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π-Conjugated polymer-layered structures: synthesis and
self-assembly

Yuichi Tsuji, Yasuhiro Morisaki1 and Yoshiki Chujo

π-Conjugated polymers capped with a boronic acid end-functional group were synthesized by chain-growth Suzuki–Miyaura

polycondensation. The obtained polymers were reacted with a π-stacked-polymer scaffold, developed in our previous work.

Despite their bulkiness, the conjugated polymers were efficiently introduced into the polymer scaffold. The spectroscopic and

optical characterization of the obtained graft polymers in the solid state revealed that the original π-conjugated polymers were

stacked in a single polymer chain. Although excluded volume effects prevented significant intermolecular interactions between

the polyfluorenes, the introduced polythiophenes formed intermolecular π-stacked structures. Direct observations of the obtained

graft polymers showed that the graft polymers self-assembled into the spherical or fiber structures depending on the introduced

polymers, whereas no ordered structures were formed by the same polymers before the polymer reaction.
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INTRODUCTION

Because of the formation of highly ordered structures, the
supramolecular self-assembly of π-conjugated compounds1,2 can
provide new functionalities and lead to unique optoelectronic
properties.3–11 Because π-conjugated compounds tend to aggregate
by π–π stacking, the introduction of non-covalent interactions at
appropriate positions increases their association constants and
facilitates the formation of higher-ordered structures.12,13 For
example, supramolecular gels can be formed through intermolecular
interactions such as hydrogen bonds,14,15 and multiple long alkyl
chains facilitate columnar stacking along the π-stacking direction of
supramolecular assemblies16–19 (Figure 1a). A variety of assembled
structures can be formed through covalent linkages between
π-conjugated units (Figure 1b). Flexible linkers enable intramolecular
folding, and the resulting folded molecules can adopt unique
morphologies such as fibers20–22 and two-dimensional nanosheets.23

Conjugated linkers extended the π-conjugation length and the
conjugated polymers can form nanofibers through their strong π–π
interactions.24,25

Among the different types of linkers, hairpin-shaped rigid
linkers can promote the formation of intramolecular π-stacked
structures.26–30 We have recently reported the synthesis of polymers
with layered aromatic rings using a xanthene scaffold as a
hairpin-shaped linker; these polymers exhibit intramolecular π-stacked
structures with multiple aromatic rings stacked along a single polymer
chain.31–36 They can be regarded as the assembly of several small
π-conjugated units. However, owing to the small size of the

π-conjugated moieties and to the bulkiness of the xanthene scaffold,
their intermolecular interactions were relatively weak. Recently, we
reported a versatile polymer reaction method for the construction
of aromatic ring-layered structures.37 This method enables the
production of π-stacked structures for a wide variety of π-electron
systems. Herein, we used π-conjugated polymers as the stacked
π-electron systems and an aromatic ring-layered polymer as a scaffold
to synthesize π-conjugated polymer-layered structures, in which the
π-conjugated polymers were grafted on the aromatic ring-layered
scaffold. The rigid scaffold holds the π-conjugated polymers in a π–π
stacking arrangement; the ordered structure of which enhances
the intermolecular interactions between the polymers, resulting in
the formation of spherical- or fiber-like structures.

RESULTS AND DISCUSSION

We applied catalyst-transfer Suzuk–Miyaura coupling38–43 to
synthesize end-functionalized poly(3-hexylthiophene) (P3HT) and
poly(fluorene) (PF). As shown in Scheme 1, polymerization of
AB-type monomers 2 and 3 with the palladium initiator 1
([monomer]0/[1]0= 20) was used to prepare boron-masking44

polymers P3HT-BDAN and PF-BDAN. End-functionalization of the
one terminal of the polymer was confirmed by 1H NMR using
the signals arising from the end-functionalized pyrenes and
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry. The values for the degree of polymerization of
P3HT-BDAN and PF-BDAN were estimated to be 20 and 18,
respectively, with almost 100% regioregularity (Supplementary
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Figure S3–S6 and Supplementary Figure S13–S16). After the
deprotection of boronic acid, the polymer reaction of the polymer
precursor (aromatic ring-layered polymer) P1 with P3HT-B(OH)2 or
PF-B(OH)2 was carried out under conditions similar to those reported
in the literature (Scheme 2).37 Grafting of P3HT and PF polymers to
the scaffold was confirmed by Fourier Transform-Infrared (FT-IR)
spectroscopy and gel-permeation chromatography, as shown in
Supplementary Figure S15–S17. Only the peak arising from boronate

esters at 1350 cm− 1 was observed in both cases, with no peaks
corresponding to the unreacted hydroxyl groups, and the molecular
weights of the grafted polymers P3HT-P and PF-P were found to be
much larger than those of P3HT-BDAN and PF-BDAN. The polymer
reaction thus proceeded almost quantitatively, despite the low con-
centration of the boronic acid moiety in both P3HT-B(OH)2 and PF-
B(OH)2. Structures of all new compounds were confirmed by 1H and
13C NMR spectra (Supplementary Figure S1–S12).

