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ABSTRACT

Bottlebrush polymers (BBPs) have emerged as intriguing class of materials for an array of applications, in-
cluding supersoft elastomers, organic optoelectronics, templates for crafting one-dimensional (1D) nano-
materials, energy storage, and biomedical devices. The densely-grafted side chains along the linear back-
bones afford BBPs with extended cylindrical shapes and the absence of entanglements. The architectures
of BBPs can be readily tuned by manipulating the chemical structures and compositions, both of which
govern the viscoelastic properties, melt processability, and alignment of BBPs. This enables the crafting
of BBPs with controlled dimensions, compositions, and architectures by capitalizing on advanced syn-
thetic techniques. However, challenges remain in the synthesis and applications of BBPs with precisely
controlled architectures. This review aims to provide a comprehensive and critical summary that high-
lights the recent advances in BBPs in terms of their controlled syntheses, self-assembly, properties, and
applications. In addition, challenges facing the syntheses and applications of BBPs will be underscored,
with the corresponding solutions to these issues for improving the control over chemical structures (e.g.,
introducing conjugated side chains), compositions (e.g., other than the widely used polynorbornene or

polyacrylate backbone), and utilities (e.g., as solid-state electrolyte in energy storage devices) of BBPs.

© 2021 Elsevier B.V. All rights reserved.

Abbreviations: AGET, activators generated by electron transfer; ATRP, atom
transfer radical polymerization; AFM, atomic force microscopy; APTS, 3-
acryloylpropyltrimethoxysilane; BCPs, block copolymers; BBPs, bottlebrush
polymers; BBCPs, bottlebrush block copolymers; CTA, chain transfer agent;
CRP, controlled radical polymerization; CTC, charge-transfer complex; cryo-TEM,
Cryogenic transmission electron microscopy; CESA, controlled evaporative self-
assembly; CANS, covalent adaptable networks; DP, degree of polymerization;
CuAAC, Copper(I)-catalyzed azide-alkyne cycloaddition; ETL, electron-transport
layers; EML, emissive layer; FRET, fluorescence resonance energy transfer; GI-
SAXS, grazing-incidence small-angle X-ray scattering; GI-WAXS, Grazing-incidence
wide-angle X-ray scattering; HTL, hole-transport layers; IPEC, iterpolyelectrolyte
complexation; LB, Langmuir Blodget; LCST, lower critical solution temperature; LUB,
lubricin; MW, molecular weight; MASA, meniscus-assisted self-assembly; NMP,
nitroxide-mediated radical polymerization; NMR, nuclear magnetic resonance;
NCA, N-carboxyanhydride; NHS, N-hydroxysuccinimide; NVP, N-vinylpyrrolidone;
OLEDs, organic light-emitting diodes; ORR, oxygen reduction reaction; 1D, one-
dimensional; PCs, photonic crystals; POSS, polyhedral oligomeric silsesquioxane;
PS, polystyrene; PNB, polynorbornene; PBA, poly(butyl acrylate); PLL, poly(L-
lysine); PLA, poly (lactic acid); PNIPAM, poly(N-isopropylacrylamide); PCL, poly(e-
caprolactone); PtBA, Poly(t-butyl acrylate); PDMAEMA, poly(dimethylaminoethyl
methacrylate); PAA, polyacrylic acid; PPFA, poly(pentafluoropropyl acrylate);
PEGMEMA, poly(ethylene glycol) methyl ether methacrylate; PCMS, poly(p-
chloromethylstyrene); PDMA, poly(dimethylacrylamide); PANI, polyaniline PLG,
poly(L-glutamic acid); P4VP, poly(4-vinylpyridine); PG, polyglycidol; PEG, polyethy-
lene glycol; PDMS, poly(dimethylsiloxane); PDA, polydopamine; PET, photo-electron
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1. Introduction

Bottlebrush polymers (BBPs) represent an important class of
high-density side-chain-grafted polymers with high molecular
weights (MWs), in which one or more polymeric side chains are
tethered to each repeating unit of a linear polymer backbone,
such that these macromolecules look like “bottlebrushes” [1]. BBPs
with various architectures (e.g., random (heterografted), bottle-
brush block copolymers (BBCPs), cor-shell, Janus, brush-on-brush,
etc.) have been created with commonly used the “grafting-from,”
“grafting-through,” and “grafting-to” approaches (Fig. 1). Notably,

transfer; P3HT, poly(3-hexylthiophene); ROP, ring-opening polymerization; ROMP,
ring-opening metathesis polymerization; RDRP, reversible deactivation radical
polymerization; RAFT, reversible addition-fragmentation chain transfer; SAXS,
small angle X-ray scattering; SAM, sequential-addition of macromonomers; SPE,
solid polymer electrolyte; TEMPO, 2,2,6,6-tetramethylpiperidine-1-oxyl; TAD, tri-
azolinedione; TMOS, tetramethyl orthosilicate; TFA, trifluoroacetic acid; TSCT,
through-space charge transfer; 2D, two-dimensional; VOAc, vinyl acetate; 0D,
zero-dimensional.
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Fig. 1. An illustration of the main approaches for the synthesis of BBPs and advanced architectures of BBPs.

both BBCPs and cor-shell BBPs can be regarded as bottlebrush
copolymers, while homopolymer BBPs contain one type of back-
bone and side chain. In cases where grafting does not occur at ev-
ery repeating unit, BBP-like polymers with low grafting density (o)
are considered as comb-like polymers [2]. In particular, Janus BBPs
can be crafted by asymmetrically attaching two different polymer
chains to one repeating unit along a polymer backbone [3]. No-
tably, cylindrical micelles can be obtained by self-assembly of lin-
ear block copolymers (BCPs) in selective solvents [4-7]. Although in
some reviews, the latter two types of brush polymers (i.e., comb-
like polymers (with the crowding parameter, ® < 1), [8] and cylin-
drical micelles assembled by linear polymers) are also referred as
BBPs, they are beyond the scope of this review. In this review,
the discussion is limited to “ideal” BBPs. It is noteworthy that the
side chain length (i.e., degree of polymerization (DP) of side chain,
nsc) of the BBP should be shorter than the backbone length (DP
of backbone, nyy,), such that it can exhibit a one-dimensional (1D)
cylindrical morphology [9]. It is possible to visualize this single
molecular bottlebrush (i.e., cylindrical morphology) with atomic
force microscopy (AFM) [1,10]. The densely-packed polymeric side
chains of the BBPs experience significant steric repulsion, because
of which the BBPs form extended cylindrical shapes (i.e., rigid
backbone, ny, < bflm, see Section 3.2) [8]. This steric repulsion ren-
ders a unique feature to the BBPs, i.e., the absence of entanglement
(much lower backbone entanglement density that can be ignored),
which dictates the viscoelastic properties and molecular alignment
of BBPs. In addition, this intriguing characteristic also endows BBPs
with distinctive mechanical and rheological performances (e.g., low
entanglement plateau modulus), crystalline abilities (e.g., fast crys-
tal nucleation and slow growth), and stimuli-responsive behaviors
(e.g., various morphological transformation).

