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onjugated polymers have received
C a great deal of attention in recent

years as an alternative to inorganic
single-crystalline semiconductors due to
their excellent optoelectronic properties and
solution processability.' > Among various
conjugated polymers, poly(3-hexylthiophene)
(PHT) has been one of the most widely
studied semiconducting polymers in photo-
voltaic devices and field-effect transistors
owing to its high hole mobility.**> Unlike
single-crystalline semiconductors, however,
thin films of conjugated polymers possess
many defects and impurities, and the device
performance depends highly on the molec-
ular packing of the polymers and on the
nanometer scale film morphology.® In fact,
the high mobility of PHT originates partly
from its tendency to form well-packed crys-
talline domains.” However, typical thin films
of conjugated polymers including PHT con-
tain many grain boundaries and defects,
which impede efficient charge transport.®®
Thus, the ability to control the polymer
morphology is of paramount importance
to fully exploit the potential of conju-
gated polymers in low-cost, flexible de-
vice fabrication."

For the past two decades, there have
been numerous studies aimed at optimizing
the polymer morphology by employing var-
ious thin film processing techniques such as
thermal or solvent vapor annealing.'' '3
Thin film self-assembly of conjugated block
copolymers has recently emerged as a way
to form ordered nanoarrays of conjugated
polymers through the microphase segre-
gation.”* ' Solution-phase self-assembly
of conjugated amphiphilic polymers offers
a powerful alternative to the thin film tech-
niques.'”” 2" In this approach, conjugated
polymers are organized into technologically
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Herein, we report a high-yield click synthesis and self-assembly of conjugated amphiphilic
block copolymers of polythiophene (PHT) and polyethylene glycol (PEG) and their super-
structures. A series of different length PHT,,-b-PEG, with well-defined relative block lengths
was synthesized by a click-coupling reaction and self-assembled into uniform and stably
suspended nanofibers in selective solvents. The length of nanofibers was controllable by
varying the relative block lengths while keeping other dimensions and optical properties
unaffected for a broad range of foy; (0.41 to 0.82), which indicates that the packing of PHT
dominates the self-assembly of PHT,,-b-PEG,,. Furthermore, superstructures of bundled and
branched nanofibers were fabricated through the self-assembly of PHT,-b-PEG, and
preformed PHT nanofibers. The shape, length, and density of the hierarchical assembly
structures can be controlled by varying the solvent quality, polymer lengths, and block
copolymer/homopolymer ratio. This work demonstrates that complex superstructures of
organic semiconductors can be fabricated through the bottom-up approach using preformed
nanofibers as building blocks.

KEYWORDS: self-assembly - conjugated block copolymer - rod—coil -
supramolecular nanostructures

relevant building blocks such as nanowires
via the nature of amphiphilic polymers to
self-assemble into various nanostructures.  *Address correspondence to
However, solution-phase self-assembly of ~ Solungp@sas.upenn.edu.
conjugated amphiphilic polymers is not
yet well understood, and the supramole-  and accepted March 1, 2012.
cular self-assembly of such preformed ' .
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building blocks into extended arrays by  10.1021/nn300385p
the bottom-up approach remains largely

unexplored. ©2012 American Chemical Society
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Scheme 1. Synthetic scheme for the click chemistry of PHT-
b-PEG.
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Here, we report the high-yield click-coupling synthe-
sis and self-assembly of conjugated amphiphilic block
copolymers composed of PHT and poly(ethylene
glycol) (PEG) and their superstructures with preformed
PHT nanofibers. The PEG block was chosen for its
solubility in various solvents ranging from polar
organic solvents to water, which makes it an excellent
system for studying solution-phase self-assembly.
A series of different length PHT-b-PEG copolymers were
synthesized with precisely controlled molecular weights
via the copper-catalyzed click reaction,?? which en-
abled an accurate determination of the block lengths
and the systematic correlation of the block ratio and
the self-assembly structure. We show that PHT-b-PEG
self-assembles into well-defined nanofibers with con-
trollable lengths for a broad range of PHT weight
fractions (fpny). Furthermore, we demonstrate that the
self-assembly of PHT-b-PEG and preformed PHT nano-
fibers can lead to interesting superstructures such as
closely packed nanofiber bundles and branched struc-
tures. The supramolecular self-assembly of PHT nano-
fibers presented here provides a new toolbox for the
formation of novel organic nanostructures.