Figure 1 Examples of self-assemblies: (a) conjugated compounds and (b) covalently bonded conjugated compounds.
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Scheme 1 Synthesis of a Pd initiator and end-functionalized polymers. GPC, gel-permeation chromatography; 1H NMR, proton nuclear magnetic resonance.

π-stacked polymer
Y Tsuji et al

204

Polymer Journal



The ultraviolet–visible absorption and fluorescence spectra of the
polymers were measured in diluted CHCl3 solutions, with no
significant differences emerging in the optical properties measured
before and after the polymer reactions (Figure 2). Because the degree
of polymerization of the original polymers was sufficiently large and
similar to the reported effective conjugation length,45,46 the intramo-
lecular interactions within the introduced polymers had little influence
on their electronic state. On the other hand, significant differences
were observed in the cast films (Figure 3). Polymer P3HT-BDAN was
randomly aggregated in the solid state; its absorption peaks were

broadened and red-shifted owing to the intermolecular π–π interac-
tions. The fluorescence emission intensity also decreased and the
corresponding spectrum was red-shifted. The main absorption peak of
P3HT-P exhibited a further red-shift compared with that of P3HT-
BDAN, with an absorption shoulder ~ 600 nm corresponding to the
crystalline P3HT domains in a single polymer chain.47 In addition,
hardly any emission was detected from P3HT-P. These results suggest
that the P3HT units in P3HT-P adopted a well-stacked and more
ordered arrangement in the solid state owing to the presence of the
xanthene-based polymer scaffold. The X-ray diffraction profile of
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Scheme 2 Polymer reactions of P1 to synthesize π-conjugated polymer-stacked polymers P3HT-B(OH)2 and PF-B(OH)2.

Figure 2 UV–vis absorption and fluorescence spectra of (a) P3HT-P and P3HT-BDAN in CHCl3 (1.0×10−5 M), and (b) PF-P and PF-BDAN in CHCl3
(1.0×10−5 M). UV–vis, ultraviolet–visible.

Figure 3 UV–vis absorption (solid line) and fluorescence (dashed line) spectra of (a) P3HT-P film and P3HT-BDAN film, and (b) PF-P film and PF-BDAN

film. UV–vis, ultraviolet–visible.
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P3HT-P indicated a phase I pattern48 in which the hexyl chains of
P3HT adopted a lamellar packing, and the π–π stacking distance
among P3HT chains was estimated to be 3.8 Å (Figure 4). However,
the crystallinity of the P3HT-P film seemed to decrease. Even though
P3HT-BDAN also exhibited a phase I pattern, the X-ray diffraction
peak associated with the π–π stacking of P3HT units was different; in
particular, the intramolecular π-π stacking peak of P3HT-P in a single
polymer chain was strong, and its intensity was similar to that of
the peak associated with the lamellar alkyl chains. This was owing to

the fixation of the P3HT units by the xanthene-based polymer
scaffold, as shown in the previous work.37

The absorption spectrum of PF-BDAN was red-shifted and
broadened, and the emissions spectrum was also red-shifted in the
film. These results suggest the presence of significant interchain
interactions in these polymers, supported by the X-ray diffraction
patterns indicative of their planar β-phase,49 and highlighting the
planarity and intermolecular stacking of the PF backbones
(Supplementary Figure S18). The small shoulder absorption band in
the ultraviolet spectrum and clear vibrational structure in the
photoluminescence (PL) spectrum of PF-BDAN arose from the
pyrene moieties. On the other hand, the absorption peak of PF-P in
the film was slightly blue-shifted (by ~ 2 nm) compared with the peak
detected in solution without any peak-broadening. In addition, the
emission peak of PF-P in the film was similar to the peak obtained in
CHCl3 solution. The 2θ-value in the X-ray diffraction profile of PF-P
is indicative of the α-phase,49 suggesting that the PF backbones in PF-
P are twisted (Supplementary Figure S18), leading to the blue-shifted
absorption spectrum. Thus, the PFs of PF-P were layered in a single
polymer chain; however, planarization of the PF backbones was
prevented by the alkyl chains of neighboring PFs, the large excluded
volume of which, in turn, inhibited the intermolecular interactions
between their π-systems.
The different intermolecular interactions displayed by the polymers