The distinct molecular architectures and tunable structural pa-
rameters (e.g., grafting density and, DP of the backbone and side
chain) of BBPs impart them with substantially different properties
and behaviors from those of the linear polymers, which lead to
unique self-assembly behaviors in solution and bulk states. BBPs
have been observed to self-assemble into spherical, [11] worm- or
rod-like, [12,13] lamellar, [14,15] and other structures [16,17]. These
self-assembled conformations can also be tailored by various exter-

nal stimuli. BBPs have been widely used as unimolecular templates
to prepare 1D organic nanotubes, [18] inorganic nanostructures
(e.g., nanorods, core-shell nanorods, and nanotubes), [12,19] and
hybrid nanocomposites [20]. In addition, lack of entanglements sig-
nificantly reduces the entanglement plateau modulus, which ren-
ders the BBPs as excellent alternative polymers to yield supere-
lastic elastomers [21]. Optoelectronic materials based on diblock
BBPs have been achieved by engineering the branches with hole-
and electron-transporting moieties on their blocks respectively, af-
fording 1D nanoobjects with two different transporting parts that
resemble the device configuration in advanced white organic light-
emitting diodes (OLEDs) [22]. Additionally, the intrinsic 1D confor-
mations of BBPs and the corresponding shape-regulated materials
can facilitate electron/charge transport, and therefore, these have
been used as solid electrolytes to improve the transference num-
bers and electrochemical performances [23,24]. Furthermore, ow-
ing to their high MWs and highly extended backbones, bottlebrush
block copolymers have been observed to self-assemble into large-
domain lamellar nanostructures in films or confined spaces, which
have been used as photonic crystals (PCs) [15]. Notably, most of
these applications are based on the unique 1D cylindrical shapes of
BBPs. Controlled radical polymerization (CRP) of highly tailorable
functional building blocks is a highly effective strategy to craft
BBPs with well-defined 1D cylindrical architectures [25,26].

This review highlights the recent achievements of BBPs includ-
ing their controlled syntheses, self-assembly, properties, and appli-
cations. First, the design principles of BBPs are presented to intro-
duce the BBPs with a variety of intriguing morphologies. Subse-
quently, the construction of well-controlled BBPs with diverse sub-
architectures via the current synthetic techniques and strategies is
critically examined. Particularly, the emerging strategies that are
simple as well as time- and cost-effective are described, includ-
ing (i) photo-mediated reversible deactivation radical polymeriza-
tion and (ii) programmable flow chemistry. Then, self-assembled
architectures of BBPs, and their unique physical (e.g., crystalline
and stimuli-responsive), mechanical, and rheological properties in
both solution and bulk states are reviewed. Thereafter, the ap-
plications (e.g., templates, elastomers, organic optoelectronic ma-
terials, energy storage, biomedical fields, etc.) of BBPs with dif-
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ferent compositions and structures are described. Finally, after a
brief summary, an outlook for the prospective studies on BBPs is
presented. The challenges facing the synthesis and applications of
BBPs are discussed, followed by the corresponding solutions to im-
prove the control over chemical structures, compositions, and util-
ities of BBPs.

2. Synthesis of bottlebrush polymers
2.1. Design principle of bottlebrush polymers

The DP of the backbone and side chain, as well as grafting den-
sity, are crucial to controlling the sizes of the BBP macromolecules;
these can form cylindrical morphology because of the steric repul-
sions among the attached brushes. Specifically, the BBP backbone
should be significantly longer than that of its side chain to yield a
cylindrical morphology [27-29]. Inversely, if the size of side chain
is comparable to that of the backbone, a spherical topology resem-
bling a star-like polymer is obtained [28,30]. Grafting density is
the number of side chains per repeating unit. For clarification, each
monomeric unit can theoretically carry one side chain with 100%
grafting density. It is worth noting that grafting density should
have the same value as initiation efficiency in the “grafting-from”
approach. Grafting density affects the crowding among the side
chains which determines the steric repulsions. Therefore, appropri-
ate control of all parameters during BBP synthesis is key to con-
trolling the final architecture. BBPs with well-defined structures,
desired functional groups, and controlled MWs have been syn-
thesized using various advanced controlled/living polymerization
techniques (e.g., CRP, [26] controlled anionic/cationic polymeriza-
tion, [31,32] ring-opening polymerization (ROP), [33] ring-opening
metathesis polymerization (ROMP), [34] and click reactions [35]).
BBPs can be typically obtained through three main synthetic ap-
proaches (Fig. 1): (1) “grafting-from” (polymerization of monomers
from the polyinitiators in the backbone), (2) “grafting-through”
(polymerization of the macromonomers), and (3) “grafting-to” (at-
tachment of the pre-prepared side chains to the backbone).

While each of the three strategies possesses inherent advan-
tages and disadvantages, no single approach can effectively control
all structural parameters such as the grafting density, length, and
composition. By combining different CRP techniques with other
strategies, novel BBPs with advanced molecular architectures have
been constructed (Table 1). An array of BBP molecular architectures
bearing two different side chains can be produced to form BBCPs
or random bottlebrush copolymers. Generally, each repeating unit
contains a single side chain. However, it is possible to attach two
polymeric side chains on each backbone repeating unit, generating
double-brush (sometimes called barbwire [36]) copolymers with
identical or different characteristics (Janus BBPs) [3]. The doubly
substituted side chains have bulky volumes which dramatically en-
hance the stiffness of the backbone [1]. Linear polymer chains can
be covalently bonded to the bottlebrush backbone end(s) to form
brush-linear (attached at one end) or linear-brush-linear (attached
at both ends) block copolymers. Core-shell BBPs can also be syn-
thesized by attaching diblock copolymer side chains to the back-
bone. Most BBPs contain side chains with a spacing of two C-C
bonds in the backbone owing to the characteristics of vinyl-based
(macro)monomers. To further increase the steric repulsion among
the side chains, brush polymers have been grafted onto the side
chains to form brush-on-brush copolymers.

2.2. Synthetic techniques for bottlebrush polymers
Conventional radical polymerization is a widespread and ro-

bust technique to synthesize polymers because of its facile im-
plementation, low cost, good tolerance to polar and active func-
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tional groups or impurities, and mild reaction conditions [37].
BBPs have been prepared by free radical polymerization of acry-
late macromonomers [38]. However, the relatively poor control
over the MW, molecular weight distribution of polymers, termed
dispersity (P =Mw/My), and chain-end functionality hindered fur-
ther applications of these BBPs. MW and b are the key fac-
tors regulating the structures and performances of the poly-
mers. CRP is based on reversible deactivation radical polymeriza-
tion (RDRP), forming active and dormant states during the poly-
mer propagation process [26]. CRP techniques (i.e., atom transfer
radical polymerization (ATRP), reversible addition-fragmentation
chain transfer (RAFT) polymerization, and nitroxide-mediated rad-
ical polymerization (NMP)) have been extensively employed to
prepare various state-of-the-art well-defined molecular architec-
tures that are beneficial for the synthesis of precisely designed
BBPs [26].

