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"Rod—-coil” copolymers get self-assembled
in solution

Fugui Xu,T Jiacheng Zhang, " ¥ Pengfei Zhang, Xiangfeng Luan and Yiyong Mai ‘= *
Supramolecular self-assembly of amphiphilic “rod—coil” copolymers in solution has attracted tremendous
interest, as they exhibit distinct self-assembly behaviors profiting from the introduction of rigid segments,
compared with coil—coil copolymers. The unique interplay between microphase separation of the rod and coil
blocks with great geometric disparities leads to the formation of various ordered nanostructures including some
unusual morphologies, such as ribbons, helices, nanosheets, and toroids, which are difficult to observe in the
self-assembly of coil-coil copolymers. This article overviews the recent advances in tunable solution self-
assembly of several common types of amphiphilic rod—coil copolymers, including block, alternating, graft, star,
and hyperbranched/dendritic copolymers, which contain functional rod segments such as conjugated polymers,
liquid crystalline polymers, polypeptides, and helical polymers. The discussions focus on the morphological
control, distinctive optical/electronic properties, and stimuli-responsiveness of the assemblies, which make them
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Introduction

The self-assembly of amphiphilic copolymers in solution has
proven to be a powerful bottom-up strategy for the preparation
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potential functional materials particularly for optical, optoelectronic and biological applications.

of diverse ordered structures, including spheres, cylinders,
bicontinuous structures, lamellae, and vesicles, among others."™®
The resultant superstructures exhibit great potential applications in
many fields, such as biomedicine, microelectronics, energy storage
and conversion, and catalysts."® In recent years, thanks to the
development of a wide range of organic synthesis and polymer-
ization techniques, various types of amphiphilic copolymers
have been successfully synthesized, including block copolymers
(BCPs), alternating copolymers, graft copolymers (or polymer
brushes), star-like polymers, and hyperbranched or dendritic
polymers, among others.” ! Depending on the flexibility of the
building blocks, these copolymers can generally be classified
into three categories: ‘“coil-coil”, “rod-coil” and “rod-rod”
copolymers, in which “rod-rod” type is not frequent to see in
solution self-assembly. Rod-coil copolymers consist of rigid
polymer segments, such as n-conjugated polymers, liquid crystal-
line (LC) polymers, polypeptides, and helical polymers, which are
covalently bonded with flexible blocks."™'" In general, the rigid
polymers exhibit rod-like anisotropic conformation with a high
bending energy, meaning that the bending of rigid polymers is
constrained, while the coil polymers are flexible and behave like
random coils."""* In theoretical simulations such as molecular
dynamics (MD) simulation, the rod polymer is usually modeled as
a linear chain consisting of several beads connected through bond
stretching potential, and the rigidity of the rod block is introduced
by the angle bend potential; without the angle bending potential
constraint, the coil block is represented by a flexible chain.'” The
anisotropic feature and rigid conformation of the rod segments
result in a tendency for orientational ordered packing during
aggregation, which affords rod-coil copolymer self-assembly
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behaviors different from those of the coil-coil type copolymers."*
Theoretical simulations have demonstrated the effect of chain
rigidity on the self-assembled structures from rod-coil diblock
copolymers.'>** For instance, Lin and coworkers constructed a
series of rod-coil copolymers with various rigid conformation
fractions and rigid portion locations, through Brownian dynamics
(BD) simulation. With a decrease in the fraction of the rigid
conformation, the assemblies transit from cylindrical to spherical
micelles."*'® In experiments, apart from the common assemblies
formed by coil-coil copolymers, such as spherical micelles,
cylindrical micelles, lamellae and vesicles,"* unusual super-
structures such as helices, ribbons, sheets, and toroids can also
been frequently observed in the self-assembly of rod—coil copolymers
due to the interplay between microphase separation of the rod and
coil blocks with great geometric disparities.'*

The self-assembly of amphiphilic rod-coil copolymers in
solution has been studied actively since the end of the 1990s.
As one of the pioneer works, Jenekhe and coworkers reported the
tunable self-assembly of poly(phenylquinoline)-block-polystyrene
(PPQ-b-PS) rod—coil diblock copolymers in 1998, which produced
robust, micrometer-scale, spherical, vesicular, cylindrical, and
lamellar aggregates depending on the copolymer composition.”
Thereafter, remarkable achievements have been made in this field
in the past two decades. Numerous crucial scientific issues have
been explored, including self-assembly techniques, morphological
control principles, theory and simulation, physical properties and
potential applications of the assemblies.'®***"?* In light of the
great interest and high level of activity of this area, this paper
overviews its progress in the last 10 years, with an emphasis on
five common types of rod—coil copolymers of different architec-
tures, including block, alternating, graft, star-like, and hyper-
branched copolymer systems (Fig. 1). Neither the synthesis of
the rod-coil copolymers nor their self-assembly theory and
simulation are covered in this paper; several review articles
are recommended for these topics (ref. 8, 10-13, 16-19, 21 and 22).
The following discussions concentrate on a number of crucial
aspects including morphological control strategy, aggregation
mechanism, physical properties and stimuli-responsiveness
of rod-coil copolymer aggregates. Potential applications are
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Fig. 1 Molecular structures of various types of rod—coil copolymers.
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briefly introduced along with the corresponding examples,
which highlight case-by-case the promising perspective of rod-
coil copolymer self-assembly especially in optical, optoelectronic,
energy and biological applications.

Self-assembly of rod—coil block
copolymers
Rod-coil block copolymers based on conjugated polymers

n-Conjugated polymers, including polythiophene, polyphenylene,
polyfluorene, polyacetylene, poly(p-phenylenevinylene), poly-
quinoline, polycarbazole, etc., have appealing optical and
electronic properties.'®'"**"* For example, polythiophene and
their derivatives are an important type of conducting polymer
and have been widely investigated as an active component of
semiconducting devices such as organic field-effect transistors
(FETs), solar cells, and light-emitting diodes (LEDs). Self-assembly
of rod-coil copolymers containing conjugated blocks provides
a powerful route for precisely tuning the ordered molecular
organization mode as well as the resulting optical and electronic
properties, which generally cannot be achieved from disordered
aggregation of conjugated polymers.'”"" Among the different
rod-coil copolymer systems, linear BCPs represent the most
extensively studied family, in which the widely-used rigid and
flexible blocks are summarized in Fig. 2.%'%112022
Polythiophene and their derivatives represent the most
widely studied m-conjugated polymer systems, and the self-
assembly of amphiphilic rod-coil BCPs containing polythiophene
type blocks has attracted tremendous interest.**™*’ This type of
BCP can easily form low-dimensional (1D and 2D) structures as
the ordered arrangement of the rigid and crystalline polythio-
phene type blocks inclines to follow a 1D or 2D direction. As a
typical example, Winnik, Manners and coworkers reported
the formation of cylindrical micelles with a crystalline poly(3-
hexylthiophene) (P3HT) core by the crystallization-driven self-
assembly of P3HT-block-poly(dimethylsiloxane) (P3HT-h-PDMS)
copolymers in Et,O/toluene mixed solvents, using seed micelles
as initiators (Fig. 3).”° The length of the cylinders was readily
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Fig. 2 General rod and coil blocks of conjugated rod—-coil block copolymers. Reproduced with permission from ref. 10. Copyright 2011, Elsevier.