RESULTS AND DISCUSSION

Syntheses of PHT-b-PEG. A series of different length
PHT-b-PEG copolymers were synthesized via the
copper(l)-catalyzed click-coupling reaction of monoazide
-terminated PEG (azide-PEG) and monoethynyl-termi-
nated PHT (ethynyl-PHT) (Scheme 1). Ethynyl-PHT was
synthesized using the living Grignard metathesis
(GRIM) polymerization and the end functionalizaton
method following a previously published proce-
dure developed by McCullough.>*** The regioregularity
(>95% HT) and the monoethynyl end group functionality

of ethynyl-PHT were confirmed by "H NMR spectros-
copy (Figure S1 in Supporting Information). The mole-
cular weight and polydispersity of the ethynyl-PHT
were determined to be 3428 g/mol and 1.16, respec-
tively, by MALDI (Figure S2). The presence of the
monoethynyl end group was also confirmed by MAL-
DI-TOF (Figure S2). Azide-PEG was synthesized by the
mesylation of the hydroxyl terminus of commercial
methoxy PEG followed by sodium azide substitution
(Scheme 1).2>%% The presence of the azide end group
was confirmed by FTIR spectroscopy (appearance of
azide peak at 2101 cm™ ") (Figure S3) and by the end
group analysis of MALDI spectra (Figure S4). A series of
different length methoxy-PEGs were purchased and
used to synthesize PHT-b-PEG with varying foyr. The
molecular weight and PDI of azide-PEG were deter-
mined by MALDI and are presented in Table 1.

The synthesized ethynyl-PHT was coupled with a
series of different length azide-PEG by the copper(l)-
catalyzed azide—alkyne cycloaddition click reaction
as described in Scheme 1 to generate PHT,o-b-PEG,
(n = 16, 48, 108) (Table 1). To avoid ethynyl homo-
coupling,®” end-functionalized homopolymers were
kept under inert conditions and used right after the
synthesis (less than ~1 week). The chemical structure
of the synthesized PHT-b-PEG was confirmed by 'H
NMR (Figure S5). The GPC data show that the retention
time decreases with increasing molecular weight of
PEG, confirming that the ethynyl-PHT and the azide-
PEG are indeed coupled to yield PHT-b-PEG (Figure S6).
The reaction yields were calculated to be over 70% for
all synthesized polymers regardless of the PEG length
(Table 1). This result contradicts the previous observa-
tion that a spacer between the ethynyl group and
thiophene was necessary to avoid steric hindrance
from the bulky alkyl side chains of PHT for the click
syntheses of PHT-b-poly(styrene).?®

Molecular weights of PHT-b-PEG were obtained by
combining the predetermined molecular weights of
PEG and PHT homopolymers (Table 1). An important
advantage of the click chemistry of PHT-b-PEG is that
the relative block lengths can be readily controlled by
the choice of parent homopolymers. In contrast, in
macroinitiation methods where the second polymer
block is grown off of the end-functionalized conju-
gated polymer,?®*° it can be challenging to precisely

TABLE 1. Molecular Weights and Molecular Weight Distributions of Synthesized PHT-b-PEG and Parent PHT and PEG

Homopolymers

polymer Mo marorprr” (g mol ™) Mo, mavoipec” (g mol ") My/My paaoi” Mn,MALDI,PHT—b—PEGb (gmol ™) M, goc" (g/mol ") My/My, o four”
PHTyq 3428 1.16 6562 117 1.00
PHT,4-b-PEG;6 3428 761 1.04 4189 8489 1.21 0.82
PHT,4-b-PEGg 3428 2169 1.05 5597 11710 1.22 0.61
PHT,-6-PEGrog 3428 4896 1.04 8324 18200 121 041

® My, My /My, and foy were determined by MALDI-TOF analysis. ° M, was determined by taking the sum of the homopolymer molecular weights as determined by MALDI-TOF
analysis. M, and M,,/M, were determined by GPC and are reported as their polystyrene equivalents.
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Figure 1. (A) Absorbance and (B) PL spectra of PHT,-b-PEG; g dissolved in dichloromethane, methanol, and water at a
concentration of 0.1 mg/mL. Pictures of PHT,-b-PEG g (0.1 mg/mL) solutions under ambient light (top-left) and under UV
light (top-right) are given above the spectra. PL spectra were collected using an excitation wavelength of 380 nm. (C) TEM
image of PHT,y-b-PEG, g assemblies formed in water. (D) TEM image of PHT,,-b-PEG;og assemblies stained with phospho-
tungstic acid solution, which visualizes PEG domains. (E) Schematic depiction of the nanofiber morphology formed from the
self-assembly of amphiphilic PHT,-b-PEG; g in a selective solvent.

