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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.®2° 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) rod-coil
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 rod-coil 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;-CH3;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 um 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
vesicles in solution.*® 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 ESLt First, Yamamoto polymerization of a
dichloro-substituted oligophenylene monomer produced a
laterally expanded poly-para-phenylene modified with
—-C19H,0COOCH; (denoted as PP-COOCH3;). Then, PP-COOCH;
was hydrolyzed to PP-COOH. Afterwards, the esterification of
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Fig. 1 Schematic illustration of the formation of ultra-large multilayered sheets by 1D to 2D hierarchical self-assembly of the rod—coil graft copoly-

mer at room temperature.

the carboxyl groups on PP-COOH with the hydroxyl groups on
1 kg mol™" poly(ethylene oxide) monomethyl ether yielded the
graft copolymer. Fourier transform infrared (FTIR) spectro-
scopy (Fig. S4Af) and nuclear magnetic resonance (NMR)
(Fig. S51) measurements validated the successful grafting of
the PEO chains.

The grafting percentage (GP) of the copolymer was deter-
mined to be ~92% by NMR, which was supported by the calcu-
lation based on elemental analyses (EA) (see pages S8 and
S9t). Gel permeation chromatography (GPC) analysis against
polystyrene standards in tetrahydrofuran (THF) gave a
number-average molecular weight (M,) of 136 200 g mol™" and
a polydispersity index (PDI) of 1.3 for the graft copolymer, as
well as a M,, of 51700 g mol™ and a PDI of 1.1 for PP-COOCH;,
(their single-peak distribution GPC curves are presented in
Fig. S4BT). The much larger M, of the graft copolymer further
confirmed the successful grafting of the PEO coils.

The self-assembly of the rod-coil graft copolymer was
carried out through a cosolvent method*® at room temperature
(~20 °C). First, a CHCl; solution with a concentration of
0.01 mg mL~" was prepared by dissolving the graft copolymer
in CHCl;, which is a common solvent for both polyphenylene
and PEO. Then, under gentle stirring, the CHCI; solution was
added dropwise (~60 pL min~') into a 9-fold amount of
CH,;0H, a selective solvent for PEO. Finally, a light blue mixed
solution was obtained, suggesting the formation of polymer
aggregates. The as-prepared solution was incubated at room
temperature for a period of days.

The aggregation of the graft copolymer in the CHCI;-
CH,;OH (v/v 1:9) cosolvent was confirmed by ultraviolet-visible
(UV-vis) and photoluminescence (PL) spectroscopy (Fig. 2).
The maximum absorption of the copolymer in CHCIl;-CH;OH
red-shifted to ~280 nm compared with ~270 nm in CHCl;
(Fig. 2A), indicating n—=n interactions associated with the aggre-
gation of the polyphenylene backbones.” The PL spectra
showed the distinct quenching of the photoluminescence of
the copolymer in CHCl;-CH;OH (Fig. 2B), further confirming
polymer aggregation. In addition, the consecutive quenching

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (A) UV-Vis and (B) photoluminescence spectra of the graft co-
polymer (GC) in CHCls and in CHClz—CH3OH (v/v 1:9) with the aging
(from 5 minutes to 2 days) of the aggregate solution at room tempera-
ture (concentration: 10> mg mL™Y).

of the photoluminescence with the aging of the aggregate
solution over 2 days suggested possible progressive changes in
the morphology of the polymer aggregates.

The structures of the polymer aggregates formed in
the CHCI;-CH30H (v/v 1:9) solution were examined by
transmission electron microscopy (TEM) and atomic force

Polym. Chem., 2016, 7, 1234-1238 | 1235
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Fig. 3 TEM and AFM images of the assemblies formed by the hierarchi-
cal self-assembly of the graft copolymer in the CHClz;—CHzOH (v/v 1:9)
solution after 5 minutes (A-D), 1 hours (E, F), 6 hours (G, H), 2 days (I, J).
The relevant dimensions of the assemblies are indicated in the corres-
ponding TEM and AFM images.