PDMS
ZS& xS
rP3HT CN)/ /:>
Addition of unimers
[ —
Epitaxial growth
Seed micelle

Monodisperse
cylindrical micelle

20 40 60 80 100
Mynimers/Mseed

Fig. 3 (a) Schematic representation of the formation of monodisperse
P3HT-b-PDMS cylindrical micelles via crystallization-driven self-assembly
using small seed micelles as initiators. (b) A typical TEM image of P3HT-b-
PDMS cylindrical micelles. (c) Linear dependence of the micelle contour
length on the unimer-to-seed ratio. Reproduced with permission from
ref. 26. Copyright 2011, American Chemical Society.

controlled in the range of 40 to 320 nm by adjusting the unimer-
to-seed ratio, which is a typical characteristic of “living” self-
assembly. In another case, they prepared stable nanofibers with
precisely controllable length by living crystallization-driven self-
assembly of conjugated diblock copolymers containing a
crystalline regioregular P3HT core and a soluble, amorphous
regiosymmetric P3HT corona.>” The nanofibers are solution-
processible and electroactive, and thus are employed as the
active layer in FETs. Interestingly, the resulting charge carrier
mobility strongly depends on both the length of the core-forming

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

block and the fiber length, but is independent of corona composi-
tion. This study highlights the significant potential of colloidally
stable electroactive fibre-like micelles from common conjugated
block copolymers in fundamental study of charge carrier
processes in devices and in future electronic applications.

Park’s group also achieved 1D nanocylinders of tunable
lengths by the self-assembly of P3HT-b-poly(ethylene glycol)
(P3HT-b-PEG) in chloroform/water solvent mixture. Rather than
the crystallization-driven case, the control of the cylinder length
was realized through varying the length of the PEG coils.*”
The longer PEG chains had larger corona dimensions, which
prevented the packing of more P3HT segments in the cylindrical
core and thus yielded shorter nanofibers. By tuning the inter-
actions among the flexible blocks, other interesting 1D super-
structures have also been observed. Hayward, Emrick, and colleagues
obtained superhelices by the self-assembly of P3HT-b-poly-
(3-triethylene glycol thiophene) (P3HT-b-P3(TEG)T) diblocks in
solution.® This copolymer first self-assembled into nanowires
upon the addition of methanol to their chloroform solutions;
the wire lengths were controlled by altering the block ratio or
solvent nature. At suitable block ratios, the addition of K* ions,
which induced an increase in the steric hindrance among
the P3(TEG)T coils during self-assembly, drove the formation
of helical nanowires, which further bundled into double- or
multi-stranded superhelices. The superstructures in solution
exhibited a red-shift in spectral absorption compared with that
of the copolymer.

2D self-assembly of m-conjugated polymers has attracted
great interest very recently, in light of their advantages in
planar electron transfer and potential applications for opto-
electronic nanodevices.** 2D superstructures can be formed by
finely adjusting the interplay between the interactions of the

Mater. Chem. Front., 2019, 3, 2283-2307 | 2285
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Fig. 4 Supramolecular nanoribbons formed by the self-assembly of PTOTT-
b-PEG in methanol/water mixed solvents. Reproduced with permission from
ref. 33. Copyright 2014, American Chemical Society.

polythiophene-type blocks and those among the flexible blocks.
For example, Park’s group employed a conjugated diblock
copolymer of a polythiophene derivative, poly[3-(2,5,8,11-tetra-
oxatridecanyl)thiophene]-b-PEG (PTOTT-b-PEG) as the precursor,
which self-assembled into well-defined nanoribbons and nano-
sheets in water/methanol mixture, both of which have an average
thickness of 7.5 4 0.8 nm (Fig. 4).*® These superstructures were a
result of a delicate interplay of the hydrogen bonding between
the diblock copolymer and the solvent with the n-r interaction of
the PTOTT blocks. Comparison of the thicknesses with the
average dimension of the copolymer molecules coupled with
the blue-shifted spectral absorption suggested that the PTOTT
blocks probably adopted a twisted conformation in the 2D
superstructures.

Interestingly, this group also synthesized a conjugated
diblock copolymer with DNA blocks, PTOTT-b-DNA (Fig. 5).**
This copolymer self-assembled into vesicles, a 3D nanostruc-
ture, with a PTOTT wall and DNA coronae in water; the average
size of the vesicles was controlled over a broad length scale
from a couple of hundred nanometers to over a micrometer
by varying the concentration of the copolymers. Moreover,
PTOTT-b-DNA showed a salt-induced reversible morphology
transition from vesicles to lamellae due to the screening
of negative charges on the phosphate backbone of DNA. In
another case, Wu and colleagues prepared inverse vesicles
by the self-assembly of poly(phenyl isocyanide)-b-(P3(TEG)T)
(PPI-b-P3(TEG)T) in tetrahydrofuran (THF)/methanol mixed
solvent. The vesicles had the P3(TEG)T blocks as the coronae
and can be transformed to spherical micelles by varying the
solvent composition.*' The light emissions of the aggregates
were reversible upon their morphological transitions.

2286 | Mater. Chem. Front., 2019, 3, 2283-2307
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Fig. 5 (a) Chemical structure of PTOTT-b-DNA and schematic depiction
of the self-assembly of PTOTT-b-DNA into vesicles. (b) TEM images of
PTOTT-b-DNA vesicles and (c) PTOTT-b-DNA vesicles stained with uranyl
acetate. Reproduced with permission from ref. 34. Copyright 2014, American
Chemical Society.

Choi and colleagues reported the formation of 3D branched
semiconducting superstructures including nanostars and nano-
networks via in situ nanoparticlization of conjugated polymers
(INCP), which utilized diblock copolymers (P3EHT-b-PT) with a
soluble poly(3-(2-ethylhexyl)thiophene) (P3EHT) block and an
insoluble polythiophene block as the precursor.”> The INCP
strategy employs insoluble conjugated polymers as the core-
forming blocks, and their solvophobic and strong m-n inter-
actions provide the driving force for in situ self-assembly of
the conjugated copolymers during polymerization.*>** By this
method, the resultant nanostars and nanonetworks are kinetically
trapped nanostructures, which are spontaneously and irreversibly
formed, but are highly stable toward external stimuli such as heat
and mechanical stress.

Apart from the above-discussed BCP systems, other recently
investigated polythiophene-based rod-coil BCPs include P3HT-
b-poly(4-vinylpyridine) (P3HT-b-P4VP),*® P3HT-b-poly(2-vinyl-
pyridine) (P3HT-b-P2VP),*® and P3HT-b-poly(N-isopropylacrylamide)
(P3HT-b-PNIPAM),* although there have been only a small number
of publications covering these systems. These BCPs can also be
tunably self-assembled into cylinders, lamellae, and vesicles,
among other nanostructures, depending on the copolymer
composition and environmental factors.

Following similar self-assembly principles, a number of
rod-coil BCP systems containing other types of conjugated

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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polymers, such as polyfluorene, polyphenylene,
polyacetylene,® poly( p-phenylenevinylene) (PPV),****"®' and
polyaniline,®* also exhibit controllable multi-dimensional self-
assembly behavior in solution. Polyfluorene-based rod-coil
BCPs possess high thermal/chemical stability and good fluores-
cence quantum yields, and thus their self-assembly in solution
is of increasing interest.*®>*° In 2018, Manners and coworkers
prepared nanofibers of controlled lengths (1-5 pm) with a
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poly(di-n-hexylfluorene) (PDHF) core and a segmented corona
consisting of PEG in the center and a polythiophene corona
at each terminus, by seeded living -crystallization-driven
self-assembly of PDHF-b-PEG diblocks with a crystallizable
n-conjugated PDHF block (Fig. 6).>° These nanofibers exhibit
exciton transfer from the core to the lower-energy quaternized
polythiophene (QPT) coronas at the end, which occurs in the
direction of the interchain n-m stacking with the longest
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Fig. 6 (a) Schematic illustration of the seeded growth process and the molecular structures of PDHF4-b-PEG,,7 and PDHF14-b-QPTo,. (b) The

segmented B—A—-B nanofiber structure with separate donor and acceptor domains. (c) Normalized absorption of QPT homopolymer in THF : MeOH (1:1)
(orange dashes), and unsegmented PDHF nanofibers (blue dashes), and photoluminescence (PL) emission of unsegmented PDHF nanofibers in the same
solution (solid blue line). The inset shows the energy levels of the PDHF and QPT. (d) Laser scanning confocal microscopy (LSCM) image of the uniform
segmented PDHF nanofibers with a crystalline PDHF core (blue emission) and two terminal blocks with QPT coronas (orange emission). (e) Normalized
PL spectra of segmented PDHF nanofibers with different A-segment lengths. Emission arising from direct excitation of the QPT in the 1605 nm sample
was unresolved. Reproduced with permission from ref. 50. Copyright 2018, American Association for the Advancement of Science.
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diffusion lengths (>200 nanometers) reported thus far and a
high diffusion coefficient (0.5 square centimeters per second).
Such diffusion lengths could enable light-harvesting devices
using these polymer structures as antennae coupled to photo-
detector materials of limited absorption, and would also enable
much simpler bilayer design of organic photovoltaics relative to
those based on the bulk heterojunction.