ATRP typically involves chain initiation and propagation from
the end halide groups via a radical mechanism with catalysis using
transition metal halides and organic ligands. The periodical trans-
formation of active and dormant species are generated by the re-
action with activators (i.e., CuX) and produced deactivators (i.e.,
CuXj), achieving the control of polymerization [39]. RAFT poly-
merization proceeds through a degenerative chain transfer pro-
cess, in which the propagating species equilibrate with the dor-
mant species [40]. Generally, the RAFT chain transfer agents (CTAs)
could be tethered onto polymer backbone through the Z-group
approach where the stabilizing CTA group is covalently bonded
to the backbone or the R-group approach where the CTAs are
attached to the main chain via the reinitiating group [41]. No-
tably, the direction of attachment of the CTA leads to very dif-
ferent outcomes in the grafting step (e.g., attachment of the R
group leads to the “grafting-from” approach, and attachment of
the Z-group results in the “transfer-to” approach). NMP is gov-
erned by the reversible termination process between the prop-
agating (macro)radicals and predominant species (e.g., 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO)). The polymerization rate is
dominated by the excess nitroxide radicals after the initiation
process because of the dynamic balance of polymerization [42].
Living anionic/cationic polymerization is achieved via the long-
lived anionic/cationic species [32,43]. The key to achieving living
ionic polymerization is controlling the equilibria between the ac-
tive (ionic) and dormant (covalent) species [32]. ROMP involves
the opening of cyclic olefin and the recombination of unsatu-
rated bonds. The obtained polymer has unsaturated bonds in ev-
ery repeating unit of the main chain, this key feature is different
from the conventional polymers synthesized via radical polymer-
ization [34]. A decrease in the ring strain of the cyclic monomer
promotes the occurrence of ROMP and it is beneficial to prepare
BBPs via the “grafting-through” approach [44]. Those reactions
are commonly used in pre-polymerization and post-modification.
Click reactions constitute a set of reactions that are can effi-
ciently and reliably link certain moieties [45]. These reactions such
as azide/alkyne cycloadditions, Michael addition, and nucleophilic
substitution have been widely used in organic chemistry and poly-
mers for post-modification, particularly for the preparation of BBPs
via the “grafting-to” approach [46-48]. The mechanism, advantages
and disadvantages of these synthetic techniques for the prepara-
tion of BBPs are summarized in Table 2.

2.3. Strategies for bottlebrush polymer synthesis

The synthesis of BBPs can be categorized into three basic ap-
proaches (e.g., “grafting-from”, “grafting-through”, and “grafting-
to”) according to the formation of their side chains as shown in
Fig. 1. Each of these strategies exhibits characteristic features and

limitations in determining the structural parameters of the BBPs
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Table 1
Selected representative BBPs with various sub-architectures.
Types Schematic illustration ~ Chemical structure Name abbreviation Ref.
BBP PBPEM-g-PBA [13]
BBCP [PNB-g-PS]-b-[PNB-g-PEO] [244]
Random BBP [PNB-g-PS]-r-[PNB-g-PLA] [177]
Double-Brush BBP PGMA-g-vPLA [266]
Janus BBP PNB-g-PS/PLA [184]
Core-Shell BBP PBPEM-g-[PBA-b-PS] [13]
Brush-Linear BBP [PBIEM-g-PMMA]-b-PGMA [242]
Linear-Brush-Linear BBP PMMA-b-bbPDMS-b-PMMA [424]
o
- B
o '\/‘-l-oﬂ\/\/\H“ on
Brush-on-Brush BBP X o y PCL-g-(PCL-b-(P(CL-Br)-g-POEGA))  [229]

from molecular engineering and synthetic perspectives. Selected
representative examples of BBPs with different architectures pre-
pared using the corresponding synthetic strategies are summa-
rized in Table 3. Notably, it is challenging to craft densely grafted
macromolecules with cylindrical morphologies owing to the intrin-
sic limitations of the approaches and techniques. Therefore, signif-
icant efforts and scientific investigations are required to gain in-
sights into the distinct macromolecular architectures prepared us-
ing these approaches.

2.3.1. Grafting-from

The growth of the polymer brushes starts from initiating sites
on the polymer backbone in the “grafting-from” approach. The
polyinitiators are introduced by the polymerization of an inimer
or through post-modification to introduce the initiating moieties
[1]. High-MW side chains can be obtained through the “grafting-
from” approach because the monomers can readily diffuse to the
initiator sites as the polymers gradually grow from the active cen-
ters. One of the key features of this strategy is the high graft-
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Table 2
Summary of the synthetic techniques for the preparation of BBPs.
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Techniques Basic Compositions Advantages Disadvantages
ATRP Halide compound, CuX, and Good tolerance to functional moieties, commercial Transition metal usage
ligands initiators, and easily end-group transformation

RAFT CTA and radical initiator Various monomers, diverse of reaction media, and Colour- and odor-containing
easily end-group transformation product

NMP Nitroxide initiator Good tolerance to impurities Limited monomers

Anionic/Cationic Associate monomer and catalyst Easily end-group transformation and grafting reaction Harsh conditions and high

Polymerization sensitivity

ROMP Cyclic olefin and Grubbs’ catalyst Great tolerance to impurities and high reactivity for Low packing density of side
macromonomers chains

Click Reactions Functional end moieties

Mild reaction condition and high efficiency

Pre-preparing process for
functional groups

Table 3
Selected representative BBPs prepared with different synthetic strategies.
Backbone Side chain Grafting density Techniques Strategy Ref.
Type DP Type DP
Polymethacrylate 514 PBA, PBA-b-PS 15-27 100% ATRP Grafting-from [13]
Polymethacrylate 1500 PDMAEMA 32-40 50% ATRP Grafting-from [90]
Polymethacrylate 360 PAA 57 100% ATRP Grafting-from [88]
Cellulose - PtBA, P4VP, PtBA-b-PS, 68-153 100% ATRP Grafting-from [12]
PS-b-PtBA-b-PS
Polypeptide 120 PS 100-400 100% ROP/ATRP Grafting-from [58]
Poly(e-caprolactone) 700 PBA-b-POEGA 28-35 80-98% ROP/ATRP Grafting-from [62]
Polystyrene 120 PS 41-46 95% RAFT Grafting-from [56]
Polynorbornene 50 PS 77 77% RAFT/ROMP Grafting-from [176]
Polymethacrylate - PS/PLA - PS(>90%)/PLA(86%)  ATRP/ROP Grafting-from [96]
Polymethacrylate 425 PEG 45 100% ATRP Grafting- [28]
through
Polymethacrylamide 27-151 polypeptide 20 100% PET-RAFT Grafting- [127]
through
Polynorbornene 130 PMMA 72 100% ROMP/ATRP Grafting- [63]
through
Polynorbornene 57-578 PS 19-66 100% ROMP/Click Grafting- [177]
through
Polynorbornene 56-151 PS/PLA 23/21 100% ROMP/RAFT/ROP Grafting- [184]
through
Polynorbornene 25-200 P3HT 12 100% ROMP/Click Grafting- [181]
through
Polynorbornene 95 PS-b-PMA-b-PtBA 132 100% ROMP/RAFT Grafting- [240]
through
Polynorbornene 48 DNA - 32% ROMP/Nucleophilic  Grafting-to [193]
substitution
Polymethacrylate 210 PEO, PS, PBA, PBA-b-PS  7-46 20-100% CuAAC Grafting-to [201]
Polystyrene 19 PS 22 55% Thiol-yne Grafting-to [219]