control and characterize the polymer length.' Further-
more, due to the rigid nature of conjugated polymers,
it is difficult to accurately determine the molecular
weight of conjugated block copolymers by common
techniques such as gel permeation chromatography
(GPC).>? In our synthesis of PHT-b-PEG, both PHT and
PEG parent homopolymers were fully characterized by
GPC, FTIR, NMR, and MALDI prior to the coupling
reaction, which allowed for an accurate determination
of the molecular weights of the resultant block co-
polymers and straightforward control of relative block
lengths. As presented in Table 1, foit was varied from
0.41 to 0.82 by changing the molecular weight of the
PEG block while keeping the length of PHT constant.
For comparison, molecular weights estimated using
GPC with polystyrene standards are also given in
Table 1. Note that many previous works on conjugated
block copolymers reported the molecular weights
determined by GPC despite the common knowledge
that GPC overestimates the MW of rod-like polymers.
The two sets of molecular weights presented in Table 1
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clearly show that GPC significantly overestimates the
molecular weights of PHT-b-PEG even for the polymers
with small fpy7, demonstrating an important advan-
tage of click syntheses.

Self-Assembly in Selective Solvents. Due to its amphi-
philic nature, PHT-b-PEG can be dispersed in a wide
range of solvents. In polar organic solvents such as
tetrahydrofuran (THF) and dichloromethane (DCM)
where both polymer blocks are soluble, PHT-b-PEG
exists as isolated chains and shows UV—vis and photo-
luminescence (PL) spectra that are characteristic of PHT
homopolymers in good solvents (Figure 1AB); the
m—* absorption peak at ~450 nm and a high inten-
sity PL at ~576 nm observed for PHT-b-PEG in DCM
are characteristic of regioregular PHT in the same
solvent.®® This result indicates that the attachment of
PEG does not significantly affect the conformation of
PHT in good solvents. When PHT,q-b-PEG;og is dis-
persed in a selective solvent for PEG, such as water
and methanol, the block copolymer organizes into
supermolecular assemblies as evidenced by the red
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Figure 2. TEM images of PHT,,-b-PEG,, (n = 108, 48, 16) in water with varying fpy; (A) four = 0.41, (B) fopr = 0.61, and (C) foyr =
0.82. Below the respective TEM images is a schematic depiction of the effect of relative block lengths on the self-assembly

structure.

shift and the appearance of the vibronic structure in
the UV—vis spectra (Figure TA); the red-shifted absorp-
tion peak is a result of the increased planarity of the
packed PHT chains in polymer assemblies. The efficient
PL quenching of PHT,4-b-PEG; g in selective solvents is
also indicative of tightly packed PHT and strong inter-
chain coupling in the polymer assemblies (Figure 1B).'”**
Homopolymers of PHT also show a similar red shift
and PL quenching upon the introduction of methanol
(Figure S8). However, unlike PHT-b-PEG, PHT homo-
polymers form macroscopic aggregates and precipi-
tate out of solution when the percentage of methanol
was increased above 50%, which confirms that the
covalently attached PEG block of the conjugated block
copolymer is necessary to form stable suspensions of
PHT assemblies.

The transmission electron microscopy (TEM) images
in Figure 1C,D show that PHT,o-b-PEG; g self-assem-
bles into one-dimensional fiber-like structures in selec-
tive solvents, with the darker contrast arising from the
electron-dense PHT block. The PEG block was selec-
tively stained with a phosphotungstic acid solution in
Figure 1D, revealing the hydrophilic PEG block sur-
rounding the PHT nanofiber core. The width of the PHT
domain was measured to be 8.1 + 1.1 nm, which
corresponds to the length of one PHT,, chain calcu-
lated with the monomer length of 04 nm3* This
indicates that the nanofiber is composed of interdigi-
tated PHT chains surrounded by hydrophilic PEG
chains, as depicted in Figure 1E. The height of the
nanofibers was determined to be 5 + 1.5 nm by AFM,
while a lattice dimension of a PHT crystal unit cell
corresponding to vertical stacks was reported to be
1.68 nm.*>*” These data indicate that the PHT-b-PEG
nanofibers are composed of 1—3 vertical stacks of PHT-
b-PEG. These one-dimensional wire-like assemblies
of semiconducting polymers are highly desirable for
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device applications as they can support high carrier
mobility. 3 While the insulating block of semiconducting—
insulating block copolymers can reduce the overall
device performance, this effect can be overcome with
highly ordered self-assembled systems 38~4°