Poly( p-phenylenevinylene) (PPV) or oligo( p-phenylenevinylene)
(OPV) is also one of the well-known n-conjugated materials with
intriguing optical and electronic properties.***>°! Based on
the seeded growth strategy of living crystallization-driven self-
assembly, Huang and coworkers prepared, in ethanol, 1D
nanofibers of controlled lengths ranging from 50 to 870 nm
with a uniform OPV core and a poly(N-isopropylacrylamide)
(PNIPAM) corona (Fig. 7).”” The seeded growth protocol was
also applied to the preparation of ABA triblock comicelles

View Article Online

Materials Chemistry Frontiers

containing an OPV core by the addition of OPV-b-PNIPAM
unimers to seed micelles of OPV-h-PDEAEMA.

Aside from the above-mentioned crystallization ability, PPV
polymers can also show interesting light-induced cis-to-trans
isomerization.*>*® This photoisomerization can significantly
reduce the solubility of PPV because cis-rich PPV has a twisted
and coiled configuration, while the extended trans-rich PPV
has a rod-like structure, which increases its n-n interactions
and crystallinity, thereby facilitating its packing. Choi and
coworkers reported the first light-induced crystallization-
driven self-assembly (LI-CDSA) involving the initial synthesis
of a soluble cis-rich polynorbornene-b-poly(p-phenylenevinylene-
2,5-dimethoxy-p-phenylenevinylene) (PNB-b-MeO-PPV) copolymer,
followed by its photoisomerization to more crystalline trans-
rich PPV (Fig. 8).%° This stimulus triggered the self-assembly of
the PNB-b-MeO-PPV copolymer into uniform nanofibers of
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Fig. 7 lllustration of the preparation of uniform nanocylinders and ABA triblock comicelles with an OPV core by living crystallization-driven self-
assembly. Reproduced with permission from ref. 57. Copyright 2017, American Chemical Society.
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Fig. 8 Schematic illustration of the formation of nanofibers through the LI-CDSA of PNB-b-MeO-PPV) block copolymer. Reproduced with permission

from ref. 60. Copyright 2018, American Chemical Society.
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controllable lengths by varying the unimer-to-seed ratio, as well
as block or gradient comicelles by living seeded growth. Notably,
LI-CDSA occurred rapidly within only a few minutes, and its living
epitaxial growth was easily modulated by turning the light on
and off. Since the PNB shell block can be easily modified, and
the core contains fluorescent PPV, various functional polymeric
materials with precise nanostructures can be designed for
various applications.

Highly regular and homogeneous 2D fluorescent square
non-crystallization micelles were recently achieved by He’s
group,’ through the self-assembly of PPV-b-P2VP diblock
copolymers in 2-PrOH solution (Fig. 9), which involved a
dissolving-cooling-aging process. The dimension of the square
micelles was controllable by varying the volume ratio of
PPV/P2VP or the copolymer concentration. The mechanism
study revealed that the PPV-h-P2VP diblocks first formed 1D
structures, which further evolved into 2D structures in solution;
the growth was driven by intermolecular n-m interaction
between the PPV blocks. The square micelles were probably
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formed by the herringbone arrangement of the PPV segments,
pertaining to the presence of the branched alkyl chains
attached to the conjugated PPV cores.

Rod-coil block copolymers containing liquid crystalline
polymers

Amphiphilic rod-coil BCPs containing LC polymers as hydro-
phobic blocks are capable of self-assembling into well-defined
nanostructures with ordered LC domains.'”""**~®* The switch-
able order-disorder or order-order transition of the LC blocks
induced by varying environmental parameters may lead to the
variation of aggregate morphology. Therefore, LC BCPs can
also be considered as ideal candidates to study the effect of
additional order in the rod-like block on the morphology of
assemblies. In the last ten years, most studies focused on the
rod-coil BCP systems containing side-chain liquid crystalline
polymers (SCLCPs), which show extraordinary self-assembly
behavior in solution.®®* Furthermore, stimuli-responsive
SCLCPs give their BCP assemblies potential applications in
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Fig. 9 (a—d) AFM heightimages of 2D square micelles with different dimensions, obtained from 2-PrOH solution of PPV;,-b-P2VP;, (a), PPVi2-b-P2VP4g
(b), PPV12-b-P2VP,; (c), and PPV,-b-P2VPsg (d). Scale bars represent 1 um. (e) The optimized molecular structure and calculated scales of the PPV,
block by DFT calculations. (f) Schematic illustration and possible molecular packing of the square micelles. Reproduced with permission from ref. 61.

Copyright 2018, Springer Nature.
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controllable drug release, optical devices, intelligent displays,
and so on.

Azobenzene is a frequently-used LC mesogen in rod-coil
BCPs, as its trans—cis isomerization upon alternative UV/vis
light irradiation may result in interesting and reversible
morphological changes of the aggregates.®®%7%7477:85788 pqp
instance, Yuan’s group prepared a series of azo-containing
copolymeric assemblies based on poly(N,N-dimethylaminoethyl
methacrylate)-b-poly[(benzyl methacrylate)-co-(4-phenylazophenyl
methacrylate)] [PDMA-b-P(BzMA-co-AzoMA)] by reversible addition-
fragmentation chain transfer (RAFT) polymerization induced self-
assembly (PISA) at high solid contents (Fig. 10).** By adjusting
the chain length of the P(BzMA-co-AzoMA) block, spheres,
worms, and vesicles were readily obtained. In particular,
the azo-containing wormlike micelles underwent reversible
worm-to-vesicle transformation upon alternative UV/vis light
irradiation. During the morphology evolution, a series of inter-
mediates, including coalesced worms, ‘“octopus’-like and
“jellyfish”-like structures, were observed. The morphology
transformation was rationalized by the volume change of the
P(BzMA-co-AzoMA) block caused by the trans-cis conformation
alteration of the azobenzene groups. Another interesting example
of BCPs containing azobenzene LC mesogens involves the
formation of snowman-like Janus nanoparticles (NPs) by
emulsion solvent evaporation (Fig. 11).*” The azobenzene-
containing poly(methacrylate) (PMAAz) head of the Janus
NPs is in the smectic LC phase with ordered stripes, which
becomes amorphous and enlarged due to ¢trans—-cis transforma-
tion under UV irradiation. The expanded PMAAz can con-
sequently engulf the other head. The self-engulfed NPs can
recover to their original state in both shape and LC state via
visible-light irradiation. This strategy is promising for programm-
able load and release of different payloads by remote light
trigger.