microscopy (AFM) (Fig. 3). TEM images revealed a 1D helical
structure for the as-formed graft copolymer assemblies in
CHCIl3;-CH30H (Fig. 3A, B and Fig. S6A, Bf). Left- and right-
handed helices coexisted as no chiral moieties were employed
during the self-assembly. The size statistics gave an average
diameter of 17 + 9 nm and lengths of 10-60 pm for the
helices. The helices were formed by the twist of 1D aggregates
of ~4 nm width (Fig. 3B and the inset shows a typical high-
resolution TEM image). The AFM profiles gave a thickness of
~4 nm for the 1D aggregates and confirmed that they bundled
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into the helices (Fig. 3C and D). The combination of the 4 nm
width and thickness manifests that the 1D aggregates are
supermolecular nanowires. Since the thickness of the nano-
wires is close to the calculated width (~3.9 nm) of a graft copo-
lymer molecule while their width is much smaller than the
length (~36 nm) of the copolymer molecules (see the calcu-
lation in section 4.3.1 in page S12, ESIT), it is reasonable to
speculate that the nanowires are assembled by an “end-to-end”
and “side-by-side” combined alignment of the brush-like
molecules, as illustrated in the middle of Fig. 1. The high-
magnification TEM images (e.g. Fig. 3B) revealed that most of
the helices (ca. 80%) were double- and triple-stranded in terms
of their diameters and they coexisted with a number of multi-
stranded helices (>4 strands).

The formation of the helices was found to be kinetically
controlled and they were thermodynamically unstable, namely
their morphology was quenched temporarily in the mixed
solvent with a large amount of CH;OH and also in pure metha-
nol after the dialysis of the CHCl;-CH;OH solution. After one-
hour aging, the helices evolved into “rafts” that consisted of
1D nanostructures (Fig. 3E and F). The thickness of the rafts
was ~4 nm (Fig. 3F), the same as that of the aforementioned
nanowires. Therefore, it is believed that the rafts were single-
layered and formed by the planar alignment of the nanowires.
The unexpected transformation of 1D helical to 2D raft-like
superstructures has never been documented before in 2D
supramolecular self-assembly. With the aging of the aggregate
solution for ~2 days, the rafts further developed into ultra-
large sheets with an average thickness of 56 + 4 nm and lateral
dimensions of ca. 10 pm X 10 pm to 100 um x 100 pm
(Fig. 3G-J and S6D and Et). The greater thickness than that of
the single-layered rafts indicated a multilayered structure of
the sheets. The wrinkles observed by TEM on the nanosheets
reflected a flexible feature (Fig. 3G, I and S6DY). Afterwards, no
big changes were observed on the dimensions of the sheets.
The ultra-large sheets suspended in solution were also observed
by optical microscopy (Fig. S71), confirming that the sheets
were formed and free-standing in solution. Dynamic light
scattering (DLS) measurements revealed an increase in the
hydrodynamic diameter of the graft copolymer assemblies with
the aging of their solution (Fig. 4 and S8t), confirming the pro-
gressive growth of the copolymer assemblies in CHCl;-CH;O0H.

In light of previous studies on PEO crystallization-driven 2D
self-assembly of polymers in solution,**® we consider that
PEO crystallization in organic media contributed to the
solution-growth of the ultra-large multilayered sheets. Micro
differential scanning calorimetry (uDSC) analysis gave a
crystallization temperature (7.) of ~26 °C for the PEO coils in
the copolymer aggregates in CHCl;-CH3;OH (Fig. S97). Note
that the 2D self-assembly of the graft copolymer occurred
(at ~20 °C) below the T, of the PEO chains. In addition, a
short average distance of ~0.7 nm between neighboring PEO
chains on the polyphenylene backbone would be favorable for
the crystallization of the PEO coils if the graft copolymer aggre-
gated into sheet-like structures, as the short distance resulted
in a high number density of PEO chains at the sheet surfaces,

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 DLS results showing an increase in the hydrodynamic diameter
(Dy,) of the graft copolymer assemblies with the aging of their solution at
room temperature. The corresponding DLS plots are presented in
Fig. S8.F

which exceeded the onset density for the crystallization of the
PEO chains below their T, (see the calculations in section 4.3.2
in the ESI, pages S13 and S$14%).>**” Thus, it is reasonable to
believe that the crystallization of the PEO chains acted as a key
driving force for the formation of the ultra-large sheets. Two
additional lines of evidence also support this point. First, the
graft copolymer with a lower GP of ~60% did not form multi-
layered sheets under similar experimental conditions, probably
due to the larger average distance between adjacent PEO coils
on the polyphenylene backbone. Second, at a temperature
(~30 °C) higher than the T, of the PEO chains, the graft copoly-
mer produced irregular aggregates rather than sheets in
CHCl,-CH,;OH.

