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ABSTRACT: Nanostar and nanonetwork crystals were
prepared from fully conjugated poly(3-(2-ethylhexyl)-
thiophene)-block-polythiophene (P3EHT-b-PT) via a
simple INCP process. The structural conformation of the
nanocrystals was investigated in detail, revealing that with
an increase in the block length of PT, the morphology of
the nanocrystals changed from nanospheres to nanorods,
nanostars, and to nanonetworks.

S elf-assembly of block copolymers in solution has produced
intriguing nanostructures such as worm-like' and multi-
compartment” micelles and vesicles.> Self-assembly of con-
jugated polymers is particularly intriguing because these
polymers may yield well-defined, semiconducting nano-objects
for prospective use as optoelectronic materials with tunable
bandgaps.* For example, self-assembly of rod—coil block
copolymers based on polythiophene derivatives afforded ordered
nanostructures such as spherical® and fiber-like® micelles, and
self-assembly of fully conjugated rod—rod polythiophene diblock
copolymers produced ordered nanostructures such as nano-
wires,” nanorings,7b helical nanowires,® and vesicles.>® However,
the self-assembly processes generally required postsynthetic
treatments such as addition of selective solvents and additives,
because the synthesis of the block copolymers itself did not
provide sufficient driving force to assemble the polymers into the
nanostructures. In addition, the generated nanostructures are
generally fragile toward the changes in the external conditions
such as temperature, solvents, and mechanical stress. Recently,
our group developed a simple one-pot direct process for
spontaneous and irreversible formation of highly stable 0-
(OD) and one-dimensional (1D) nanostructures by in situ
nanoparticlization of conjugated polymers (INCP) using soluble
polymers as the first block and insoluble conjugated polymers as
the second block.” For example, diblock copolymers (PN-b-PA)
comprised of soluble polynorbornene and completely insoluble
polyacetylene were synthesized by ring-opening metathesis
polymerization (ROMP); the resulting PN-b-PA spontaneously
formed highly stable nanospheres or unique nanocaterpillars
depending on the block ratio.” Strong 7—7 interaction on the
PA block resulting in solvophobic interaction provided a strong
driving force for this in situ nanoparticlization. Although the
previous examples of INCP provided intriguing nanostructures
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from very simple diblock copolymers, the application of these
nanostructures to electronic materials was limited by the
insulating PN shells on the nanostructures that may hinder the
efficient charge transport. Furthermore, PA (having a shallow
highest occupied molecular orbital (HOMO) level) is generally
susceptible to oxidation in air, thus compromising the long-term
stability of the nanoparticles under ambient conditions.
Consequently, to enhance the conductivity and stability of the
nanostructures in air, the design of the block copolymer must be
modified to incorporate both soluble and insoluble conjugated
polymers such as polythiophene derivatives. Moreover, these
preorganized nanostructures via INCP, comprising fully
conjugated polymers may have many potential advantages over
the conventional conjugated polymers in terms of electronic
performance, facilitating the charge carrier transport through
well-defined pathways provided by well-ordered crystalline
domains.'® Furthermore, because the stable nanostructures
have already been formed, additional post-treatment processes
such as thermal or solvent vapor annealing would be
unnecessary."’

Branched nanostructures such as tetrapods have attracted
great attention because of their unique structures and potential
optoelectronic applicability.”>~4*¥' 2 However, the majority of
branched nanostructures have been derived from inorganic
materials;'" only a handful of polymer-based examples have been
reported.?>"#**!2 Branched nanostructures containing conju-
gated polymers are particularly rarely reported.*'** Herein, we
report the formation of unique branched semiconducting
nanostructures such as nanostars and nanonetworks via INCP
of diblock copolymers containing a block of soluble poly(3-(2-
ethylhexyl)thiophene) as the first block and insoluble poly-
thiophene (P3EHT-b-PT) as the second block. These nanostar
and nanonetwork are kinetically trapped nanostructures that are
spontaneously and irreversibly formed during polymerization
but are highly stable toward external stimuli such as heat and
mechanical stress.