Very recently, Li, Luo and colleagues reported an intriguing
supramolecular self-assembly of an LC polymer-based diblock
copolymer, P2VP-b-poly(2-(perfluorooctyl)ethyl methacrylate)
(P2VP-b-PFMA) in solution.’®" This diblock copolymer formed

2290 | Mater. Chem. Front., 2019, 3, 2283-2307
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Fig. 11 (a) Chemical structures of the PMAAz-based amphiphilic block
copolymers and (b) light-triggered reversible self-engulfing of one example
Janus nanoparticle. Reproduced with permission from ref. 87. Copyright
2018, American Chemical Society.

cylindrical micelles with a liquid crystalline (LC) micellar core
from the PFMA block.”® The formation of the cylindrical micelles
with a polydisperse length distribution is quick, suggesting a
considerably low energy barrier for the nucleation and fast growth
process. They discovered that through the addition of a small
amount of initiators including macromolecules or nano-objects,
which may interact with the copolymer, the subsequent growth
driven by the LC ordering effect of the copolymer yields linear,
branched, segmented, hairy plate-like, or star-like nanostructures
in a one-pot manner (Fig. 12).°! In particular, depending on
the interactions between the initiator and the copolymer,
the self-assembly process in some cases can be reversible,
and thus different micelle lengths are interconvertible by
simply manipulating the initiator-to-polymer ratio and polymer
concentration; and in other cases, the initiation sections can
be fully crosslinked to enable a thermo-assisted seeded growth
process.”” This in situ initiated self-assembly strategy represents
an efficient and universal one-pot method to produce uniform
hierarchical nanostructures.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 12 (a) Chemical structure of P2VP-b-PFMA diblock copolymer and the formation of dynamic covalent bonds between PhSeBr and P2VP units;
(b) schematic illustration of the three steps of the one-pot synthesis of uniform micelles via the initiated assembly process; (c) TEM and (d) AFM height
images of the cylindrical micelles from the initiation—growth process; (e) schematic cartoons and the corresponding TEM images of the initiated
assembly by different large initiators, including P(tBA-r-AA), CNTs, GO, and PS nanospheres. Reproduced with permission from ref. 91. Copyright 2019,

Springer Nature.

Polymer cubosomes or hexasomes represent two very important
categories of inverse self-assembled structures, which are porous
superstructures and can be applied as soft templates for the
synthesis of diverse porous materials with potential applications
in energy storage and conversion, catalysis, gas or chemical
separation, drug delivery and release, among others.”*” Polymer
cubosomes are actually inverse bicontinuous structures, which
generally include three types of lattice structures, namely Ia3d,
Pn3m and Im3m while hexasomes possess a typical p6mm
structure.”>®” These aggregates with ordered pore structures are
quite difficult to obtain due to the very narrow areas in the
morphological phase diagram of block copolymers.* In 2017,
Mai and coworkers reported the first preparation of Pn3m and
Im3m BCP cubosomes as well as p6mm hexasomes by tunable self-
assembly of simple and commercial PS-b-PEO coil-coil diblock
copolymers in dioxane/water mixed solvents.”” Later, Shen and
colleagues studied the self-assembly of a rod-coil diblock

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

copolymer, poly(ethylene oxide)-b-poly{2,5-bis[(4-methoxyphenyl)-
oxycarbonyl]styrene} (PEO-b-PMPCS) in THF/water solvents
(Fig. 13).”> In this copolymer, the PMPCS block is a typical
mesogen-jacketed LC polymer that usually adopts an extended-
chain conformation. By varying the copolymer composition,
initial polymer concentration, or the solvent nature, which led
to suitable head-tail asymmetry of the rod-coil copolymer,
Pn3m and Im3m cubosomes along with p6mm hexasomes were
also achieved (Fig. 13).”

Polypeptide-based rod-coil block copolymers

Polypeptide-based rod-coil copolymers are of particular interest
for their biocompatibilities and biofunctionalities.'**®'8
Great contributions to the studies of a variety of polypeptide-
based copolymers with various amino acid moieties in the
polypeptide blocks as well as synthetic polymer blocks has
been made by research groups of Gallot, Stupp, Klok, Schlaad,
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Fig. 13 (a) Chemical structure of PEO-b-PMPCS and representation of
the rod—coil copolymer; (b) morphological phase diagram of the copolymer
as functions of initial concentration and volume fraction of the PMPCS block;
(c) the corresponding self-assembled structures. Reproduced with permission
from ref. 93. Copyright 2018 Wiley-VCH.

Lecommandoux, Deming, and Ulijn, amongst others.”® '

To date, amino acid species employed in the synthesis of
polypeptide-containing BCPs have included lysine, leucine,
aspartic acid, glutamic acid, valine, alanine, proline, tryptophan,
glycine, and phenylalanine, while the synthetic polymer blocks
include PEO, PS, PAA, PI, polybutadiene (PB), and so on.'"'¢'8

External stimuli such as pH and temperature may induce
reversible conformation transitions of polypeptides between random
coils, o-helices, and P-sheets."'®'® This feature has been widely
used to control the structure of assemblies and thus produce smart
biomaterials.">*®'® Previous studies have prepared stimuli-
responsive polymer aggregates in association with the helix—coil
secondary structure transition within peptide chains.”®'° Peptide
sequences with a -strand conformation offer intermolecular hydro-
gen bonding as the additional driving forces of self-assembly to
produce ordered superstructures. Polypeptide-based BCPs can also
be utilized to mimic self-assembly behavior of natural proteins. The
resultant bioactive and stimuli-responsive superstructures are of
great interest for biological applications, including drug delivery,
biomimetic materials, and tissue engineering.""*®%9%12¢

Lin’s group did elegant work on the self-assembly of
polypeptide-based rod-coil BCPs.'***"* With the assistance of

2292 | Mater. Chem. Front., 2019, 3, 2283-2307
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Fig. 14 SEM images of aggregates self-assembled from the PBLG-b-
PEG/PBLG binary system at various temperatures: (a) 10 °C, (b) 5 °C,
(c) 30 °C, and (d) 40 °C. Inset in (d): simulation prediction of the abacus-
like structure. Scale bars: 200 nm. Samples were prepared from aqueous
solution. Reproduced with permission from ref. 120. Copyright 2012
Wiley-VCH.

computer simulation, they systematically investigated the self-
assembly behavior of poly(y-benzyl-glutamate)-b-poly(ethylene
glycol) (PBLG-b-PEG)/PBLG binary systems in solution.'*®
Very interestingly, they found that in THF/DMF/H,O solvent
mixture, PBLGg31000-b-PEGs5000/PBLGs25000 (the subscripts denote
the molar mass of each block) with a 4:1 weight ratio of
copolymer to homopolymer self-assembled into nanofibers,
which further transformed to 1D helices and eventually to
abacus-like assemblies with an increase in the ambient
temperature (Fig. 14)."*° In terms of computer simulation (inset
of Fig. 14d), the abacus-like structures were formed with the
copolymers aggregating into separated beads around the
homopolymer bundles. This study demonstrated the possibility
to build up novel superstructures in a designed fashion through
stimuli-responsive self-assembly of polypeptides under the
assistance of computer simulation.

Cheng and colleagues reported the preparation of polypeptide
vesicles with a multilayer membrane structure by solution self-
assembly of PEG-b-poly(y-(4,5-dimethoxy-2-nitrobenzyl)-L-glutamate)
(PEG-H-PL)."** The polypeptide rod segments underwent smectic
ordering with PEG buried between the hydrophobic polypeptide
layers (Fig. 15). The size of both blocks and the rigidity of the
hydrophobic polypeptide block played a crucial role in determining
the membrane structures. An increase in the PEG length of the
diblocks resulted in the formation of bilayer nanosheets, while
using a random-coil polypeptide block led to the formation of
large compound micelles. UV irradiation caused ester bond
cleavage of the polypeptide side chain, which induced helix-to-
coil transition, change of copolymer amphiphilicity, and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 15 Schematic illustration of polypeptide vesicle formation with a
densely packed multilayer membrane and UV-triggered disassembly process.
Reproduced with permission from ref. 124. Copyright 2015 Wiley-VCH.

eventual disassembly of vesicles. This work provides an insight
into the control of self-assembled structures by precisely tuning
the composition and conformation of polypeptide-containing
amphiphiles.