ing density because of the significantly decreased steric hindrance
among the side chains during the growth [1]. However, inter-
molecular termination and macroscopic gelation can occur due to
the intramolecular coupling of the densely packed initiator sites
on the backbone during radical polymerization. This can be miti-
gated by the CRP techniques that rely on RDRP to lower the con-
centrations of radical species. This key characteristic is important
in reducing the radical termination events during the BBPs syn-
thesis. Long-backbone BBPs with high grafting density and low
b can be readily obtained via the *“grafting-from” approach. A
variety of backbones have been used to construct BBPs includ-
ing poly(meth)acrylate (P(M)MA), [49-53] polystyrene (PS), [54-
56] polymethacrylamide, [57] polypeptides, [58,59] polythiophene,
[60,61] polylactone, [62] polynorbornene (PNB), [63,64] polysac-
charides, [12] and other compounds [65-69]. Side chains are then
attached to these backbones using ATRP, [12,49,50,54,58,60-63]
RAFT, [51,56,64,65] ROP, [55,57,59] NMP, [53,67] and ionic poly-
merization [66]. ATRP is the most widely applied technique in the
“grafting-from” approach to control the growth of the brushes be-
cause of the aforementioned advantages. Initiators can easily be
attached onto the main chain via a facile esterification reaction
because of the abundant hydroxyl groups in natural and artificial
polymers. Notably, as the esterification of the backbone requires a

high amount of initiator, the commercial alkyl halides (ATRP initia-
tors) afford significant advantages over other labor-intensive initia-
tors (RAFT, NMP, and ROP).

To better understand the brushes’ distribution along the poly-
mer backbone, it is important to determine the initiation effi-
ciency during polymerization. In the “grafting-from” approach, the
polyinitiators that are intrinsically present in the template initi-
ate the side chain growth. In general, a fast initiation rate and
deactivation, based on the mechanism of the CRP techniques en-
sure that all side chains to grow simultaneously and have approx-
imately equal lengths because of the high initiation efficiency at
the early stage [26]. Unfortunately, initiation efficiency is not al-
ways 100% because a fraction of the side chains grow faster in the
early stage of polymerization and sterically hinder the adjacent ini-
tiating sites that result in incomplete initiation on the backbone
[70,71]. In addition, this hindrance can negatively affect the for-
mation of uniform side chains, particularly, in the core-shell BBPs.
Therefore, it is desirable to gain insights into the factors affecting
initiation efficiency (this value is also considered as the grafting
density in this strategy). The unique performances (mechanical and
rheological) of the BBPs are significantly dominated by this deter-
minant. To calculate the initiation efficiency of BBPs, direct cleav-
age of brushes from the backbone is essential, which has been
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Fig. 2. Illustration of various lengths for repeating unit in bottlebrush polymers.

achieved through an acid [70]or base [72] solvolysis reaction. For
instance, a BBP, poly(2-(2-bromopropionyl)oxyethyl methacrylate)-
g-poly(butyl acrylate) (denoted as PBPEM-g-PBA), was used as a
model to calculate the initiation efficiency [70]. The PBA side
chains were obtained after acid cleavage, and its true MW was de-
termined using nuclear magnetic resonance (NMR) spectroscopy.
The corresponding monomer conversion could be determined by
NMR or gas chromatography, thereby affording the theoretical MW
of the side chains (assuming quantitative initiation). The ratio of
the theoretical and true MWs of the side chains can be considered
as the initiation efficiency. Two approaches have been employed to
increase the initiation efficiency to decrease the monomer attach-
ment in each activation/deactivation process in the ATRP, i.e., by an
increase in the amount of CuX, and addition of solvent to decrease
the monomer concentration [70].

Owing to the characteristics of the vinyl monomers, most BBPs
possess side chain crowding with a spacing (repeat unit length is
0.253 nm) of two C-C bonds along the backbone (Fig. 2). The side
chain crowding typically induces a high stretching of the back-
bone and side chains, which forces the entire BBP to adopt an
entropically unfavorable extended shape. However, densely packed
polyinitiator sites on the backbone can hinder the initiation effi-
ciency during side chain growth, as discussed previously. Alterna-
tively, other backbone monomers with large spacing between the
neighboring brushes (e.g., PLA has a spacing of 0.36nm [73] and
poly(L-lysine) (PLL) has a spacing of 0.35nm [74]) provide a more
kinetically active environment for chain propagation, which may
be readily converted into the BBPs with high grafting density. PLL-
based BBP was prepared through the ROP of «a-amino acid N-
carboxyanhydride (NCA) and then, the PS side chain was synthe-
sized by ATRP, with alkyl-bromine on the backbone as an initia-
tor [58]. Thereafter, another type of BBP with a polythiophene (re-
peating unit length of 0.387nm [75]) backbone was synthesized
by oxidative polymerization with FeCls, followed by the growth
of poly(N-isopropyl acrylamide) (PNIPAM) arms via ATRP [61]. Re-
cently, BBP architectures containing 2-oxazoline inimers were ob-
tained using ROP, and the initiators on the backbone were em-
ployed to grow the side chains [76]. Notably, the ROMP of nor-
bornyl monomers can afford a large spacing (0.485nm for the
repeating unit length) with five C-C bonds among the adjacent
brushes [77]. A combination of ROMP and NMP was applied for
preparing a precisely designed PNB-based BBP via the “grafting-
from” approach [78]. To further increase the initiation efficiency,
poly(e-caprolactone) (PCL) with a spacing of 0.85nm between the
adjacent brushes was selected as the backbone, [75] as it provided
more space to grow the brushes. The BBP, PCL-g-PtBA, was pre-
pared via the ATRP of t-butyl acrylate (tBA) and exhibited a worm-
like morphology [62]. Alternatively, the copolymerization of dif-
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ferent comonomers has also been applied to increase the spac-
ing among the side chains. The backbones can be produced by
the copolymerization of monomers such as styrene (St), [79] NCA,
[80] and 3-hexylthiophene, [81] to form brush- or comb-shaped
polymers. However, as the partial repeating units have initiators
that are randomly distributed along the backbone, closely grafted
BBPs are not formed. Even though a decreased essential grafting
density due to the incorporation of the external moiety in the re-
peating units may result in loosely-packed brushes, all BBPs have
high initiation efficiency, forming worm-like structures. However,
when the main chain length is comparable to that of the side
chain, BBPs do not afford worm-like morphology [82,83].