Effect of Relative Block Lengths on the Self-Assembly Struc-
ture of PHT-b-PEG. In order to examine the effect of block
lengths on the self-assembly of PHT-b-PEG, the molec-
ular weight of the PEG block was varied from 761 to
4896 g/mol while keeping the length of PHT constant,
which yielded block copolymers with fpr = 0.41, 0.61,
and 0.82 (Table 1). For all polymers examined in this
study, PHT-b-PEG self-assembled into the same mor-
phology of nanofibers in selective solvents (Figure 2).
In general, coil—coil block copolymers self-assemble
into various assembly structures such as simple
micelles, cylindrical micelles, and vesicles depending
on the relative block lengths and the Flory—Huggins
parameters of the two polymers.*’ Rod—coil block
copolymers have additional factors contributing to
the self-assembly structure such as the large dissim-
ilarity of the conformationally distinct two blocks and
the m—x interaction between rigid conjugated
blocks.*>** The nanofiber morphology has been seen
in other rod—coil block copolymer systems**** and is
typically driven by the packing of the conjugated
block.*® However, previous studies on amphiphilic mole-
cules containing different types of conjugated oligomers
(e.g., tetra-p-phenylene, isocyano(t-alanylaminoethyl)-
thiophene) have shown that various types of
self-assembly structures such as spherical micelles
and vesicles can be formed in addition to one-
dimensional rods and wires by varying the relative
rod to coil lengths.*”*® On the contrary, the study
presented herein on PHT-b-PEG shows that the
nanofiber structure is prevalent for a broad range
of fpyt (foyr = 0.41, 0.61, and 0.82) due to the strong
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Figure 3. (A) TEM image of PHT,oo nanofibers in anisole. (B) Pictorial description of PHT,,, nanofibers. (C) TEM image of
PHT,00 nanofiber bundles encapsulated in PHT,o-b-PEG;0g in methanol. (D) Pictorial description of superstructure (fiber
bundles) formed in methanol. (E) Pictures of PHT,o, nanofibers in 99% methanol/1% anisole with increasing amounts of

PHT,0-b-PEG;¢s.

tendency of PHT to form well-packed quasi-
one-dimensional crystals.

The length of the nanofibers was found to grad-
ually increase with decreasing PEG block lengths
(Figure 2A—CQ). At fpy7 of 0.41 and 0.60, the lengths of
nanofibers were ~40—100 nm (Figure 4A) and ~150—
400 nm (Figure 4B), respectively. At the largest fout of
0.82, longer nanofibers with a length of >1000 nm were
commonly observed (Figure 4C). The increase of the
aggregation number with the increase of fpyr was also
confirmed by dynamic light scattering (DLS) analysis
(Figure S10). Similar behavior has been previously
found in amphiphilic conjugated oligomers of pyrene-
b-tetra-p-phenylene-b-PEG*® and oligo(p-phenyl-
enevinylene)-b-PEG>® and can be explained by the
reduction of the stretching energy of long PEG chains
through adopting shorter fibers. On the other hand,
the widths of the nanofibers (Figure S11) and the
UV—vis absorption and PL characteristics (Figure S12)
were not significantly affected by the length of PEG.
This result indicates that the packing of PHT is the
determining factor for the solution-phase morphology
for a wide range of o1, and that the packing structure
of PHT in the fiber, which is closely related to trans-
port properties, does not significantly change with the
length of the PEG block and the length of nano-
fibers. Note that the formation of uniform assemblies

KAMPS ET AL.

of PHT-b-PEG in this study is in part a result of the low
polydispersity of PHT-b-PEG synthesized by click chem-
istry. When the assemblies were formed from polymer
mixtures, resulting nanofibers had a broad range of
lengths as expected (Figure S13).

