
the solution from orange to purple and confirmed by UV—vis
and photoluminiscence (PL) spectroscopy. For example, the
absorption spectrum of H2T1 in chloroform exhibited a single
peak, with a maximum at 450 nm, similar to dissolved P3HT in
solution.'® However, increasing methanol content in solution
gave UV —vis spectra with a progressive decline in absorption at
450 nm and growth of vibronic bands at 515, 550, and 600 nm,
indicative of interchain 7—J interactions associated with sem-
icrystalline aggregate formation (Figure 2.;1).53’11 The isosbestic
point at 502 nm indicates the presence of two distinct species, i.e.,
isolated H2T1 chains and aggregates. The PL spectrum of H2T1
revealed a progressive quenching of photoluminescence with
increasing methanol content in the chloroform/methanol mix-
ture, further confirming polymer aggregation (Figure $2a)."'*!?

Dynamic light scattering (DLS) performed on H2T1 solutions
in chloroform/methanol mixtures provided further understanding
of these structures, as analyzed using the CONTIN method. In a
19:1 chloroform/methanol mixture, a narrow size distribution with
an average hydrodynamic diameter of 8 nm (Figure 2b) was
observed, consistent with the large majority of chains being well
dissolved. However, the weak vibronic bands in the UV—vis
spectrum (Figure 1a) suggest that a small fraction of aggregates
are present at this composition. As the methanol content increased,
clear bimodal size distributions developed, indicating coexistence of
dissolved P3HT-b-P3(TEG)T and larger aggregates."> The peak
diameter of the aggregates increased from 78 to 342 to 531 nm for
chloroform/methanol ratios of 9:1, 7:1, and 4:1, respectively,
indicating a progressive growth in aggregate size.

Structural examination of H2T1 aggregates was performed by
transmission electron microscopy (TEM) on samples cast from
1 mg/mL solutions. At a 19:1 chloroform/methanol ratio, self-
assembly of H2T1 gave only short nanofibers, with lateral
dimensions of 14—16 nm and lengths of a few hundred nano-
meters (Figure 2c). As anticipated on the basis of the UV—vis
and DLS results, further addition of methanol drives the forma-
tion of longer nanofibers with lengths of several micrometers for
a 4:1 solvent mixture, as shown in Figure 2d (additional images
Figure S3). AFM characterization of H2T1 in a 4:1 chloroform/
methanol solution revealed the fibrillar aggregates to have
thicknesses of ~4.5 nm (Figure 2e). The structures formed by
H2T1 in chloroform and methanol solvent mixtures are there-
fore quite similar to the fibrillar aggregates formed by alkyl-sub-
stituted polythiophene homopolymers in marginal solvents.*!4
However, a key distinction is that, in the same solvent mixture,
P3HT homopolymers precipitate as large aggregates with ill-defined
structures, because methanol is a very poor solvent for P3HT. Thus,
the introduction of polar TEG side chains to polythiophene diblock
copolymers greatly extends the range of solvent conditions under
which well-defined crystalline fibrils are formed. In addition, we
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Figure 2. (a) UV—vis absorption spectra and (b) size distributions of
H2T1 from DLS for different solvent mixtures (chloroform:methanol
(v/v), 1 mg/mL polymer). TEM images of self-assembled nanostruc-
tures formed in (c) 19:1 and (d) 4:1 chloroform/methanol mixtures. (e)
AFM image of nanofibrils of H2T1 with height information. (f) High-
magnification TEM image suggesting coiling of H2T1 fibrils.

noted a wavy appearance of the H2T1 nanowires in the TEM
micrographs of Figure 2d,f, with a periodicity of ~100 nm, suggest-
ing a natural propensity for the wires to coil.