Till date, BBPs with polyacrylate backbone are mostly studied
via the “grafting-from” strategy, where ATRP-initiating groups
are introduced directly or through post-modification. The BBPs
with high grafting density are obtained by the combination
of ATRP and “grafting-from” approaches (Fig. 3a) [13,84]. The
linear polymer PHEMA-TMS was prepared by the ATRP of
HEMA-TMS. After cleavage of the TMS group and subsequent
esterification with 2-bromopropionyl bromide under catalysts,
the macroinitiator PBPEM was readily obtained. In a seminal
work, BBPs containing PS or PBA side chains (PHEMA-g-PS or
PHEMA-g-PBA) with low D were synthesized via ATRP and
stopped at monomer conversions of < 20% to prevent un-
desirable side reactions. Notably, low temperature, low Cul
concentration, and Cul! addition were also employed to de-
crease the radical amounts during the ATRP process. Thereafter,
BBPs bearing various side chains such as photo-responsive
poly(4-methacryloyloxyazobenzene), [85]  thermal-responsive
PNIPAM [86] and poly(2-(2-methoxyethoxy) ethyl methacry-
late) (PMEO2MA), [87] pH-responsive polyacrylic acid (PAA)
[88], poly(styrenesulfonate), [89] and poly(dimethylaminoethyl
methacrylate) (PDMAEMA), [90,91] etc. [92,93] were crafted using
this strategy. In addition, well-defined BBPs with crystallizable side
chains such as PCL, [94,95] poly(L-lactide) (PLA), [96] and peptides
with secondary structure [97,98] were also synthesized using ROP,
with PHEMA as the macromolecular initiator.

The controlled synthesis of BBPs via the “grafting-from” strat-
egy employing ATRP or other CRP techniques was successfully
achieved in extremely dilute systems with low monomer conver-
sions to prevent the macroscopic gel formation during polymer-
ization. However, a significant decrease in the polymerization rate
in a highly diluted system and wastage of monomers in bulk
polymerization are some drawbacks of this approach. An alter-
native solution to resolving this issue is the use of miniemul-
sion system to synthesize BBPs. A miniemulsion is a miniaturized
bulk system with the reaction compartmentalized into small sta-
ble monomer droplets, where macroscopic gelation cannot occur.
Worm-like BBPs are obtained in a miniemulsion system through
the activators generated by electron transfer (AGET) ATRP with
high monomer conversion [99]. Nonetheless, cross-linking still ex-
ists in the miniemulsion particles because of inevitable radical cou-
pling. Furthermore, the L/Cu"-P, organometallic intermediate can
react with the active hydrogen species, producing a dead poly-
mer chain. This copper-catalyzed radical termination (CRT) process
facilitates the chain termination in the ATRP of acrylates [100].
Nonetheless, CRT is favorable for suppressing gelation during the
preparation of densely grafted BBPs via the “grafting-from” ap-
proach because of the absence of the usual bimolecular radical
coupling [101].

Another method to suppress cross-linking during the prepara-
tion of BBPs involves the use of Cu-mediated, photoinduced, con-
trolled ATRP (photoATRP), which is based on the photoinduced re-
ductive quenching mechanism between an electron donor (a ter-
tiary amine or excess ligands) and excited Cul'X/L deactivator.This
reaction affords Cu!/L activator (re)generation by direct reduction
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[102]. The photoreduction rate constant increases with a decrease
in the Cu'X/L concentration owing to the decreased absorbance
or enhanced transmittance of the solution. In addition, the rate of
polymerization (Rp) in the system with activator regeneration de-
pends significantly on the rate of reduction. A high ATRP activity of
catalyst affords a low photoreduction rate constant. This discrep-
ancy is compromised in the photoATRP process, where a high re-
duction rate is achieved because high activity results in a signif-
icantly high [Cu''X,/L]/[Cu'X/L] concentration ratio, which allows
rapid overall photoreduction, promotes CRT, and thus allows the
preparation of brushes with high grafting densities and monomer
conversions [103].

Recently, Huang and coworkers reported a new synthetic
methodology for preparing well-controlled BBPs with PtBA as the
backbone (Fig. 3b) [104]. A novel acrylate inimer containing ATRP
initiating site was first synthesized, followed by RAFT polymeriza-
tion to afford the backbone. The initiation groups on the back-
bone remained intact during polymerization and could be used
to initiate ATRP of methyl methacrylate (MMA) to obtain BBP
(e.g., PtBA-g-PMMA) without post-modification [104]. Thereafter, in
the following works, they expanded this approach to grow dif-
ferent side chains with high MW and low P on the BBPs, such
as thermoresponsive poly(N-vinyl caprolactam), [105] PNIPAM,
[106] poly(ethylene glycol) methyl ether methacrylate, [107] and
pH-responsive PDMAEA, [108] etc [109-112]. Furthermore, the tBA
moieties on BBP backbone were selectively hydrolyzed using tri-
fluoroacetic acid (TFA) to yield BBPs with acid groups anchored on
their backbones [104].

However, it is challenging to grow less-active monomers (e.g.,
vinyl acetate (VOAc) and N-vinyl pyrrolidone (NVP)) on the back-

bone with ATRP macroinitiators because of a very low ATRP equi-
librium constant [113]. In contrast, RAFT polymerization has been
used to prepare BBPs with an expanded range of monomers, in-
cluding less reactive vinyl esters (e.g. vinyl acetate) and vinyl
amides [40]. Xanthate-containing CTAs were used to esterify the
hydroxyl groups on the PHEMA backbone, forming macromolecular
multifunctional CTAs (i.e., PPXEM). PVOAc [51] and PNVP [114] side
chains with high MWs were then grown from the PPXEM to gen-
erate BBPs through RAFT polymerization, and the BBPs exhibited
excellent worm-like morphology.

Although RAFT polymerization has been successfully em-
ployed to synthesize BBPs through the “grafting-from” strategy
to grow less-active-monomer-based side chains, this methodol-
ogy often suffers from limited control over the branch grafting
and D [41]. For instance, PS branches were obtained from dense
CTA-functionalized poly(p-chloromethylstyrene) (PCMS) backbone
linked via the R-group approach, but the resting brush polymer
showed multimodal MW distribution [115]. During this RAFT poly-
merization, active radicals transferred via the intramolecular and
intermolecular transfer processes. The intramolecular transfer was
achieved by transferring to the neighboring CTAs existed on the
same BBP, whereas the latter case involved the transfer to CTAs on
another BBP. These two processes fulfill the addition-fragmentation
equilibrium resembling the conventional RAFT process and ensure
that all polymer chains grow at the same rate. However, the lat-
ter transfer is critically limited owing to the densely grafted side
chains of the BBPs. In addition, the sparse radicals are stuck within
an independent BBP rather than adding to the CTAs on other BBPs,
thus resulting in BBPs with high b because of the absence of deac-
tivation. Miiller and co-workers developed a CTA-shuttled R-group
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methodology to increase the radical concentration, where the low-
MW CTAs were applied as CTA shuttles to enhance the radical
transfer pathways (Fig. 3c) [56]. With the efficient transfer of ac-
tive radicals by the surrounding CTA shuttles, BBPs afford a ho-
mogeneous propagation of the side chains and low P [56]. There-
after, with this CTA-shuttle-tuned RAFT methodology, BBPs with al-
ternating diblock poly(4-N-acryloylmorpholine) and poly(dimethyl
acrylamide) (PDMA) side chains and alternating multi-segmented
copolymer side chains were synthesized [116]. Although the shut-
tled CTA R-group approach provided better control over the BBP
structure, the free CTA shuttle produced inevitable linear polymers
and fractional precipitation was required to separate it. You and
coworkers reported the preparation of BBPs using tandem RAFT
polymerizations with two disparate RAFT agents in one pot [117].
The backbone was synthesized by the selective cationic RAFT poly-
merization of the inimer carrying a dormant RAFT agent. Then, the
brushes were obtained by capitalizing on conventional RAFT poly-
merization initiated by AIBN. This tandem orthogonal polymeriza-
tion did not require the purification of intermediate products and
final linear polymers.