Self-Assembly of PHT Nanofibers into Bundled and Branched
Superstructures. We further utilized the self-assembly of
PHT,0-b-PEG; g to organize and solubilize preformed
nanofibers of PHT homopolymers. High molecular
weight homopolymers of PHT tend to crystallize into
long fibers in marginal solvents.>' 3 Typically, high
aspect ratio nanofibers of PHT were prepared by slowly
cooling a hot (70 °C) anisole solution of commercial
PHT,q0 (1 mg/mL), following a modified literature proce-
dure®** (Figure 3A,B). The dimensions of the PHT,qo
nanofibers were similar to those reported in the lite-
rature;>* the PHT,00 nanofibers had the average width
of 15.2 £ 1.7 nm and a very high aspect ratio with a
length of 1—10 um measured by TEM and an average
height of 5.0 &+ 1.2 nm measured by AFM. The pre-
formed PHT,q0 nanofibers were organized into fiber
bundles or branched fibers by the self-assembly with
PHT-b-PEG. In typical experiments, PHT0-b-PEG;0g Was
added to PHT o0 nanofibers in anisole, followed by the
addition of either water or methanol. After mixing
overnight, the residual anisole was dissipated under a
low nitrogen flow.
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Figure 4. (A) Pictorial description of the branched super-
structure composed of PHT,o, nanofibers and PHT,,-b-
PEG;0g. TEM images of (B) a branched structure composed
of PHT,4, nanofibers decorated with low density PHT,,-b-
PEG; g nanofibers formed at a molar ratio of 60:1 (PHT,-b-
PEG,08/PHT300), (C) a high density branched structure com-
posed of PHT 4 nanofibers decorated with PHT,y-b-PEG;0g
nanofibers at a molar ratio of 480:1 (PHT,o-b-PEG;0s/PHT 00~
), and (D) a branched structure composed of PHT,,, nano-
fibers decorated with longer PHT,,-b-PEG,;s nanofibers
formed at a molar ratio of 250:1 (PHT,o-b-PEG,g/PHT500).

When methanol was used to drive the self-
assembly, PHT nanofibers were encapsulated in PHT ,,-
b-PEG, g as fiber bundles (Figure 3C,D). The width of
the bundles was about 26—80 nm, corresponding to
2—6 fibers, and the length of the bundles was typically
1—10 um, as determined by TEM. A critical amount of
PHT,0-b-PEG,ps Was necessary to encapsulate and
transfer PHT,q, nanofibers into polar solvents. At low
PHT,y-b-PEG, g concentrations, PHT oo nanofibers pre-
cipitated out of solution upon the addition of methanol
(Figure 3E). When sufficient amounts of PHT,o-b-PEG; g
were added, PHT nanofibers were encapsulated by
PHT,0-b-PEG;og and stayed well-dispersed in metha-
nol. Adding an excess amount of PHT,y-b-PEG, g did
not notably change the structure of the encapsulated
PHT,o, nanofibers, but instead resulted in isolated
PHT,o-b-PEG, g nanofibers (Figure 1C) coexisting with
bundled PHT,qq nanofibers.

A distinct type of superstructure of branched fibers
was formed when water was used to induce the self-
assembly instead of methanol (Figure 4A). The result-
ing superstructure was composed of PHT,-b-PEG;0g
fibers perpendicularly grown off of PHT,o nanofibers.
This branched structure is reminiscent of the crystal-
lization of PHT homopolymers on PHT nanofibers>>>¢
and carbon nanotubes.>” The width of the PHTy-b-
PEG; g nanofiber branches was 7.9 & 1.2 nm, which is
similar to the dimension of isolated PHT,y-b-PEG; (g
nanofibers shown in Figure 1C. The origin of the lateral
growth of PHT,o-b-PEG; g nanofibers is believed to be
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associated with the immiscibility of water and anisole.
Upon the addition of water, PHT,o-b-PEG g nanofibers
are likely to be formed in water while PHT,q nanofi-
bers remain in anisole. When the anisole is dissipated
under nitrogen flow, the high energy tip of the pre-
formed PHT,q-b-PEG, g fibers stack onto PHT,oo nano-
fibers, forming the distinctive supramolecular structure
and bringing PHT,o nanofibers into water. As in the
methanol case, a critical amount of PHT,y-b-PEG; yg was
needed to disperse the PHT,q, nanofibers in water. The
length of nanofiber branches was quite uniform, and
the density of nanofiber branches can be controlled by
changing the concentration of PHT,y-b-PEG;og, as
shown in Figure 4B,C. As shown above, the length of
PHT-b-PEG fibers can be controlled by varying the
length of PEG (Figure 2). This behavior was applied to
control the lengths of PHT-b-PEG nanofibers in the
branched superstructure. When PHT,o-b-PEG,g is used
instead of PHT,y-b-PEG; (g, a similar superstructure was
obtained with longer branches (Figure 4D).