As oligo(ethylene glycol) can complex alkali metal cations,
especially potassium, these diblock copolymers offer additional
opportunities to tailor nanostructure morphologies during crys-
tallization from solution.”*!> Remarkably, when KI salt was
added to a solution of H2T1, helical ribbon structures were
formed, as observed by TEM. At a salt concentration of 0.47 mM,
corresponding to a 2.5:1 molar ratio of K to TEG chains, well-
defined helical structures were formed, consisting of single
nanoribbons of width 13—16 nm, coiled with a regular pitch of
~110 nm, as seen in Figure 3a. The contrast variations along each
single helix gave rise to a banded appearance that allowed left-
and right-handed helices to be distinguished. As expected based
on the achiral nature of the self-assembling molecules, a roughly
equal mixture of left- and right-handed helices was observed;
circular dichroism measurements (Figure S4) also did not reveal
any preference for a particular chirality. Figure 3b shows two
single-helical ribbons of the same handedness intertwining to
form a double-stranded helix. After 1 day of aging in solution,
predominantly multiple-stranded helical structures were ob-
served, as seen in Figure 3c. Interestingly, the pitch of a super-
helix containing n elementary strands was found to be # times the
pitch of the single helical ribbons; i.e., while the single-helical fibrils
repeat their structure every 110 nm, the double helices show a
repeat distance of 230 nm (Figure 3b), and larger bundles show
correspondingly greater pitches (Figure SSa). When the KI
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Figure 3. (a) TEM images of H2T1 after addition of KI revealed helical
ribbons with a regular pitch. Inset: magnified image (scale bar, 20 nm).
TEM images showing the structural transformation of H2T1 containing
KI (0.47 mM) from (b) single- to double- and (c) multiple-stranded
helices. Inset: TEM image and schematic showing association of double
helices into quadruple superhelices (scale bar, 100 nm). (d) Absorption
changes (monitored at 450 and 600 nm) of H2T 1 solution upon gradual
addition of methanol, or 0.12 mM KI in methanol, into 200 #L of a
chloroform solution of H2T1 (0.1 mg/mL).

concentration was doubled to 0.94 mM, bundles of two or more
helical strands were found after only 30 min of aging (Figure SSb).

To determine whether crystallization and salt complexation act
cooperatively to drive assembly, two additional experiments were
performed. First, the absorption spectra of H2T1 in chloroform/
methanol mixtures were measured, both with and without alkali
metal ions. The degree of aggregation was assessed by comparing
the absorption at 600 nm, correlated with the degree of interchain
order,6b’l to that at 450 nm, characteristic of nonaggregated chains.
As seen in Figure 3d, the presence of KI led to more pronounced
aggregation of H2T1 at a given methanol content, indicating that
both the reduction in solvent quality and ion complexation
promote aggregation of block copolymer chains into fibrils. Second,
the importance of simultaneous addition of salt and poor solvent
was investigated. When KI was introduced to suspensions of fibrils
that had previously been prepared in chloroform/methanol mix-
tures, no tendency for H2T1 to form superhelical nanowires was
observed. Therefore, the observed helical assemblies do not simply
reflect a salt-induced bundling of H2T1 fibers, but instead indicate
a cooperative process of crystallization and complexation.

‘While superhelix formation represents a common self-assembly
motif for peptides,'® block copolymers,'” and dendrimers,'® a
unified understanding of this behavior is lacking, especially
for achiral molecules. However, twisting and helical bundling
in achiral systems can be understood in many cases by the
introduction of attractive interactions along the periphery of
slender objects. Twisting into helices allows for efficient contact
between the surfaces on neighboring loops along the helix, and
the competition against bending provides a preferred pitch. Such
effects have been observed for multivalent ion complexation by