In the aforementioned reports, the backbones of BBPs are in-
volved petroleum-based synthetic polymers that were not biocom-
patible. It is appealing to expand the range of biodegradable poly-
meric materials because of the depletion of fossil fuel reserves.
Synthetic polypeptides are promising biomaterials that display un-
precedented properties such as biocompatibility and the capability
to form higher-order structures. Additionally, biomimetic polypep-
tides have inherent chiral structure and intramolecular or inter-
molecular hydrogen bonding that can afford them tunable sec-
ondary structures (e.g., «-helix or B-sheet) [118]. The controlled
synthesis of a polypeptide with predictable MW and low b has
been achieved at high vacuum and low temperature. With the
living character in the ROP of the NCAs monomers, well-defined
polypeptide-based BBPs with different side chains have been ob-
tained, such as poly(L-glutamic acid) (PLG)-g-PEG, [119] PLL-g-
PS and PLL-g-PEGMA (Fig. 3d), [58] PLG-g-POMEO3;MA, [80] and
PLG-g-PLA, [120] which have been synthesized via ATRP or ROP
through the “grafting-from” approach. Recently, human serum al-
bumin was used as a natural backbone to systematically con-
struct uniform anisotropic BBPs using ATRP via the “grafting-from”
approach [121]. In parallel, new BBPs bearing functional, natu-
ral polypeptide side chains were also synthesized [122]. Notably,
the polypeptides can form secondary structures, and the incorpo-
ration of polypeptide brushes can predictably broaden the scope
of BBP-based materials with remarkable performances [97,123-
125]. Complex and hierarchical structures that mimic globular
proteins were obtained by capitalizing on the precise molec-
ular structure and specific intermolecular interactions of the
polypeptide-based BBPs [126]. Moreover, BBPs with peptides as
side chains endowed the materials with enhanced biological activi-
ties, such as high binding affinities to the targets and increased cell
penetration [127].

PCL is an example of a synthetic biodegradable polymer, which
can be obtained via the ROP of e-caprolactone (CL). However,
PCL exhibits inherent functional group paucity, which diminishes
the possibilities for grafting side chains. Modified CL monomers
bearing pendant functionalized sites have been reported in the
past decades [128,129]. An elegant strategy that yielded halide e-
caprolactone was reported and subsequently applied to synthe-
size PCL-based BBPs. For example, the PCL backbone was crafted
via random copolymerization of y-(2-bromo-2-methylpropionate)-
g-caprolactone (BMPCL) and CL monomers [130]. The pendant ini-
tiation groups were used as initiators for the ATRP of DMAEMA
to form PCL-g-PDMAEMA BBPs with different grafting densities.
Thereafter, poly(4-vinylpyridine) (P4VP) and PDMAEMA brushes
were fabricated via anionic polymerization with PCL macroinitia-
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tors to yield PCL-g-P4VP, and PCL-g-PDMAEMA BBPs, respectively
[131,132]. However, with the partial anionic activation produced by
a non-nucleophilic lithium diisopropyl amide on the backbone, the
obtained BBPs had low grafting densities. It could be reasonably
that they self-assembled into spherical morphologies [133]. To fur-
ther improve the steric repulsions effect within these brush poly-
mers, amphiphilic core-shell BBPs were synthesized with PCL-Br
as the backbone, and the side chain PBA-b-POEGA was then pre-
pared by the sequential ATRP of tBA and oligo (ethylene glycol)
acrylate (OEGA) (Fig.3e) [62]. The second bulky block of POEGA en-
hanced the steric effect among the side chains. The effect of the
backbone DP on the BBP conformation was investigated, and with
an increase in the backbone DP, the lengths of BBPs graduallly in-
creased and exhibited a worm-like morphology.

Cellulose is a long-chain, high-MW polysaccharide [134]. Cellu-
lose nanocrystals have diameters at the range of nano-scale, and
lengths at the micron scale. Both intramolecular and intermolec-
ular hydrogen bonding coexist in cellulose, which causes the cel-
lulose chains to assemble into close-packed bundles. One of the
most unique characteristics of cellulose is that every repeating unit
has three hydroxyl groups. Cellulose has particular superiority for
ROP in comparison to other polymerization methods, and many
polymers have been successfully grafted from cellulose via surface-
initiated ROP [135-137]. However, these celluloses were solid bun-
dles with large sizes and thus, could not be considered as BBPs.
Esterification is another important method to chemically modify
the cellulose structure. Various polymers have been grafted from
cellulose using the CRP techniques [138-140]. However, grafting
from cellulose yields poor grafting density because of difficulties
in separating the cellulose bundle chains and anchoring nonpo-
lar initiators on their highly polar surfaces. To achieve better con-
trol of the grafting density of the initiators on cellulose, ionic lig-
uids have been used as the reaction media to perform esterifica-
tion. Ionic liquid is a desirable green and recyclable medium with
many advantages such as broad liquid range and excellent disso-
lution capability [12,141,142]. Nevertheless, even in ionic liquids,
the complete conversion of -OH groups into initiators is difficult
to achieve [142,143]. Cellulose-based macroinitiators with almost
100% ATRP initiator density after two esterification processes with
ionic liquid as the solvent have been reported (Fig. 3f) [12]. Al-
though cellulose-Br macroinitiators can easily dissolve in organic
solvents, their MWs exhibit broad B owing to the intrinsic varia-
tion in the lengths of their cellulose backbones. To synthesize high-
quality BBPs with uniform cellulose backbone lengths, fractional
precipitation with acetone as the solvent and deionized water as
the precipitator is employed. A series of pure linear macroinitiators
with different MWs and low B were obtained. Various side chains
were subsequently grown from the cellulose backbone with ATRP
of the monomers. A variety of monomers were also sequentially
grown via ATRP to obtain cellulose-based core-shell BBPs such
as cellulose-g-[P4VP-b-PS], cellulose-g-|PtBA-b-PS], and cellulose-g-
[PS-b-PtBA] [12]. Notably, the main chain of cellulose is consid-
ered to be significantly stiffer than those of the common vinyl
polymers [144]. The diblock copolymer brushes not only increase
the steric repulsions among the side chains but also afford new
properties and conformations. For instance, the core-shell struc-
ture of cellulose-g-[PAA-b-PS] exhibited rigid rod-like morphology,
[12] while a characteristic worm-like structure of cellulose-g-PBA
was observed by AFM [145]. Considering the complicated synthetic
process and difficulty in purification, the preparation of BBPs bear-
ing triblock copolymer side chains has rarely been reported, but
the successful synthesis of triblock-copolymer-grafted BBPs such
as cellulose-g-[P4VP-b-PtBA-b-PS] and cellulose-g-|PS-b-PAA-b-PS]
have been reported by the Lin group [12]. The hydrophilic core
block PAA or P4VP can coordinate with the metal ions, which sug-
gests the application potential of BBPs as nanoreactors.
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These aforementioned methodologies for preparing BBPs have
some disadvantages such as harsh reaction conditions, tedious sep-
arating processes, and the use of harmful metals. Photo-mediated
RDRP is an emerging technique to prepare well-defined archi-
tectures under mild conditions and with flexible implementation
[146-148]. In comparison to other common triggers for polymeriza-
tion, light provides mild reaction conditions without the need for
additional reactive molecules. Moreover, light-mediated RAFT poly-
merization provides an alternative methodology to prepare well-
defined polymers without requiring heating and slow decompo-
sition of the thermal initiators. Matson and coworkers reported
the preparation of BBPs via the ROMP of a norbornene (NB)-based
photoiniferter, followed by the photoiniferter polymerization of
side chains under visible light [64]. This method affords a high
monomer conversion without coupling reactions and linear poly-
mers, in comparison to those encountered in conventional RAFT
polymerization. In addition, the light source can prevent the for-
mation of possible initiator-derived chains, maintain high chain-
end fidelity and low radical concentration, and allow operation at
low reaction temperatures that can prevent chain coupling and -
scission. However, the two-step method requires a photocatalyst
and ruthenium catalysts for RAFT polymerization and ROMP. Or-
thogonal RAFT polymerizations can be implemented in one pot to
prepare polymers with various architectures. For instance, facile
photo-mediated RAFT polymerizations induced by chemoselective
lights were used to prepare BBPs under mild reaction conditions
(Fig. 4) [149]. In this work, two different types of RAFT agents
(e.g., CDTPA and BTPEMA) with different photolysis capabilities at
different wavelengths were selected as photoiniferters without ad-
dition of photocatalysts. The inimer, BTPEMA, was homopolymer-
ized to form PBTPEMA under green light-mediated RAFT polymer-
ization with CDTPA as the CTA, while the pendant CTA remained
intact during the process. By capitalizing on blue-wavelength ir-
radiation, the RAFT polymerization of DMA monomer using PBT-
PEMA was achieved, yielding PBTPEMA-g-PDMA within a short du-
ration. This photoiniferter approach afforded the synthesis of com-
plex macromolecular architectures through copolymerization with
other monomers by adjusting the grafting densities without any
intermediate steps [149].