The thermoreversible gel-sol behavior of polypeptide-based
rod-coil BCPs has attracted considerable attention recently.'>>"*®
It was found that PBLG-b-poly(dimethylsiloxane)-b-PBLG (PBLG-b-
PDMS-b-PBLG) triblock copolymers formed thermoreversible gels
in toluene, which correlated with the secondary structure of the
peptidic block."** As the volume fraction of the PBLG blocks
increased, the content of o-helices increased while those of
B-sheets and random coil dramatically decreased. The gels were
formed by nanofibrils, which underwent gel-solution transition
around 50 °C and reverted back to its original state when cooling
down to room temperature. The gel strength enhanced with an
increase in the molar mass of the PBLG blocks or the concen-
tration of the copolymers.'*!

At this point, it should be raised that some rigid polymers,
such as poly(carbodiimide)s,**”**® polyisocyanates,">*** poly-
isocyanides,** ¢ and polyacetylenes,>***”"*% possess a 1D
helical structure similar to that of o-helical polypeptides.'***”
This type of polymer is called helical polymers, which exhibit
unique optical activity solely due to their macromolecular helicity.
Novak and colleagues prepared poly(carbodiimide)-based rod-coil
copolymers with chiral poly(N-1-phenethyl-N"-methylcarbodiimide)
(PPMC) rod segments and hydrophilic PEG coils."*”**® The self-
assembly of such copolymers proved to be highly controllable.'*®
In dilute THF/H,O solutions, these interesting copolymers self-
assembled into spherical micelles or vesicles depending on the
relative amount of added H,O. Changing the selective solvent

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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from H,O to MeOH resulted in the formation of interesting
nanoworm and nanomaggot micelles. Blending PPMC homo-
polymer with the copolymers resulted in the formation of long,
interconnected nanofibers, which were observed as parallel
packing, perpendicular wrapping, and helical twisting of nano-
fibers. Finally, spin-coating copolymer/homopolymer blends from
THF/ethanol induced the formation of long, bundled superhelical
nanofibers with defined helical structures depending on the
homopolymer-copolymer chiral pairing (ie, (R)-(R) pairing
formed P superhelical nanofibers and M superhelices for (S)-(S)
pairing). The highly tunable nature of these polymeric nanostruc-
tures offers opportunities for the formation of nanoparticles of
variable shapes and sizes with potential applications as biological
mimics and drug delivery agents.

Wu’s group synthesized a series of helical polyisocyanide-
based rod-coil BCPs and studied their self-assembly in
solution."**™*3® For instance, they reported a class of pH and
oxidation dual-responsive amphiphilic triblock copolymer,
poly(t-lactic acid)(-IR780)-b-hydrophobic poly(phenyl isocyanide)-b-
hydrophilic poly(phenyl isocyanide) (PLLA(-IR780)-HBPPI-HPPPI)
(Fig. 16a)."** In neutral aqueous solution, the copolymers could
form onion-like spherical micelles (~84 nm diameter) consisting
of PEGylated single left-handed helical PPI corona, endowing them
rapid cell membrane permeability and internalization (10-20 min)
with an analogous effect of cell penetrating peptides. Moreover, the
phenylboronic pinacol ester embedded in the hydrophobic inter-
layer was stable under neutral and weak acid milieu and thus could
minimize the premature drug leakage and systemic cytotoxicity.
Upon exposure to H,0,, the interlayer was oxidized rapidly and
accompanied by a hydrophobic-hydrophilic transition, leading
to the release of encapsulated drugs and the creation of
interconnected hydrophilic channels to the inner PLLA core.
The degradation rates of micelles and the release rates of drugs
could be easily tuned by adjusting the concentration of H,0,
and the acidity. On the other hand, the hyperthermia induced
by the micelles could increase to ~48 °C upon near-infrared
(NIR) light irradiation due to the introduction of NIR absorptive
IR780 dyes. Benefiting from the combined effect of chemother-
apeutics, the onion-like micelles exhibited fatal and irreversible
damage to cancer cells (Fig. 16¢), thus being a promising
multifunctional agent in the applications of disease diagnosis
and therapy.

Self-assembly of rod—coil alternating
copolymers

Alternating copolymers are a type of conventional polymers
containing alternating repeating units (Fig. 1)."*°"**° Although
the self-assembly of alternating copolymers remains much less
explored compared with that of BCPs, it has attracted increasing
attention in recent years due to their unique molecular architec-
ture. For example, amphiphilic alternating copolymers generally
have hydrophobic blocks of an equal length as well as the same
length hydrophilic segments."**™*° These characteristics allow
the self-assembly of alternating copolymers into nanostructures

Mater. Chem. Front., 2019, 3, 2283-2307 | 2293
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with hydrophobic or hydrophilic domains of uniform scale in
spite of the molar mass dispersity of the copolymers. By taking
advantage of this peculiarity, Ikeda and coworkers prepared 2D
nanosheets with ultrathin and uniform thickness, which
are generally hard to achieve by BCPs.** They synthesized a
polythiophene-containing alternating copolymer, poly(phenyl-
capped bithiophene-oligo(ethylene glycol)) (poly(Ph2TPh-OEG)),
through “click chemistry” (Fig. 17)."*> Supramolecular thiophene
nanosheets were constructed by the hierarchical self-assembly of
poly(Ph2TPh-OEG) in organic solvents including 1,2-dichloro-
benzene (DCB), dimethylsulfoxide (DMSO), or DMF. The thickness
of the resultant ultrathin nanosheets was about 3.5 nm, compar-
able to that of a thin lipid bilayer. It was found that two different
processes, which involve disassembly of the nanosheets and
unfolding of the copolymer, took place in solution with an
increase in temperature. The disassembly temperature of the
nanosheets (7;) was lower than the unfolding temperature of
the copolymer (T,), suggesting that the folded conformation
was more stable in solution. The two different temperatures
also existed in the reverse direction, which confirmed that the
self-organization of poly(Ph2TPh-OEG) involved two steps, i.e.,
the folding of the copolymers and the association of the folded
copolymers into the nanosheets.

In another typical case, Mai, Zhou and coworkers synthesized
an alternating copolymer, (poly(9,9’-bis(4-glycidyloxyphenyl)-
fluorene-alt-2,3-dihydroxy-butylene dithioether) (P(BGF-a-DHBDT))
with a broad molar mass dispersity, which contained carbon rich
fluorene segments (Fig. 18)."*° This alternating copolymer first
self-assembled into hollow polymeric spheres (HPSs) in an
N,N-dimethylformamide (DMF)/H,O solvent mixture. Then,
the carbonization of the HPSs produced porous hollow carbon

2294 | Mater. Chem. Front., 2019, 3, 2283-2307

spheres (HCSs) with uniform micropores of very narrow size
distribution (0.4-0.8 nm) in the wall, which benefited from the
uniform DHBDT block length in the alternating copolymer
(Fig. 18). Such a carbon structure is desirable as electrodes of
energy storage devices, as the hollow cavity can reserve the
electrolyte and shorten the ion diffusion distances from the
exterior to the interior surfaces, while the uniform micropores
(<2 nm) may render electrode materials with higher specific
surface areas and also allow for easy control of their electro-
chemical performance. Indeed, when serving as electrode
materials of supercapacitors, the activated HCSs exhibited
high electrochemical performance, outperforming those of
the commercial activated carbons and many well-documented
porous carbon materials.

Self-assembly of rod—coil graft
copolymers

Rod-coil graft copolymers (also referred to as polymer brushes
or molecular bottlebrushes) consist of a polymeric backbone
with densely grafted side chains.'**™** In general, they are
classed as two types, one consists of a rigid backbone grafted
with flexible side chains and the other comprises a flexible
polymer chain with rigid pendants (Fig. 1). The special 1D
brush-like architecture of rod—-coil graft copolymers leads to a
number of novel and potentially useful properties. For example,
unlike linear polymers, high molecular weight graft copolymers
usually do not entangle and can self-assemble into structures
with large domain sizes, even up to micrometers, %3015
Moreover, the microphase separation of rod-coil graft copolymers

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 17 (a) Preparation of poly(Ph2TPh-OEG); (b) a proposed mechanism for the generation of supramolecular oligo-thiophene nanosheets (T;:
dissociation temperature of the sheets, T,: unfolding temperature of the copolymer. T; < T,); (c) TEM image of the poly(Ph2TPh-OEG) nanosheets;
(d) AFM image and height profile of the poly(Ph2TPh-OEG) nanosheets (top left) on a silicon wafer; height scale bar: 8.5 nm. Reproduced with permission

from ref. 142. Copyright 2013 Wiley-VCH.

in their assemblies is different from that of linear BCPs or
alternating copolymers.

