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Deyue Yan®

This communication reports a unique ultra-large sheet formation
through hierarchical self-assembly of a rod—coil graft copolymer
containing a rigid polyphenylene backbone and flexible poly(ethyl-
ene oxide) (PEO) side chains. The hierarchical self-assembly
process involved a distinctive morphological transition of 1D
helical to 2D superstructures. The graft copolymer offers a new
chance for the challenging bottom-up fabrication of ultra-large
self-assembled nanosheets in solution, as well as a novel system
for fundamental studies on 2D self-assembly of polymers.

“Rod-coil” graft copolymers are an important type of polymer
containing a rigid backbone with densely tethered flexible
polymeric chains.'™ Their interesting one-dimensional (1D)
brush-like structure leads to numerous potential applications,
such as molecular actuators, templates for metal nanowires,
etc.'” Conjugated polymers, e.g. polyphenylene and polythio-
phene, are the major category of rigid backbones in rod-coil
graft copolymers, as introducing pendant moieties onto conju-
gated polymers to form graft copolymers is a general pathway
to improve their solubility and tailor their optoelectronic
properties.*™®

Self-assembly of rod-coil graft copolymers with conjugated
polymer backbones and their linear counterpart, rod-coil
block copolymers, has attracted much attention in recent
decades, as rod-coil copolymers show distinct self-assembly
features compared with flexible (coil-coil) copolymer systems
due to the introduction of rigid blocks;">° moreover, the resul-
tant supermolecular nanostructures of conjugated polymers
generally exhibit unique thermal, optical or optoelectronic
properties.” " In particular, the self-assembly of the rod-coil
block copolymers has been studied extensively. Several key
issues, including aggregate morphologies, morphological
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control approaches, etc., have been explored.”™® For example,
‘Winnik, Manners and coworkers prepared nanocylinders of
controlled lengths by the crystallization-driven self-assembly of
poly(3-hexylthiophene)-block-poly-(dimethylsiloxane)
block copolymers.® Although the self-assembly of rod-coil
graft copolymers has also been investigated in recent
years,””2° it remains much less understood compared with
that of rod-coil block copolymers.

In the present study, we synthesized a rodcoil graft copoly-
mer containing a laterally expanded poly-para-phenylene
backbone (i.e. poly-para-phenylene with dendritic tetraphenyl-
benzene substituents) tethered with poly(ethylene oxide) (PEO)
side chains. Interestingly, the graft copolymer exhibited hier-
archical self-assembly behavior in a CHCl,-CH;OH organic
cosolvent at room temperature (Fig. 1). Driven by the methanol-
phobic interaction of the polyphenylene and the crystallization
of the PEO chains, the graft copolymer first self-organized into
1D nanowires, which bundled into 10-60 pm ultralong helices,
then evolved to 2D raft-like nanostructures, and, eventually, to
ultra-large multilayered nanosheets with remarkable lateral
dimensions of ca. 10 pm x 10 pm to 100 pm x 100 pm, after
the aging of the aggregate solution for ca. 2 days (Fig. 1). To
the best of our knowledge, the bottom-up preparation of such
large polymeric sheets by supramolecular self-assembly,
without support from a planar interface, has been a severe
challenge with only a few successful cases*"?* and has not
been achieved for graft copolymers before, as planar polymer
assemblies usually rolled or closed and formed tubes or
In addition, the unprecedented
hierarchical self-assembly process involving 1D helical to 2D
superstructures provides a significant reference for the 2D self-
assembly of polymers.

The synthesis procedure of the rod-coil graft copolymer is
illustrated in Scheme S1f and the experimental details are
described in the ESL{ First, Yamamoto polymerization of a
dichloro-substituted oligophenylene monomer produced a
laterally expanded poly-para-phenylene modified with
~C10H0COOCH; (denoted as PP-COOCH;). Then, PP-COOCH;
was hydrolyzed to PP-COOH. Afterwards, the esterification of

rod-coil

vesicles in solution.”®

This journal is © The Royal Society of Chernistry 2016
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due to the destruction of the crystal structure at temperatures
higher than the T, of the 1K g/mol PEO upon the irradiation of
electron beams."”

The optical properties of the GC-91 assemblies in THF—water
solutions were studied by ultraviolet—visible (UV—vis) and
photoluminescence (PL) spectroscopies (Figure 4). The

10 10
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Figure 4. (A) UV—vis and (B) photoluminescence spectra of GC-91 in
THEF as well as of the helices and the sheets in THF—water (v/v 1:4) at
different temperatures (concentration: 2 X 10~ mg mL™).

maximum absorption of the helices and the sheets were red-
shifted to ~290 nm, compared with 280 nm of GC-91 in THE
(Figure 4A), indicative of intermolecular 7—7 interactions
associated with the aggregation of GC-91.> The PL spectra
revealed a distinct quenching of the photoluminescence of both
the helices and the sheets in THF—water (Figure 4B). The PL
spectra of the helices remained almost unchanged with the aging
of their solution at 20 °C over 10 days, suggesting their good
stability in solution;® however, the PL spectra of the assemblies
obtained at 10 °C showed a consecutive quenching of the
photoluminescence (Figure S27), most probably due to the
progressive formation of the sheets.