It is necessary to use nontoxic catalysts in the synthesis of
BBPs for biomedical applications. Enzyme-catalyzed polymeriza-
tions have attracted great interest in the past decade owing to the
high selectivity, mild reaction conditions, recyclability, and biocom-
patibility [150]. For instance, Moeller and coworkers successfully
prepared linear polyglycidol (PG) macroinitiators bearing primary
hydroxyl groups were successfully prepared via the anionic ROP of

a glycidol, followed by the Novozyme435-catalyzed ROP of CL to
yield the brush polymer PG-g-PCL [151]. Interestingly, the chemi-
cal structure of the obtained polymer was different from that of
the polymer obtained via chemical catalysis with the same ratio of
repeating units to monomers. The initial efficiency of the hydroxyl
groups on the backbone with enzyme catalysis was low because
of the steric hindrance of enzyme, which resulted in many free
hydroxyl groups in the brush polymer. Thereafter, random (het-
erografted) BBPs were prepared with consecutive enzymatic and
chemical ROP of CL and LA monomers, respectively, using PG as the
multifunctional initiator. CL was first grafted enzymatically to a PG
backbone via ROP with Novozyme435 as the catalyst. The remain-
ing (~50%) hydroxyl groups on the PG backbone were then used
as initiators for the chemically catalyzed ROP of the LA monomers,
yielding heterografted a BBP bearing PCL and PLA side chains [152].
In an alternative method, the end hydroxyl groups on the PCL
side chains were selectively acetylated, and the residual hydroxyl
groups were then brominated using an ATRP initiator. After the
growth of the side chains by ATRP, heterografted BBPs were ob-
tained in two-step polymerization [153]. However, it is challenging
to achieve an esterification efficiency of 100% with BBP backbone,
indicating that free initiating sites remain available on the back-
bone, which could be used for post-modification. In this manner,
heterografted BBPs with two different polymer chains on the same
backbone have been achieved through simultaneously the ROP of
LA and ATRP of St in one pot [154].

2.3.2. Grafting-through

The “grafting-through” strategy is employed to polymerize the
macromonomers through appropriate techniques. As opposed to
the “grafting-from” approach, which often suffers from a low initi-
ation efficiency, macromonomer polymerization ensures good effi-
ciency because of the intrinsic features [1,34]. The key feature of
this strategy is that each repeating unit contains a pre-attached
side chain, which ensures 100% grafting density of the resulting
BBPs. Here, the side chains are prepared and completely charac-
terized prior to the formation of backbone. It is well known that
grafting density plays a significant role in controlling the prop-
erties of BBPs [1]. Therefore, BBPs with precisely controlled di-
mensions and architectures prepared via the “grafting-through”
approach are widely used as model samples to investigate their
structure-dependent properties, including grafting density, diame-
ter, length, and dispersed state vs. assembled states and proper-
ties. Owing to the inherent macroscopic properties (i.e., high vis-
cosity and steric hindrance because of high MW), the polymeriza-
tion conditions for the macromonomers and small monomers are
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different. For example, the reaction medium exhibits high viscos-
ity and limited solubility of the macromonomers with the progress
of the polymerization, which restricts the macromonomer conver-
sion. BBPs with high DP values can be prepared via the “grafting-
through” approach at low concentration, but the reaction requires
a long time. In general, the “grafting-through” approach produces
BBPs containing backbones with low DP values because of less
polymerizable end groups and high steric hindrance of the brush
around the propagation sites. Furthermore, the low conversion of
the macromonomers leads to the coexistence of linear and brush
polymers in the solution. Therefore, tedious fractional precipita-
tion or dialysis are often needed to remove the unreacted linear
macromonomers, which can be laborious and time-consuming.

Free radical polymerization is generally used in the “grafting-
through” approach to prepare BBPs because the side chains can be
considered as monomers. For instance, methacrylate-terminated PS
was synthesized by the living ionic polymerization of St and fol-
lowed by esterification. Subsequently, BBPs with well-defined PS
side chains were obtained by free radical polymerization several
decades ago [38]. Thereafter, BBPs bearing diblock copolymers, PS-
g-[PI-b-PS], were synthesized using a combination of stepwise liv-
ing anionic and free radical polymerizations with a similar pro-
cess [155]. The optimized polymerization conditions such as con-
centration, MWs of macromonomers, and solvents were identi-
fied to successfully prepare the BBPs. BBP synthesis with high-
MW macromonomers is extremely challenging because of the en-
hanced steric hindrance, such that polymerization may not occur
at all. Notably, the chemical characteristics of the side chains, sig-
nificantly affect the main chain flexibility of the brushes [156].