The introduction of pendant moieties onto conjugated
polymers, forming graft copolymers, is an effective pathway
to improve their solubility and tailor their optoelectronic
properties, which also provides opportunities to study their
self-assembly behavior and the physiochemical properties of
their self-assembled structures in solution.™>®" Typically, our
group synthesized a novel type of rod-coil graft copolymer
containing an expanded poly-para-phenylene (PP) backbone
grafted with PEO side chains (Fig. 19)."°°®! Featuring a unique
structure with a short average distance between neighboring
PEO chains on the conjugated backbone, these graft copolymers
exhibited temperature-dependent low-dimensional hierarchical
self-assembly behavior in THF/H,O solution. At 25 °C, which is
higher than the crystallization temperature (T) of the PEO coils,
the achiral graft copolymers first organized into nanoribbons,
which further bundled into ultralong helices with controlled pitch
distance depending on the grafting percentage (GP) of the PEO
chains (Fig. 19).">° Moreover, the 1D self-assembly is significantly
affected by GP and the degree of polymerization (DP) of PEO."*" In
the case of P\/N > v/6l,,/4b, where P represents GP, N denotes
DP of PEO, I,,, expresses the length of a repeating unit in the poly-
para-phenylene backbone and b is Kuhn monomer length of a
free jointed PEO chain, the graft copolymers self-assembled into
ultralong helices.'®* However, when P\/N > /6,,/4b only non-
helical nanowires were observed. At 10 °C, which is below T, of
PEO, the copolymers self-assembled into polygonal multilayer
nanosheets of micrometer-sized lateral dimensions when
PV/N > /85.81,,/4b.*** Interestingly, the formation of the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

nanosheets experienced a morphological transition from
ribbons to “raft-like” nanostructures and, eventually, to the
sheets. While if Pv/N > v/85.8l,/4b, helices or nanowires
rather than nanosheets were formed.'® The maximum UV
absorptions of both the helices and the nanosheets red-shifted
to ~290 nm, compared with 280 nm of the graft copolymers in
THF, indicative of intermolecular - interactions associated with
the aggregation."’

The poly-para-phenylene is an ideal precursor of graphene
nanoribbons (GNRs), which hold great promise as next generation
semiconductor nanomaterials.'®>'7° After the cyclodehydrogena-
tion of the poly-para-phenylene, our group achieved structurally
well-defined GNRs grafted with PEO chains (denoted as GNR-PEO,
Fig. 20a)."® The PEO-modified GNRs show superb dispersibility
in common organic solvents and in water (Fig. 21b). The excellent
dispersibility offers opportunities for understanding physio-
chemical properties of GNRs by a wide range of solution-
based physical characterizations. For instance, scanning probe
microscopy revealed raft-like self-assembled monolayers of
uniform GNRs on graphite substrates, in which individual
GNRs were coaligned by a combination of side-by-side and
end-to-end alignment (Fig. 20c). Self-assembled thin-film field
effect transistors (FETs) of the GNRs exhibited a high carrier
mobility of ~0.3 cm® V™' s, manifesting a promising applica-
tion of the polymer-functionalized GNRs in electronic devices.'®®

Intriguingly, the GNR-PEO samples self-assembled into 1D
hierarchical supramolecular nanostructures, including ultralong
nanobelts and nanohelices (Fig. 21a), depending on the PEO
chain length.'”” A mechanistic study revealed that GNR-PEO400
(the number represents the molecular weight of the PEO chains),

Mater. Chem. Front., 2019, 3, 2283-2307 | 2295
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Fig. 18 Schematic illustration of the preparation of porous HCSs with uniform micropores through the self-assembly of amphiphilic alternating
copolymers in solution. Reproduced with permission from ref. 149. Copyright 2019, American Chemical Society.

with the shortest PEO side chains, first aggregated into small
nanostrips, and then the belt-like superstructures associated with
each other by a side-by-side alignment due to the small interchain
steric hindrance among the side PEO coils. In contrast, the longer
PEO coils around the supramolecular nanostrips formed by
GNR-PEO1000 or GNR-PEO2000 are much more crowded, gener-
ating large interchain steric hindrance and resulting in high
system energy. To relieve the high energy, spring-like helices were
formed, providing more peripheral space for the accommodation
of the PEO side chains (Fig. 21a). The 1D superstructures of
GNR-PEOs in the aqueous solutions showed strong near infrared
(NIR) absorption, and exhibited high photothermal conversion
performance with an efficiency of 31%, outperforming those of
many conventional low-dimensional nanomaterials, including
single-walled carbon nanotubes (SWCNTs), graphene oxide (GO),
gold nanoparticles (AuNPs), 2D molybdenum disulfide (MoS,) and
2D manganese dioxide (MnO,) (Fig. 21b). The excellent photo-
thermal conversion ability affords great chances for the applica-
tions of GNRs in photothermal tumor therapy, and antisepsis,
among other applications.

By controlling over the interplay between the n-r interaction
of GNR backbones and the interactions among the grafted
polymers, our group also achieved the tunable self-assembly
of structurally defined GNRs in common organic solvents.

2296 | Mater. Chem. Front.,, 2019, 3, 22832307

Dendronized GNRs were synthesized in a solution state, which
consist of a well-defined GNR backbone grafted with benzyl
ether-type dendrons of different generations (GNR-G1-G3,
Fig. 22)."® The dendronized GNRs have grafting ratios of
0.59-0.68 for the dendrons of different generations, and show
excellent dispersibility in common organic solvents such as
THF. Thanks to the well-defined geometry of the grafted
dendrons, the GNRs aggregate into different 1D superstruc-
tures including ultralong nanowires, helices, and short nano-
fibers in THF, depending on the dimension of the dendrons
(Fig. 22). Ultrafast photoconductivity measurements reveal that
GNR-G2 helices exhibit much longer free carrier (3.5 ps) and
exciton lifetime (several hundred ps) than those of GNR-G1
nanowires and GNR-G3 nanofibers, and those of reported GNRs
lack ordered superstructures.’®® This discrepancy indicates
the considerable effect of supramolecular structures on the
optoelectronic properties of GNRs in the liquid phase, making
them promising candidates for optoelectronic applications.

As an example of the self-assembly of rod-coil graft copolymers
containing LC segments, Li et al. synthesized a series of brush-
like amphiphilic liquid crystalline copolymers containing
cholesteryl mesogens with different hydrophobic/hydrophilic
block ratios."”* Governed by both amphiphilicity and smectic
order, the self-assembly of the copolymers in different solvents,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 20 (a) Structurally well-defined GNRs grafted with flexible PEO chains.
(b) Photos of the PEO-functionalized GNRs well dispersed in THF or water.
(c) A typical atomic force microscopy image of self-assembled GNR monolayers
on a highly oriented pyrolytic graphite substrate upon drying. Reproduced with
permission from ref. 166. Copyright 2016, American Chemical Society.

e.g. 1,4-dioxane/H,0, yielded micellar aggregates with well-
organized architectures, including short cylindrical micelles,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

nanofibers, fringed platelets, and ellipsoidal vesicles with
smectic micellar cores, with an increasing hydrophobic block
ratio. The smectic order arising from strong in-plane inter-
actions between cholesteryl mesogens played an important role
in the micelle growth and their final morphological formation.