Synthesis of fully conjugated polythiophene diblock copoly-
mers was achieved via the quasi-living Grignard metathesis
(GRIM) method." 2,5-Dibromo-3-(2-ethylhexyl)thiophene (1)
and 2,5-dibromothiophene (2) were selected as monomers for
INCP, because P3EHT is highly soluble (solvophilic) in the
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reaction solvent, i.e., tetrahydrofuran (THF), and PT is totally
insoluble (solvophobic) in any organic solvent because of the
strong intermolecular interactions (Table 1). Using a catalyst
loading of 1 mol % of (1,3-bis(diphenylphosphino)propane)
dichloronickel(II) (Ni(dppp)Cl,) with respect to monomer 1,
three different samples with various feed ratios of 1:2, such as
100:33, 100:67, and 100:100, were prepared (Table 1). The
number average molecular weight (M,) of the first block,
P3EHT, was determined by THF size exclusion chromatography
(SEC), and the values of M, and polydispersity index (PDI) of
the P3EHT component for all three samples were ~10 kg/mol
and 1.2, respectively, suggesting that GRIM was well-controlled
(Table 1, entries 1—3). The degree of polymerization (DP) of
the second PT block was estimated using gas chromatography-
mass spectrometry (GC-MS), and the DP of PT increased
linearly with an increase in the equivalent of 2 (Table 1, entries
1-3). All three nanoparticles from P3EHT-b-PT were soluble
and stable in common organic solvents such as THF, chloroform,
toluene, and chlorobenzene.

The first indication of successful INCP using P3EHT-b-PT
was obtained from the NMR analysis. Both the '"H and *C NMR
spectra of the samples in CDCI; were identical to those of the
P3EHT homopolymer (Figure S1). This observation is typical
for core—shell-type supramolecules formed via INCP, implying
that the stacked PT block formed the core that was not solvated
by CDCly; thus, the signal for PT was not detected.”

The second indication of successful INCP was the significant
color change and UV-—vis analysis provided insightful
information on the changes in the polymer nanostructures.
When 2 was added to the P3EHT solution with living chain ends,
the initial orange color first changed to red and then to dark
purple within 10 min, and the UV—vis spectra revealed the
following changes: the absorbance maximum (4,,,,) of the initial
homopolymer of P3EHT in toluene was observed at 437 nm, and
the onset point at 525 nm corresponded to a bandgap (E,) of 2.4
eV (Figure 1). In comparison, the spectra of the block copolymer
in toluene were significantly red-shifted with A, values of 455,
469, and 544 nm (increased by 18, 32, and 107 nm, respectively)
for P3EHT ,0)-b-PTs;, P3EHT,qy-b-PT;, and P3EHT,e-b-
PT\y respectively. The onset points of the stated P3EHT-b-
PT also increased to 621—626 nm (E, = 2.0 eV) (Figure 1).
Moreover, two new distinct vibronic peaks for P3EHT-b-PTs
appeared at 544 and 590 nm, even in the solution state (Figure
1). Overall, the extent of the red-shifts of A,_,, and the onset
points and the intensity of the new vibronic peaks increased in
accord with the DP of PT. These observations suggest that the
solvophobic second PT block formed a well-ordered core even in

Table 1. Synthesis of P3EHT-b-PT

s
Br— S\ _-Br s 2 tT-E;f_MgCI syl N
L) v L s,
1) t-BuMgCl, THF \
2) Ni(dppp)Cl, CIMQ/Q\Br

1

entry [Nicat]:[1]:[2] M, (PDI) of PBEHT® DP of PT? yield

1 1:100:33 9.3k (1.25) 27 40%
2 1:100:67 9.9k (1.23) 58 44%
3 1:100:100 12.4k (1.23) 80 50%

“Determined by THF SEC calibrated using PS standards. M, is given
in g/mol. bEstimated by GC-MS.
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Figure 1. UV—vis spectra of nanostructures from P3EHT-b-PT in
toluene.

solution. Similar to the solution cases, the UV—vis spectra of
P3EHT-b-PT in the film state were characterized by an increase
in the intensities of the vibronic peaks with increasing DP of PT
(Figure S2a). The UV—vis spectra of the thermally annealed
samples in the film state showed that even up to 150 °C, there
was no significant change in the UV—vis spectra for each film
(Figure S2c—e)). In particular, the UV—vis spectra of P3EHT -
b-PT o, in the solution and film states were almost super-
imposable, suggesting that no additional improvement in the
ordering was derived from annealing of the film relative to the
solution state (Figure S2e). In short, the morphologies of the
cores of the nanostructures formed from P3EHT-b-PT in
solution and film were very similar; in particular, the packing of
P3EHT (-b-PT ), in solution was as well-ordered as that in the
film state.