in solution and in a film were further explored by examining their
assembling behavior using transmission electron microscopy. Cast
films were obtained from a CHCl3/EtOH solution. As shown in
Figure 5a, P3HT-P self-assembled into fibrous structures, whereas
P3HT-BDAN formed small particles (Figure 5b). Fibers of various
widths ranging from 20 nm to 100 nm were observed; 20 nm was
approximately twice the value of the P3HT-BDAN chain length
(n= 20, ~ 9 nm), corresponding to the width of a single P3HT-P

Figure 4 X-ray powder diffraction patterns of (A) P3HT-P, (B) P3HT-BDAN,
(C) PF-P and (D) PF-BDAN. Peaks are labeled with d spacing in Å.

Figure 5 TEM images of (a) P3HT-P, (b) P3HT-BDAN, (c) PF-P and (d) PF-BDAN. All samples were prepared from CHCl3/EtOH (v/v=3/1) mixed solvent.
TEM, transmission electron microscopy.
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molecule. The height of the fibers was 10 nm at most, as deduced
from the atomic force microscopy image of P3HT-P shown in
Figure 6a. Thus, P3HT-P assembled into the fibers through
one-directional elongation along the stacking direction owing to the
alignment of the P3HT units by the rigid polymer scaffold. On
the other hand, P3HT-BDAN was not tightly pinned onto the
scaffold, resulting in entanglement and particle formation instead of
intermolecular π–π stacking and elongation.
As shown in Figure 5c, PF-P self-assembled into submicrometer

particles, whereas PF-BDAN formed aggregates of nanometer size
(Figure 5d), similarly to P3HT-BDAN. A large number of aggregated
particles by aggregation were also observed in the atomic force
microscopy image of PF-P (Figure 6b), and their spherical shape
was confirmed on the basis of their height information (~170 nm on
average, Supplementary Figure S19). The average particle size of PF-P
was estimated to be 184.6 nm (by transmission electron microscopy),
194.1 nm (by atomic force microscopy) and 191.0± 21.4 nm (by
dynamic light scattering, Supplementary Figure S20). Some of the
particles shown in Figure 5c exhibited high contrast in the core region
and low contrast at the edge where small fragments with high aspect
ratio were observed. These particles were thought to be formed during
the association. The small fragments were supposed to be single PF-P
molecules, whose longer side length was estimated to be
~ 35–40 nm, approximately twice the value of the PF-BDAN chain
length (n= 18, ~ 17 nm). PF-P and PF-BDAN tended to form
particles for the same reason discussed above for P3HT-BDAN; larger
particles were formed in the case of PF-P owing to the larger size of
the single PF-P molecule. On the basis of results of the optical
measurements, and direct observations by transmission electron
microscopy and atomic force microscopy, we can conclude that the
grafting of π-conjugated polymers within a polymer scaffold facilitates
the formation of higher-ordered structures with morphologies that
depend essentially on the nature of the grafted π-conjugated polymers.
In summary, we prepared π-conjugated polymers end-capped with

boronic acid (P3HT-B(OH)2 and PF-B(OH)2) by chain-growth
Suzuki–Miyaura polymerization. Condensation of the polymers with
an aromatic ring-layered polymer scaffold yielded π-conjugated
polymer-grafted polymers P3HT-P and PF-P. Despite their bulkiness,
the conjugated polymers were efficiently introduced into the polymer
scaffold. The polymer scaffold facilitated the formation of π-stacked
P3HT structures with enhanced crystallinity. On the other hand, PFs
were located close to each other in the scaffold; thus, their main chains

were twisted, suppressing the intermolecular interactions among the
PF units. P3HT-P self-assembled into fibers by one-directional
elongation along the π–π stacking direction, whereas PF-P aggregated
to form submicrometer particles. The present results show that the
polymer scaffold can assist in the self-assembly process by pinning
down the P3HT or PF units within a single polymer chain acting as a
nucleus for the formation of higher-ordered structures. Dependence of
the morphology on the molecular weights of the scaffold and grafting
polymers, as well as the optoelectronic properties of the self-assemblies
will be discussed in the future.
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