New rod-coil graft copolymers containing biomacromolecular
blocks, such as polypeptide, polysaccharide, or alginate, have
been recently synthesized for the construction of self-assembled
structures in solution, which are particularly interesting for
biological, medical, and biotechnological applications."”>'%?
Lee’s group incorporated dendritic oligoether side groups into a
peptide backbone, yielding peptide-based graft copolymers
(Fig. 23)."”° The reversible shielding of the peptide backbone
from a water environment by the oligoether dendron side groups
allowed conformational switching of the peptide from random
coils to a-helices. Furthermore, the switchable o-helical peptides
self-assembled into reversible membrane structures in which the
rod-like o-helices were aligned parallel to each other. Peptide 2
based on two oligoether dendrons formed discrete nanodisks
while peptide 3 based on three dendrons organized into vesicles
(Fig. 23). The driving force for the formation of the switchable
peptide nanostructures was the reversible stabilization of the
a-helical conformation. Moreover, the vesicles could sponta-
neously capture a racemic mixture by the self-formation of the
vesicular walls upon heating and selectively released the guest
molecules through preferential diffusion across the walls.
Such a unique peptide assembly-disassembly switching offers
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ref. 167. Copyright 2018 Wiley-VCH.

opportunities to explore biomedical applications for the controlled
capture and release of proteins, genes, and drugs."”

Jiang, Chen and coworkers synthesized a novel type of
alternating amphiphilic glycopolypeptide brushes (AAGBs) with
pendants of glycodendrons and short peptides (Fig. 24)."7°
In such graft copoloymers, the interplay between the glycodendron
attachment with a very high density of sugar units as well as the
pendent B-sheet forming oligopeptide provided the driving force
for the self-assembly resembling that occurs in nature. Remarkably,
various self-assembled nanostructures were achieved, including
nanowires, nanoribbons, and compound micelles in aqueous
solution, depending on the number ratio of the sugar units
to the amino acid species. Among these morphologies, the

2298 | Mater. Chem. Front., 2019, 3, 2283-2307

formation of the attractive nanowires was found to experience a
hierarchical self-assembly process, in which the assemblies of
the glycopolypeptides evolved from spherical micelles, to nano-
filaments, branched filaments, and finally to nanowires. This
study provides new opportunities to deeply understand the self-
assembly mechanism of natural glyco-conjugates and expand
the library of biomimetic materials.

Ding et al. studied the potential applications of the assemblies
of peptide-based rod—coil copolymers in drug delivery. They synthe-
sized thermo-responsive rod—coil polypeptides by grafting of azide-
terminated (co)polymers of 2-(2-methoxyethoxy)ethyl methacrylate
(MEO,MA) or 2-(2-(2-methoxyethoxy)ethoxy)ethyl methacrylate
(MEO3;MA) (i.e., PMEOIMA) onto poly( g-propargyl-L-glutamate)

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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(PPLG)."”® The modified polypeptides were employed to self-
assemble into micelles for doxorubicin (DOX) loading and
releasing. The micelles showed efficient internalization and
intracellular DOX release towards HeLa cells. In vitro methyl
thiazolyl tetrazolium assays revealed that the polypeptides were
cytocompatible, and the DOX-loaded micelles showed efficient
cellular proliferation inhibition. The micelles were hemocompatible,
and the encapsulation with polypeptides significantly reduced the
hemolysis ratio of DOX. Thereby, the thermo-responsive polypeptide
micelles, which are stable under physiological conditions while
releasing payloads in the acidic intracellular microenvironment,
are promising for smart drug delivery.

Owing to the similar structure to that of a-helix polypeptides
and chiral optical properties, some helical polymers have also
been employed as the rigid backbone of rod—coil polymer brushes
for preparing functional self-assembled nanostructures.'®*'8
Yang, Deng and coworkers reported the synthesis and self-
assembly of amphiphilic rod-coil polymer brushes consisting
of a hydrophobic optically active helical polyacetylene backbone
and hydrophilic thermosensitive poly(N,N-dimethylamino-2-ethyl
methacrylate) (PDMAEMA) side chains. The polymer brushes

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019

possessed optical activities, derived from the helical polyacetylene
backbone."®® The copolymers could self-assemble into core/shell
nanoparticles with optically active cores (helical polyacetylene)
and thermoresponsive shells (PDMAEMA). Such nanoparticles
showed considerable optical activity with intensive CD signals at
ca. 350 nm, thus being expected to find potential applications in
chiral materials, stimulus-responsive materials, etc.

A number of studies focused on the self-assembly of
polysaccharide-based graft copolymers.'**'®” Li et al. synthesized
carboxymethyl konjac glucomannan-g-PEG (CKGM-g-PEG) and
they obtained hollow nanospheres by co-assembly of CKGM-g-
PEG and a-cyclodextrin (¢-CD) in aqueous solution.'®® In the
spheres, the rod blocks formed by inclusion between grafted
PEG coils and o-CD constructed the wall while the CKGM
segments formed the coronae. The hollow nanospheres showed
semi-permeability allowing enzyme substrates to pass through
the surface while restricting the encapsulated enzyme (i.e. glucose
oxidase) to the interior. These CKGM-g-PEG/o-CD nanospheres
showed in vitro biocompatibility when exposed to L929 cells
during the test using an MTT viability assay, suggesting that
the self-assembly of CKGM-g-PEG and o-CD to form stable

Mater. Chem. Front., 2019, 3, 2283-2307 | 2299
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Fig. 23 Schematic cartoon of reversible self-assembly of peptides 1, 2
and 3 and schematic illustrations of a nanodisk from peptide 2 and a
vesicle from peptide 3. Reprinted with permission from ref. 175. Copyright
2016, American Chemical Society.

nanoparticles can be an effective strategy for enzyme encapsu-
lation with potential biomedical applications. In another study,
hollow spheres were also prepared by self-assembly of rod-coil

View Article Online
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alginate-g-PEG/0-CD complexes in water, in which the rod
blocks were formed by inclusion between o-CDs and grafted
PEG chains while the coil segments were protonated alginate
backbones.'®” The rod blocks formed the wall of the hollow
spheres and the protonated alginate coils constructed the
coronae. Because both o-CD and alginate-g-PEG are degradable,
these hollow spheres exhibit good degradation in aqueous
solution, indicating their great promise in the area of drug or
gene delivery systems and artificial cells.

Polymerization induced self-assembly (PISA) has been
predominantly undertaken using radical polymerization processes,
most notably, reversible addition-fragmentation termination
(RAFT) polymerization."®®° Gianneschi and coworkers
reported a new PISA process based on ring-opening metathesis
polymerization (ROMP) of norbornenyl molecules.'®"**> They
utilized a peptide-based norbornenyl monomer as a hydro-
phobic unit to provide a range of nanostructures, including spheres,
cylinders and vesicles, at room temperature yet at high solid
concentrations of 20 wt% in combination with an oligoethylene
glycol based norbornenyl monomer. The polymerizations occurred
efficiently and maintained a living character. For the brush
copolymers, the length of the grafted peptide block had a
significant impact on the morphology control. With an increase
in the peptide block, the aggregates of the graft copolymers
transformed from spheres to cylinders and finally to vesicles.
The demonstration broadens the scope of the PISA process to a
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new living polymerization methodology toward the develop-
ment of easily accessible and highly functionalized nanostruc-
tures in situ.

Self-assembly of rod—coil star-like
copolymers

Star-like polymers possess most of the properties of high
molecular weight materials without the solution viscosity penalty
of linear materials of similar molecular weight."***"> Limited work
was performed on the self-assembly of star-like rod-coil copolymers
due to the difficulty in the synthesis. However, the limited studies
have already revealed the specificity of the self-assembly of star-like
rod—coil copolymers in solution, for example, forming distinct
aggregates such as unimolecular micelles which are difficult or
cannot be formed by other types of polymers. Lin and coworkers
synthesized a series of novel amphiphilic 21-arm, star-like diblock
copolymers, poly(acrylic acid)-b-poly(3-hexylthiophene) (PAA-b-
P3HT), with well-defined molecular architectures.?’* These star-
like diblock copolymers possessed narrow molecular weight
distribution with the molecular weight of both the core and
shell blocks being well-controlled. They formed unimolecular
micelles in solution as a result of the compact structure and
reduced interchain entanglement.