CONCLUSIONS

A series of different length PHT,,-b-PEG, (m = 20,
n =16, 48, 108) was synthesized in high yields (>70%)
by copper-catalyzed click chemistry. The molecular
weight and relative block lengths of the synthesized
polymers were determined by thoroughly characteriz-
ing each block prior to coupling, which allowed for a
systematic study of the block length effect on the self-
assembly structure. In selective solvents such as water
and methanol, PHT,,-b-PEG,, self-assembled into inter-
digitated one-dimensional assemblies (nanofibers).
The self-assembly of PHT,,-b-PEG, accompanied an
efficient PL quenching and red shift of absorption
spectra, indicating a tight packing of PHT in the
assembly structure. The length of nanofibers was
increased with decreasing PEG lengths due to the
reduced stretching energy, and a large fpyr of 0.82
led to the formation of micrometer-long nanofibers.
The wire-like morphology was maintained for a wide
range of relative polymer lengths with weight factions
of PHT (foy7) varying from 0.41 to 0.82, indicating that
the packing of PHT is the main factor that controls the
self-assembly structure. In addition, the width and
optical properties of PHT,,-b-PEG,, nanofibers did not
change significantly with the relative PEG block length,
which shows that the lengths of nanofibers can be
controlled without changing the packing structure
and properties (optical, transport) of PHT in the nano-
fibers. The PHT,,-b-PEG,, nanofibers were further used
as building blocks to form hierarchical assemblies of
nanofibers. The self-assembly of PHT,,-b-PEG, and
preformed nanofibers of high molecular weight PHT
(PHT>00) in methanol led to the formation of bundled
nanofibers encapsulated in PHT,,-b-PEG,. In addition,
unique superstructures of branched nanofibers were
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formed when water was used for the self-assembly
instead of methanol. The density and the length of
nanofiber branches in the superstructure could be
controlled by varying the concentration and the length

METHODS

Materials and Instrumentation. Methanol, hexane, and chloro-
form were purchased from Fisher Scientific. Regioregular (>95% HT)
PHT with a number average molecular weight of 33405 g mol™"
was purchased from Sigma Aldrich. All other reagents were also
purchased from Sigma Aldrich. THF was freshly distilled prior to use
from sodium/benzophenone under nitrogen, and all other reagents
were used without further purification. All reactions were performed
in oven-dried glassware under prepurified nitrogen.

Electronic absorption spectra were acquired on an Agilent
8453 spectrophotometer. Emission spectra were acquired on a
Spex Fluorolog 3 utilizing a R928 PMT detector. Proton NMR
spectra were obtained on a Bruker-DMX500 interfaced to an
Aspect 3000 computer in CDCl; at ambient temperature. IR
spectra were obtained on a Perkin-Elmer system 2000 FTIR
spectrometer. TEM was performed on a JEOL 1400 electron
microscope operating at 120 kV accelerating voltage. GPC
measurements were carried out at room temperature at a flow
rate of 1.0 mL/min on a Shimadzu LC-10AT liquid chromato-
graphy system equipped with a series of two PLgel 10 zm 10E6A
columns, an SPD-10AVvp absorbance UV/vis detector, and a
refractive index detector (RID-10A) calibrated against linear
polystyrene standards in THF. DLS measurements were taken
on a Malvern Zetasizer Nano Series. Matrix-assisted laser de-
sorption ionization time-of-flight mass spectrometry (MALDI-
TOF/TOF MS) spectra were obtained on a Bruker Flex Series
MALDI-TOF/TOF MS. Spectra were recorded in the positive-ion
reflectron mode with an accelerating voltage of 20 kV. The
MALDI samples were prepared by mixing a THF solution of PHT
(10 mg/mL) and a THF solution of 2,2":5,2"-terthiophene matrix
solution (0.25 M). For PEG samples, a THF solution of 4’-hydro-
xyazobenzene-2-carboxylic acid (HABA) (0.25 M) was used as a
matrix and was mixed with a THF solution of PEG (10 mg/mL).
The MALDI sample was prepared by depositing 1 uL of a
(1 matrix/1 sample) solution on the stainless steel sample target
and then letting the sample air-dry.