Detailed information on the crystallinity of the supramolecules
was obtained from powder X-ray diffraction (PXRD) and
differential scanning calorimetry (DSC) analyses. PXRD showed
two distinct peaks for all of the P3EHT-b-PT samples (Figure
S3). The first peak corresponded to the (100) reflection of
P3EHT with a d-spacing of 1.46 nm, and the second peak with a
d-spacing of 0.45 nm was ascribed to the (010) and (110)
reflections of P3EHT and PT, respectively (Figure $3).'*'> The
peak intensity corresponding to the d-spacing of 0.45 nm
increased as the DP of PT increased, implying that the (110)
reflection from PT was dominant for the second peak (Figure
S3). The increase in the intensity of the (110) peak from the
PXRD pattern and the vibronic peaks in the solution UV—vis
spectra of P3EHT-b-PT with a higher DP of PT confirmed the
enhanced interaction and crystallinity of the PT core (Figures 1
and S3). The melting temperature (T,) of P3EHT-b-PT was
~60 °C, based on DSC, which corresponded to the T, of the first
block, P3EHT (Figure S4). The T, of P3EHT-b-PT was
relatively lower than that of the parent P3EHT (70—90 °C),'
suggesting lower crystallinity of the former because of the loose
packing of the first block in the restricted geometry of the core—
shell structure. In the case of P3EHT;-b-PT, there was an
additional T, at 125 °C, whose origin is unclear at present. In
comparison, no T}, was observed for the PT homopolymer in the
range 20—350 °C, and the T, associated with PT was not
observed for any of the three PAEHT-b-PT (Figure S4).

To obtain size and structural information of the supra-
molecules, we carried out dynamic light scattering (DLS), atomic
force microscopy (AFM), and transmission electron microscopy
(TEM) analyses. The DLS measurement confirmed that the
hydrodynamic diameter (D,) of the supramolecules in toluene
gradually increased from 90 to 673 nm with an increase in the DP
of PT (Figure 2). The AFM imaging of P3EHT (-b-PT5; on
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Figure 2. DLS profiles of PAEHT-b-PT nanocrystals in toluene.

highly ordered pyrolytic graphite (HOPG) revealed a mixture of
nanospheres and nanorods (40—100 nm long) with 1—3 nm in
height (Figures 3a and S6a). The bimodal trace from the DLS
profile showing average Dy, values of 90 nm (major) and S nm
(minor) may correspond to the nanorods and nanospheres,
respectively (Figure 2). The AFM images of P3EHT,-b-PT,;
mostly showed the formation of a new star-shaped nanostructure
(nanostar), exhibiting unique branching (Figures 3b and S6b).
The height of the nanostar on HOPG was 3—6 nm and much

100 nm [(b)

100 Am:

Figure 3. AFM, TEM, and cryo-TEM images of nanostructures from
various P3EHT-b-PT. AFM images of nanostructures from (a)
P3EHT,49b-PTs;, (b) P3EHT,4y-b-PT;, and (c) P3EHT,40-b-PT 0.
(d) Side-view and cross-sectional profile of P3EHTyy-b-PT,o,. TEM
images of nanostructures from (e) P3EHT,-b-PT4, and (f)
P3EHT,p-b-PTgp. Cryo-TEM images of nanostructures from (g)
P3EHT ,-b-PT; and (h) P3EHT 05-b-PT 0.