Based on the above-mentioned results, a possible mechan-
ism for the 1D to 2D hierarchical self-assembly of the graft
copolymer is illustrated in Fig. 1. In the CHCl;-CH3;0H solu-
tion, driven by the methanolphobic interaction, the graft co-
polymer first self-organized into 4 nm thin nanowires with a
polyphenylene layer sandwiched by PEO coils on both up and
down sides (middle of Fig. 1). Because of the relatively low
PEO number density on the other two sides of the polyphenyl-
ene layer, the nanowires tend to associate to minimize the
polyphenylene-methanol contact. Around the associated nano-
wires the PEO coils were crowded, as the estimated radius of
gyration (Ry = ~1.5 nm (ref. 28)) of a 1 kg mol™ PEO chain at
its end-free state in solution is much larger than the short
average distance of 0.7 nm between neighboring PEO chains
in the graft copolymer in the nanowires. Hence, the steric
interaction among the PEO chains drove the twist of the
associated nanowires to provide more peripheral space for the
PEO coils, thus leading to the formation of 1D helices. At this
point, it is worth mentioning that although helix formation
represents a self-assembly motif for some chiral polymers,
owing to the ordered helical arrangement of their chiral
moieties,"”"""® it rarely happens to achiral polymers;”>3°
nevertheless, in the present work, long helices were frequently
found in the self-organization of the achiral graft copolymers
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in the CHCIl;-CH;O0H cosolvent system, which can be attribu-
ted to their unique rod-coil brush-like structure with a short
average distance between adjacent PEO chains on the rigid
polyphenylene backbone. However, since the helix formation
occurred below the T, of the PEO coils, the crystallization and
the resulting compact state of the PEO chains alleviated their
steric repulsion and thus favored the transformation of the
helices to the thermodynamically more stable sheet-like struc-
tures. During the transformation, an untwist process of the
helices could be considered for their transition to the single-
layered rafts which further grew to the ultra-large multilayered
sheets driven by the PEO crystallization.

Soft nanosheets with lateral dimensions of over 10 pm x
10 pum are quite difficult to achieve by the self-assembly of
polymers in solution without support from a planar interface;
only a few successful cases were documented.”"** In the
present work, the rod-coil brush-like structure of the graft
copolymer accounts for the ultra-large lateral sizes of the
sheets, since the molecules of such an architecture incline to
form assemblies with a sandwich structure, in which the later-
ally expanded poly-para-phenylene rigid backbones locate in
the middle layer (Fig. 1). Such a sandwich structure along with
the PEO crystallization is in favor of the growth of assemblies
in 2D directions. Moreover, the rigid polyphenylene layer and
the PEO crystallization can limit the rolling or closing of the
sheets, which would generate tubes or vesicles as usually seen
in the self-assembly of many flexible polymer systems.>**'**

In summary, this work demonstrates a unique sheet for-
mation by 1D to 2D hierarchical self-assembly of a rod-coil
graft copolymer comprising a poly-para-phenylene backbone
and PEO side chains. Driven by the methanolphobic inter-
action of the polyphenylene and the crystallization of the PEO
chains in a CHCl;-CH3;OH mixed organic solvent, the graft
copolymer exhibited an wunprecedented hierarchical self-
assembly process from nanowires to 10-60 pum ultralong
helices, then to single-layered “rafts”, and finally to ultra-large
multilayered nanosheets with lateral dimensions of ca. 10 pm
x 10 um to 100 pm x 100 pm. The rod-coil graft polymers
afford a new chance for the so far challenging preparation of
ultra-large self-assembled nanosheets in solution, as well as a
novel system for fundamental studies on 2D self-assembly of
conjugated polymers, including the mechanism, factors
affecting the morphology, potential applications, etc.
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