Synthesis of Ethynyl-PHT. The monoethynyl-terminated poly-
(3-hexylthiophene) (ethynyl-PHT) was synthesized following a
previously reported method (Scheme 1).23%* In a typical experi-
ment, 2,5-dibromohexylthiophene (1.8 g, 5.6 mmol) and 10 mL
of freshly distilled THF were added to a 100 mL round-bottom
flask and the system was purged with nitrogen. A 1.0 M solution
of tert-butylmagnesium chloride in THF (5.6 mL, 5.6 mmol)
was then added, and the mixture was stirred for 3 h at room
temperature under nitrogen. During this time, the solution
changed from a yellow color to a green color. The mixture
was then diluted with 30 mL of THF followed by addition of
Ni(dppp)Cl; (70 mg, 0.1 mmol). The reaction proceeded under
nitrogen flow for an additional 20 min, and then a 0.5 M solution
of ethynyl magnesium bromide in THF (2.8 mL, 1.4 mmol) was
added and reacted for an additional 20 min. At this time, the
reaction was quenched by adding methanol and then the
product was purified by subsequent Soxhlet extractions with
methanol and hexanes. The final product was then collected by
afinal Soxhlet extraction with chloroform. The ethynyl-PHT solid
product (purple solid) was dried to a constant weight under
vacuum (372 mg, 0.12 mmol) and then stored under inert
atmosphere. "H NMR (500 MHz, CDCl5): oy 0.89 (t, 3H), 1.32—
142 (m, 6H), 1.68 (t, 2H), 2.78 (t, 2H), 3.51 (s), 6.98 (s, TH). GPC:
M,, = 6562, PDI = 1.17. MALDI-MS: m/z = 3428.87 [M+] (calcd
3428, degree of polymerization (DP) of 20, ethynyl/Br end
groups), PDI = 1.16.

Synthesis of Azide-PEG. The monoazide-terminated poly-
(ethylene glycol) (azide-PEG) was synthesized following a mod-
ified literature procedure.>>?® Azide-PEG was synthesized by
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of PEG, respectively. The controlled self-assembly and
encapsulation strategy presented here provides a new
toolbox toward the fabrication of novel organic semi-
conducting nanostructures.

mesylation of the hydroxyl terminus of commercial methoxy-
PEG followed by sodium azide substitution. Typically, a solution
of methoxy-PEG (4.4 g, 0.92 mmol), triethylamine (0.51 mL, 3.7
mmol), and 50 mL of freshly distilled THF was added to a three-
neck round-bottom flask, and the system was purged with
nitrogen. Methanesulfonyl chloride (0.32 mL, 4.1 mmol) was
then added to the flask, and the solution was stirred at room
temperature for 10 h. The reaction product was then dried down
using rotary evaporation, redissolved into minimal amount
of deionized water (~1—2 mL), and then extracted into DCM
(150 mL x 2). After drying the organic product layer with sodium
sulfate, the product was filtered, concentrated, and then pre-
cipitated from minimal DCM into cold diethyl ether. The off-
white/yellow precipitate was then filtered, washed with cold
diethyl ether, and then dried under vacuum to a constant
weight (3.9 g, 88%). The mesylated PEG (3.9 g, 0.81 mmol)
was added to a round-bottom flask with 50 mL of DMF and a
reflux condenser. Sodium azide (4.3 g, 65 mmol) was then
added to the flask, and the solution was heated at 60 °C for
24 h. The reaction product was then dried down using rotary
evaporation. The product was then redissolved into DCM, and
the excess sodium azide was removed by filtration. The product
in DCM was further cleaned by extraction with brine solution
(100 mL x 4). After drying the organic layer with sodium sulfate,
the product was filtered, concentrated, and then precipitated
from minimal DCM into cold diethyl ether. The azide-PEG
product (white solid) was then filtered, washed with cold diethyl
ether, and then dried under vacuum to a constant weight (2.2 g,
57%). Characterization of azide-PEG;og. IR (KBr, cm™'): 2101
(azide), 529, 842, 963, 1108, 1237, 1282, 1343, 1468. MALDI-
MS: m/z = 4896.35 [M+] (calcd 4896, DP of 108, N3/CH; end
groups), PDI = 1.21. Characterization of azide-PEGgg. IR (KBr, cam):
2100 (azide), 529, 842, 963, 1108, 1237, 1282, 1343, 1468. MALDI-
MS: m/z = 2167.1 [M+] (calcd 2169.02, DP of 48, N3/CH; end
groups), PDI = 1.18. Characterization of azide-PEGys. IR (KBr, cm™ )
2100 (azide), 529, 842, 963, 1108, 1237, 1282, 1343, 1468. MALDI-
MS: m/z=759.5 [M+] (calcd 761.02, DP of 16, N3/CHs end groups),
PDI = 1.22.