In summary, we prepared a novel type of rod—coil graft
copolymer containing a poly-para-phenylene backbone grafted
with 1K g/mol PEO chains. Remarkably, these polymers
performed temperature-dependent 1D and 2D self-assembly in
solution. At 20 °C, which is above the T of the PEO chains, the
achiral graft copolymers self-organized into 1D nanoribbons that
further bundled into ~30 um helices. At 10 °C, which is below
the T,, the self-assembly of the graft copolymers, driven by the
crystallization of the tethered PEO chains, resulted in progressive
growth of nanoribbons into rafts and eventually into
quadrangular multilayer sheets with lateral dimensions of over
10 pm. These novel rod—coil graft polymers provide new
opportunities for the controlled preparation of 1D helix and 2D
superstructures as well as offer a new system for the fundamental
studies on the self-assembly of conjugated polymers, including
morphological control, thermodynamics and kinetics, potential
applications, etc.
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ABSTRACT: Structurally well-defined graphene nanorib-
bons (GNRs) have attracted great interest as next-
generation semiconductor materials. The functionalization
of GNRs with polymeric side chains, which can widely
broaden GNR-related studies on physiochemical proper-
ties and potential applications, has remained unexplored.
Here, we demonstrate the bottom-up solution synthesis of
defect-free GNRs grafted with flexible poly(ethylene
oxide) (PEO) chains. The GNR backbones possess an
armchair edge structure with a width of 1.0—1.7 nm and
mean lengths of 15—60 nm, enabling near-infrared
absorption and a low bandgap of 13 eV. Remarkably,
the PEO grafting renders the GNRs superb dispersibility in
common organic solvents, with a record concentration of
~1 mg mL™" (for GNR backbone) that is much higher
than that (<0.01 mg mL™") of reported GNRs. Moreover,
the PEO-functionalized GNRs can be readily dispersed in
water, accompanying with supramolecular helical nanowire
formation. Scanning probe microscopy reveals raft-like
self-assembled monolayers of uniform GNRs on graphite
substrates. Thin-film-based field-effect transistors (FETs)
of the GNRs exhibit a high carrier mobility of ~0.3 cm*
V' 5™, manifesting promising application of the polymer-
functionalized GNRs in electronic devices.

Graphene nanoribbons (GNRs) have attracted great
attention as candidates for next-generation semiconductor
materials.'™ Their electronic properties, such as the finite
bandgap, are strongly governed by their width and edge
structures. Among a number of “top-down”"**
up”*~'° approaches developed for the fabrication of GNRs,
bottom-up solution synthesis shows an incomparable advantage

and “bottom-
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in large-scale production of liquid-phase-processable GNRs with
well-defined structures.>®” Nevertheless, chemically synthesized
GNRs either have no side substituents or are functionalized only
with short alkyl chains,””*** which greatly limits their solution
processability and thus impedes their deeper fundamental studies
and prospective applications. Attachment of polymer chains to
GNR backbones would offer a promising strategy to surmount
this barrier. This approach, however, has remained unexplored.

Here, we demonstrate the bottom-up solution synthesis of
GNRs grafted with flexible poly(ethylene oxide) (PEO) chains,
which involves the pre-introduction of methoxycarbonyl and
carboxylic active groups on the periphery of GNRs (Scheme 1).
The PEO-functionalized GNRs (GNR-PEO) have a PEO
grafting percentage (GP) of 46% and shows excellent
dispersibility in common organic solvents such as tetrahydrofur-
an (THE), with high concentrations of up to ~1 mg mL™" (for
the GNR backbone), superior to those of reported GNRs (<0.01

Scheme 1. Synthetic Route Towards PEO-Functionalized
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H,/Ar atmosphere at 500 °C, which is an optimum temperature
to cut off the insulating alkyl chains from GNRs to reduce ribbon-
to-ribbon junction resistance without affecting the GNR basal
plane.® FTIR and Raman spectroscopies of the film revealed no
apparent influence of the thermal treatment on the GNR
backbone (Figure S28A,B). Moreover, the GNR thin film
between two Ti/Au electrodes was imaged by SEM and AFM,
which gave a length of ~3 ym, a width of ~3 yim, and a thickness
of ~27 nm for the film (Figures 527B and S28C). In contrast,
GNR-COOCH, and GNR-COOH could only form discontin-
uous films with massive aggregates on the substrate under the
similar drop-casting conditions, attributable to their much poorer
dispersibility in THE.

The current vs drain voltage (I-V,) and current vs gate
voltage (I-V,) for the channel length L ~ 3 ym thin-film FET
are displayed in Figure $27C,D. The IV curves of the thin film
before and after annealing at 500 °C prove that annealing can
significantly increase the conduction (inset in Figure $27C). The
thin-film FET exhibited maximum carrier mobility of ~0.3 cm®
V' s and an on—off ratio of ~4 under a low voltage of 20 V
(Figure S27D), the calculation is provided in the SI, p $29).
Although the GNR thin film still revealed a limited p-type current
modulation, which is probably due to the electric-field screening
effect in GNR films and relatively high ribbon-to-ribbon junction
resistance,”** the resultant mobility represents the best among
those of GNR-thin-film based FETS reported thus far.'>'*

In summary, we demonstrated the first bottom-up solution
synthesis of polymer-functionalized GNRs with defined
structures. The resultant GNR-PEO exhibited an outstanding
dispersibility in common organic solvents and even water. The
excellent dispersibility offers opportunities not only for deep
understanding physiochemical properties of GNRs by a wide
range of solution-based physical characterizations including
UV—vis, PL, DLS, and SPM, etc, but also for developing
prospective applications such as GNR-thin-film based FETs.
This study blazes a trail for polymer functionalization of GNRs,
which holds promise to prepare thin films with controlled
alignment of GNRs by solution deposition. This means might
enhance the electrical properties of bottom-up synthesized
GNRs. Moreover, polymer functionalization affords chances to
develop new GNR-related studies in a broad range of research
areas including molecular self-assembly, nanocomposites, and
biotechnology, etc.
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