lipid tubules'® and block copolymer micelles'”” and were predicted
for elastic tubes in the presence of depletion attractions.”® In the
current system, K ions serve as bridging sites between individual
TEG side chains, leading to attractive interactions between
P3(TEG)T chains (also modified by electrostatic interactions
between complexed K ions and associated I counterions). The
existence of interfibril attractions is clearly seen in the formation
of bundles (Figure 3b,c), and it is notable that the observed pitch
varies linearly with the number of associated strands, suggesting a
preferred center-to-center spacing of ~40 nm between neigh-
boring strands in the bundle. We suspect that these salt-induced
intra- and interfibril attractions compete with the bending rigidity
of the fibril to set the helical pitch. However, we note that the
tendency for twisting even in the absence of salt, as suggested by
Figure 2d/f, raises an additional possible driving force associated
with steric considerations due to the mismatch in packing
between the P3HT and P3(TEG)T blocks. The P3(TEG)T
chains at the fibril edges are more sterically demanding and better
solvated than the P3HT component. These chains prefer to pack
at lower areal chain density than crystalline P3HT, and this
frustration can be partially relieved by twisting of the fibrils with
some helicoidal character, as we illustrate in the magnified region of
the schematic in Figure 1. We note that a similar mode of helical
packing, i.e., a twist in the orientation of neighboring polythiophene
chains along the length of the fibril, is thought to give rise to the
pronounced chiroptical activities of assemblies of polythiophenes
with chiral substituents.*' In the case considered here, complexa-
tion of K ions may modify the preferred packing density of
P3(TEG)T, shifting the balance between stretching and bending
energies that determine the helical shape of the fibril.**

Finally, we investigated the role of block copolymer composi-
tion in the formation of fibrils and larger aggregates by preparing
HI1T1 and H4T1 block copolymers with similar overall molecular
weights but respectively longer and shorter P3(TEG)T block
lengths than H2T1 (Table 1). In 4:1 chloroform/methanol,
HI1T1 formed short fibrils with widths of 14—17 nm and lengths
of a few hundred nanometers (Figure 3a), while the P3HT-rich
HA4T1 self-organized into long fibrils with lateral dimensions of
13—15 nm and lengths of several micrometers. The fibers of
H4T1 showed somewhat wavy structures (Figure 3b), suggesting
some degree of twist, as for H2T 1. The hydrodynamic sizes of the
aggregates, determined by DLS (Figure S7), increased with
decreasing P3(TEG)T content, consistent with the TEM observa-
tions in Figures 3 and 4. These behaviors can be understood in
terms of the balance between repulsive interactions among the
well-solvated P3(TEG)T blocks and attractive interactions driving
crystallization of the P3HT block, leading to a larger driving force
for assembly of polymers with greater P3HT content. Little
influence of composition is found on fibril width, suggesting that
the lateral dimensions are controlled by the contour lengths of fully
extended block copolymer chains.* Interestingly, for HIT1 and
H4T1, the presence of KI during crystallization did not yield the
helical aggregates seen for H2T1. Instead, added salt induced a
lengthening of H1T1 fibers with limited aggregation of the fibrils
(Figure 4c) and extensive lateral association of long H4T1 fibers
(Figure 4d). Thus, while KI promotes intra- and interfibril
interactions in these polymers, the superhelical structures
formed by H2T1 apparently reflect a delicate balance of interac-
tions between the complexed P3(TEG)T blocks and those of the
crystalline P3HT blocks that is sensitive to polymer composition.
Further investigation into the range of P3HT and other copoly-
mers that are amenable to superhelix formation is underway.
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Figure 4. TEM images of (a) short fibrils of H1T1 and (b) long twisted
fibrils of H4T1. TEM images of (c) H1T1 and (d) H4T1 after addition
of KI revealed the formation of longer fibrils and bundles consisting of
laterally stacked fibrils, respectively.

In summary, we have described crystallization-driven assem-
bly of conjugated P3HT-b-P3(TEG)T diblock copolymers,
providing a large contrast in solubility between the blocks
containing nonpolar hexyl and polar TEG side chains, as well
as routes to modify crystallization mechanisms through interac-
tions with the minor, polar block. These polymers efficiently
assemble into well-defined fibers in the presence of the highly
selective solvent methanol. Complexation of K ions with the
TEG side chains drives the formation of helical ribbons, which
further associate into superhelical structures. Thus, P3HT-b-
P3(TEG)T provides a novel and unique system for fundamental
studies on the self-assembly of conjugated polymers, as well as
new opportunities for tailoring the morphologies of materials
potentially suitable for sensors and optoelectronic devices.
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