Synthesis of Poly(3-hexylthiophene)-block-Poly(ethylene glycol). PHT-
b-PEG was synthesized by the copper(l)-catalyzed click reaction
between azide-PEG and ethynyl-PHT (Scheme 1). Typically,
ethynyl-PHT (100 mg, 0.0266 mmol), azide-terminated PEG
(257 mg, 0.0532 mmol), and 10 mL of freshly distilled THF were
added to a 25 mL Schlenk flask. A solution of 1,8-diazabicyclo-
[5.4.0]undec-7-ene (DBU) (152.2 mg, 1.0 mmol) and copper(l)
iodide (1.9 mg, 0.010 mmol) was then degassed and then
introduced into the Schlenk flask. The mixture was then de-
gassed with three freeze—pump—thaw cycles and subse-
quently refilled with nitrogen. The solution reacted at 40 °C
for 4 days. The excess copper salt and excess PEG homopolymer
was removed by passing the product through a neutral alumina
column. After the removal of THF by rotary evaporation, the
product was precipitated into methanol and then filtered to
remove any excess PHT homopolymer. The final product was
washed with hexanes and then dried under vacuum and
collected as a purple solid (229 mg, 92% yield). '"H NMR
(500 MHz, CDCl3): 61 0.89 (t, 3H), 1.32—1.42 (m, 6H), 1.68 (t, 2H),
2.78 (t, 2H), 3.61 (s), 6.95 (s).

Preparation of PHT,,, Nanofibers. The commercial PHT was
purified by sequential Soxhlet extractions with hexanes, DCM,
and THF to remove lower molecular weight fractions (<22 000
g/mol). The purified higher molecular weight product was then
collected by a final Soxhlet extraction with chloroform and used
for subsequent experiments. In order to prepare the PHT,o
nanofibers, regioregular (>95% HT) poly(3-hexylthiophene)
with a number average molecular weight of 33405 g mol ™’
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(PHT,00) Was dissolved in anisole at a concentration of T mg/mL.
This solution was heated to 70 °C in a hot water bath for 1 h,
yielding a clear orange solution. The hot solution was then
cooled to room temperature by placing in a drawer overnight to
allow for complete crystallization as evidenced by the color
change of the solution from orange to purple. The aged solution
was then centrifuged at 5000 rpm for 30 min (x2) to isolate
PHT,0 crystallized nanofibers.

Preparation of PHT,4o Nanofibers Encapsulated in PHT,y-b-PEGyog. In a
typical encapsulation experiment with a molar ratio of PHT5-b-
PEG;05/PHT 500 of 173:1,800 uL of a 5.12 x 10~> M stock solution
of PHT,o-b-PEG; g in chloroform (concentration determined from
UV—vis with an extinction coefficient of 4.3 x 10 M~" cm™")
was first dried down under nitrogen. Then, a 10 uL aliquot of a
237 x 107° M stock solution of PHT,0, nanofibers in anisole
(concentration determined from UV—vis with an extinction
coefficient of 1 x 10° M~" em ") was added to the dried block
copolymer. After 20 min of mixing, either 1000 uL of water or
1000 uL of methanol was added to the solution. The assemblies
were mixed for 15 h at 200 rpm on a shaker, and then a low flow
of nitrogen was used to dissipate anisole in the solution. Harsher
mixing procedures such as vortexing or sonication were avoided
because they caused significant entangling of PHT superstruc-
tures. After dissipation of any residual anisole, either methanol
or water was added to the solution until a final volume of
1 mL of solution was reached. In some cases, the superstruc-
tures were purified and concentrated by the centrifugation at
2000 rpm for 45 min.
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