As another elegant example, Besenius and coworkers
studied the stepwise self-assembly of Au'-metallopeptides in
water.’® 1D supramolecular polymer morphology was controlled
using temperature-dependent self-assembly conditions (Fig. 25).
At low temperatures, supramolecular polymerization of monomeric
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Fig. 25 Cs-Symmetrical Au'-metalloamphiphile (a) and its self-assembly
in water into 1D supramolecular nanorods and intertwined fibrils (b).
(c) Negative stain TEM micrographs of the aggregates obtained at 6 °C, 20 °C
and after heating to 60 °C, respectively. Reproduced with permission from
ref. 206. Copyright 2018, American Chemical Society.
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or small oligomeric disordered species (state 0) into nanorod-like
morphologies of high molecular weight. At 5 °C, the lifetime of the
disordered state 0 is very short, suggesting that the energetic barrier
for the self-assembly of monomers into 1D supramolecular
polymers is very low. At temperatures T < 20 °C, the 1D
nanorod-like species (state I) are stable on the time-scale
of several hours to days. Upon increasing the temperature
T > 20 °C, the metastable state I is converted into thermo-
dynamically stable helical fibrils, consisting of two intertwined
nanorods (state II). The large activation energy required for this
bundling most likely originates from the shielding effect of the
flexible oligoethylene glycol chains that form a hydrated shell
around the nanorods.

ABC miktoarm star terpolymers contain three different blocks
that are connected in a central organic group.'#*194198:207-212 The
self-assembly of this type of copolymer has attracted considerable
attention recently as such polymers show topographically
constrained in the architecture, whereby the three blocks are
interacted with one another. As this area is still in its infancy,
there are only several papers related to this topic. He, Lin and
coworkers synthesized photo-responsive ABC miktoarm star
terpolymers consisting of hydrophilic poly(ethylene glycol)-
monomethyl ether (MPEG), hydrophobic PS and azobenzene
containing poly[6-(4-methoxy-azobenzene-40-oxy)hexylmethacrylate]
(PMMAZO) blocks by a combination of atom transfer radical
polymerization (ATRP) and click chemistry.”*® They found that
these star terpolymers self-assembled into bowl-shaped or
multibowl-shaped nanostructures depending on the lengths
of the hydrophobic PS or PMMAZO chains. When the star
terpolymers self-assembled into nanobowls in water, the
azobenzene chromophores were arranged in the nanobowls
in a orderly fashion and H/J-aggregates of azobenzene chromo-
phores were formed during the self-assembly process. On the
other hand, the H-aggregations were broken by the photo-
isomerization process and could not recover due to the absence
of sufficient free volume in the aggregates. Wu’s group synthesized
ABC miktoarm terpolymers containing coil PCL, PS blocks, and
rigid-rod helical poly(phenyl isocyanide) (PPI) through the combi-
nation of ring-opening polymerization (ROP), atom transfer radical
polymerization (ATRP), and Pd(u)-initiated living polymerization.
Such miktoarm star terpolymers were found to self assemble into
well-defined spherical micelles.”"

Self-assembly of rod—coil
hyperbranched copolymers

To date, rod—coil hyperbranched copolymers employed as self-
assembly precursors contain a dendritic core consisting of rigid
segments and flexible polymer chains on the periphery of the
core (Fig. 1).*"*'® The unique structure makes the rod-coil
hyperbranched copolymers form unimolecular micelles easily,*'¢>'®
which may further self-assemble into large micelles without
phase separation through a “multi-micelle aggregate” (MMA)
mechanism.”"®"?*' This merit favors the fluorescence emission
of aggregation-caused quenching molecules in their aggregates.
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Building on this concept, Zhu and colleagues synthesized two
types of hyperbranched conjugated copolymers with different
linking agents (e.g., pH-responsive acylhydrazone and stable
ether) between a diformylcarbazole-based hyperbranched polymer
(HCP) core and many linear PEG arms (Fig. 26a).>'* Owing to the
amphiphilic three-dimensional architecture, the hyperbranched
copolymers self-assembled into multi-micelle aggregates from
unimolecular micelles with excellent emission performance
in the aqueous medium (Fig. 26b). The formation of MMAs
efficiently restricted the concentration quenching effect and
intermolecular interaction of conjugated polymer cores by
many flexible arms. The length of the PEG arms showed great
influence on the size and optical properties of the self-
assembled micelles. Such a facile strategy for emission
enhancement of conjugated polymers shows great potential
in biological applications. For example, when doxorubicin
(DOX) as a model drug was encapsulated into the copolymer
micelles, the emission of the conjugated copolymer and DOX was
quenched. In vitro biological studies revealed that fluorescent

2302 | Mater. Chem. Front., 2019, 3, 2283-2307

intensities of both the conjugated copolymer and DOX were
activated when the drug was released from the micelles, leading
to enhanced cellular proliferation inhibition against cancer cells.
Importantly, the micelles formed by the pH-responsive HCP-N-PEG
copolymer with an acylhydrazone linkage exhibited accelerated
DOX release at a mildly acidic environment, due to the fast
breakage of acylhydrazone in the endosomes or lysosomes of
tumor cells.

Summary and outlook

This review paper describes the recent advances in the supra-
molecular self-assembly of amphiphilic rod-coil copolymers of
various structures, including block, alternating, graft, star-like,
and hyperbranched/dendritic copolymers in solution. The
introduction concentrates on copolymer systems containing
conjugated polymers, LC polymers, polypeptides, and helical
polymers as the rod segments. Governed by microphase

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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separation of the constituent blocks along with some additional
interactions such as the n—n interaction and crystallization of the
rod segments, these rod-coil copolymers can self-assemble
into diverse ordered nanostructures, including a number of
uncommon superstructures such as helices, ribbons, sheets
and toroids, etc. By using representative examples, the principles
underlying morphological control by regulating the conformation
and aggregation mode of the rod segments are discussed case by
case. The self-assembled structures of the rod-coil copolymers
show appealing optical/electronic properties yet desirable stimuli-
responsiveness and biocompatibility, thus holding great promise
as functional materials particularly for optical, optoelectronic,
energy, and biological applications.

Despite the remarkable progress achieved in this area thus
far, there are still a myriad of challenges and opportunities on
the way. For example, (1) it is necessary to develop effective
approaches for the synthesis of rod-like polymers with narrow
molecular weight dispersity, which facilitates precise morphology
control of their copolymer aggregates. (2) The study on the self-
assembly of rod-coil alternating, graft, star-like, or hyperbranched
copolymers is in its early infancy. Much effort needs to be devoted
to these topics. The first priority is the development of more
synthetic methods for controllable synthesis of these types of
rod-coil copolymers. (3) Although chiral suprastructures have
been observed in rod-coil copolymers in solution, the mystery
of chiral expression from the molecular to the supramolecular
level will be of great interest and challenge to study. (4) Compared
with superstructures in nature, the complexity of the rod-coil
copolymer assemblies drops much behind, which limits their
multi-functionality and applications. To overcome this limitation,
more powerful hierarchical self-assembly strategies should be
developed for building up complex and multifunctional polymer
superstructures. Meanwhile, deeper understanding of structure—
property relationships is urgently required to allow prediction of
the performance of a given structure. (5) It is highly important to
formulate more systematic theories and simulations, which may
greatly help to design experiment plans and explain results. With
these objectives achieved, it is our hope that the supramolecular
self-assembly of rod—coil copolymers will continue to blossom and
the promise of their self-assembled structures as desirable mate-
rials with practical applications will be realized eventually.
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