larger Dy, of 195 nm than that of the nanorods might suggest the
structural evolution of the star species from the smaller
nanospheres and nanorods (Figure 2). In the case of
P3EHT 4p-b-PT o, a much larger nanostructure resembling a
network (nanonetwork) was observed in the AFM images
(Figures 3c and S6¢c). Moreover, the observation that the
nanonetwork has the largest Dy, (673 nm; determined from DLS)
also supported the aforementioned structural evolution (Figure
2). The height of the nanonetwork from P3EHT,-b-PT g
measured by AFM was 5—8 nm. Based on the increase in the
height with the increase in the DP of PT, we could confirm the
core expansion of the nanostructures. The TEM imaging of the
nanostructures confirmed the formation of the nanostar and
nanonetwork structures, observed via AFM analysis (Figure 3).
Furthermore, one could obtain more details about the
nanostructures by TEM, because even without staining, the
highly packed crystalline PT core was visible so that even the
branching points were visible as well. A closer look at the TEM
images of the nanostar and nanonetwork structures revealed that
there was minimal contact between the PT cores, as we
previously observed for the formation of nanocaterpillar
assemblies from PN-b-PA via INCP (Figures 3e,f and S6b,c).”?
In support for this observation, the three-dimensionless side-
view and cross-sectional analysis of the high-resolution AFM
images revealed that the nanonetwork surfaces were not
composed of smooth cylinders; instead, they were highly
undulated (Figure 3d), implying that the interconnection of
the nanospheres was responsible for the formation of these new
nanostructures. Most importantly, the formation of the nanostar
and nanonetwork structures in the chloroform solution was
further confirmed by cryogenic TEM (cryo-TEM) showing
excellent agreement with the images obtained from AFM and
TEM in the dry state (Figures 3g,h and S6d,e). This eliminated
the possibility that the new nanostructures might have
incidentally formed by stacking or overlapping of the nanorods
as a result of secondary aggregation during the spin-coating or
drop-casting process. Lastly, selected area electron diffraction
(SAED) data acquired during the TEM analysis also confirmed
the crystallinity of the nanonetwork, showing a distinct
diffraction pattern at 0.45 nm that was consistent with the d-
spacing obtained from PXRD analysis (Figures S3 and S7).
Based on the preponderance of evidence from various analyses
presented above, the following mechanism for the formation of
these unique branched nanostructures was proposed (Figure 4).
Initially, P3EHT-b-PT with a low DP of PT spontaneously self-
assembled into nanospheres in solution because of the
interaction of the solvophobic PT blocks (Figure 4b). Upon
further addition of 2, the core of the nanospheres expanded and
became temporarily exposed to the solvent. However, the solvent
could no longer solvate these species as the spheres;

(a) (b) (e) Highly exposed core
é—% % Sclf—:l:ﬁs«'mhhm@il 1D Assembly ™ ?
Solvophobic i) Extended PT o 0 ot eh

& 7-7 inleraction

(e) (d)

Network formation

Figure 4. Proposed mechanism for INCP of P3EHT-b-PT into
branched nanoparticles.
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consequently, the core would cling to other nanospheres, thereby
forming the nanorods, driven by strong interactions between the
exposed PT blocks, to minimize the area of the solvophobic
segment (Figure 4c). As more 2 continued to be delivered to the
core, a certain portion of the cores in the nanorods further
expanded, and nanospheres or nanorods became attached to
these highly exposed cores, thereby making these sites the
branching points for producing nanostar structures (Figure 4d).
Finally, further repetition of this process resulted in the
formation of the largest nanostructure—the nanonetwork—
which contained the most crystalline PT core (Figure 4e).

The stability of the nanostructures from P3EHT-b-PT toward
external stimuli such as heat and mechanical stress was evaluated
by heating the P3EHT-b-PT samples in solution to 80 °C or
sonication for 10—30 min because nanofibers consisting of
P3HT were normally damaged by sonication.* In either case,
no significant changes in the UV—vis spectra (maintaining the
vibronic features), DLS spectra (maintaining the Dy profiles),
and AFM images (maintaining the morphology) were observed
(Figures S2, SS, and S9). Thermal gravimetric analysis showed
that the block copolymers did not decompose up to 385 °C
(Figure S4a). To test the stability of the nanocrystals under even
harsher condition, the each of PAEHTyy-b-PT5; and P3EHT -
b-PT4; was subjected to continuous heating and washing by
Soxhlet extraction with methanol and hexane for ~40 h.
Nevertheless, the integrity of the nanostructures was preserved,
as confirmed by AFM and TEM imaging, further supporting the
excellent stability of these nanocrystals (Figure S8). The
formation of these nanostructures via INCP of the polythio-
phenes was virtually irreversible because of the large binding
force from the tightly packed crystalline cores and the
interactions between the cores, holding the nanostructures
intact. Lastly, HOMO levels of 5.3 eV were determined for the
diblock copolymers via cyclic voltammetry. These deep HOMO
levels may be related to the stability of the nanostructures derived
from P3EHT-b-PT in air, expanding the utility of these
nanocrystals much wider (Figure S10).

In conclusion, fully conjugated P3EHT-b-PTs were success-
fully synthesized via the GRIM method, which spontaneously
formed highly stable nanoparticles via INCP. The size of the
nanocrystals gradually increased with increasing the DP of the
PT core, and the evolution of the nanostructures from the
nanospheres to nanorods, nanostars, and to nanonetworks was
observed. These stable nanocrystals are expected to find useful
applications in nano-electronics. Currently, we are also working
on other examples of INCP from many polymer derivatives
prepared by the GRIM method.
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