Macromonomers can also comprise two oligomer chains at-
tached onto one terminal group. In one case, an ATRP initiator car-
rying two initiating sites afforded polymers with two PS or PtBA
side chains [157]. In another case, an initiator containing both
ATRP and RAFT sites was used individually to grow the PMMA
and PDMA side chains [158]. The hydroxyl group was then con-
verted to a polymerizable methacryloyl group through esterifica-
tion, and finally, BBPs with two side chains attached onto each re-
peating unit were obtained by free radical polymerization of these
macromonomers [157,158]. In addition to the attachment of two
side chains on the backbone, dendronized macromonomers were
also used as side chains to prepare BBPs via free radical polymer-
ization. However, high steric hindrance of the dendronized side
chain prevented the growth of the backbone. It is reported that
only BBPs bearing G1 or G2 dendrons exhibit worm-like morphol-
ogy [159]. An increase in the spacer length between the polymer-
izable end group and dendrons may facilitate an growing of the
backbone length. Unfortunately, it is challenging to synthesize BBPs
using macromonomers bearing G4 brush via the “grafting-through”
approach.

Although well-controlled brushes can be engineered through
living polymerization techniques, the BBP backbone may lack a
precise structure because of the relatively poor control over the
MW and chain-end functionality in free radical polymerization.
Fortunately, recent advancements in CRP have facilitated the devel-
opment of well-defined BBPs via the “grafting-through” approach.
As CRP techniques result in relatively low radical concentrations in
the system, termination coupling during polymerization can be ef-
fectively prevented.

ATRP is the most widely used CRP technique to prepare pre-
cisely designed BBPs via the “grafting-through” approach. As steric
hindrance can severely impede the construction of BBPs with high
DP, ATRP has been used to polymerize the macromonomers with
short side chains [160] or thin polyethylene glycol (PEG) seg-
ments [161,162]. In one case, less bulky PEG was selected as
macromonomer to perform ATRP via the “grafting-through” ap-
proach. A high conversion up to 90% was readily achieved within

10

Progress in Polymer Science 116 (2021) 101387

two hours, yielding BBPs containing backbones with DP up to
425, but the b of the resulting polymers were broad [161]. There-
after, well-controlled BBPs with relatively high MW and nar-
row D at high conversions were achieved using the aqueous
AGET ATRP of oligo (ethylene glycol) methyl ether methacrylate
(OEGMA) with ascorbic acid as the reductant at room tempera-
ture [162]. This approach has also been used to successfully fab-
ricate heterografted BBPs. It can be achieved by copolymerizing
PEG-based macromonomers with other thin macromonomers, such
as poly(dimethylsiloxane) (PDMS) and PLA [163,164]. An additional
merit of the PEG-based heterografted BBPs is that PEG side chains
occupy less space, such that another side chain can be attached
onto the backbone to form Janus BBPs. Huang and coworkers syn-
thesized PEGMA with the “grafting-through” approach, and then
covalently bonded an ATRP initiator onto each repeating unit on
the backbone. After the ATRP of PS side chain, an amphiphilic
Janus BBP containing PEG and PS brushes was synthesized [165].
This method can also be extended to introduce other side chains,
however, the backbone DP of BBP is very low because of the
steric hindrance. Therefore, optimizing the reaction parameters of
macromonomer polymerization is urgently required.

It has been reported that macromonomer polymerization does
not occur at concentrations below the equilibrium monomer con-
centration ([M]e) due to thermodynamic limitations under heat-
ing or pressuring conditions [28]. A decrease temperature or in-
crease pressure can shift [M]e to low values and allow polymeriza-
tion [28]. However, low temperature not only decreases the poly-
merization rate but also reduces polymer solubility. High pressure
increases the propagation rate coefficient and the ATRP equilib-
rium constant (in the case of copper catalysis), and simultaneously
decreases the rate coefficient of termination. This favorable effect
can lead to a higher monomer conversion in a shorter time, while
maintaining a narrow b. For instance, the polymerization of the
macromonomer OEGMA with M, of 950 or 2080g mol! was in-
vestigated at different concentrations (e.g., 50, 75, and 300 mM)
using ATRP under ambient or high pressure (Fig. 5a). With low-
MW OEGMA, the preparation of star-like and brush-like polymers
at high concentrations (e.g., 75 and 300 mM) were easily achieved
at ambient or high pressure, but polymerizations with an initial
concentration of 50mM showed no monomer conversion. With
high-MW OEGMA, high pressure allowed the polymerization of es-
sentially all types of OEGMA, even at low concentration, but the b
remained broad [28].

The toolbox of CRP techniques for preparing BBPs is expand-
ing, particularly with the emergence of RAFT and photo-electron
transfer (PET)-RAFT which does not require metal catalysts. Fur-
thermore, the active dithioester or trithiocarbonate moieties for
RAFT can be completely removed from the polymer chain end by
reacting with a range of nucleophilic reducing reagents [166] or ex-
cess of radical initiators [104]. Schubert and coworkers synthesized
well-controlled oxazoline-based macromonomers by living cationic
ROP and in situ end-termination [167]. Then, a set of BBPs were
prepared by RAFT polymerization, which exhibited lower critical
solution temperature (LCST) behavior [167]. As PET-RAFT is per-
formed under mild conditions, side reactions are minimized, and
the integrity of the biomolecules can be retained during polymer-
ization. Enzyme-responsive and pro-apoptotic peptide-based BBPs
were successfully synthesized from peptide macromonomers us-
ing 450-nm light by metal-free PET-RAFT copolymerization with
the comonomers in organic and aqueous phases (Fig. 5b) [127].
In view of the steric effect of peptide brushes, a comonomer was
introduced and copolymerized with the macromonomer to suc-
cessfully yield polypeptide brushes with different grafting den-
sities and narrow b. Furthermore, a significantly high DP of a
polypeptide-based BBP can be achieved in water because of the
enhanced solubility of the brush polymers in an aqueous solu-
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tion [127]. This phenomenon is consistent with the conclusion of
a previous study which reported that the bulky side chains such
as PBA as macromonomers cannot afford a high DP because of sig-
nificantly enhanced steric hindrance [168].

As mentioned above, high-MW BBPs can be readily prepared
using copolymerization or by increasing the solubility of poly-
mers via the “grafting-through” approach. High monomer con-
version can also be achieved using a high concentration of the
macromonomer. To verify this hypothesis, Schmidt and coworkers
prepared cylindrical polymer brushes using elastin-like polypep-
tide (ELP) macromonomers (Fig. 5c¢) [169]. ELP is a monodisperse
macromonomer and possesses easily controllable chain length and
end-functionality. In addition, ELP exhibits LCST behavior, which
provides an additional variable to further tune the architecture
of the BBPs. The macromonomers were synthesized by coupling
NHS-activated methacrylate to the ELP. Then free radical poly-
merization was performed in water, where highly concentrated
macromonomer solution underwent phase separation. Polymeriza-
tion was found to primarily proceed in the highly concentrated gel
phase and yield high-MW cylindrical brushes. They concluded that
when the macromonomers formed cylindrical micelles at high con-
centrations and/or temperatures, the macromonomers aggregated
toward the active propagating radicals, which in turn facilitated the
polymerization of high-MW BBPs, as speculated based on the ex-
tremely high-MW ELP macromonomers [169].

Additionally, highly active macromonomers can also fa-
cilitate monomer conversion. Macromonomers with electron-
donating (vinyl benzyl-based macromonomers) and electron-
accepting (maleimide-based macromonomers) polymerizable end-
groups have been used to prepare BBPs with high monomer con-
versions in a relatively short time [170,171]. Chen and cowork-
ers synthesized alternating amphiphilic BBPs bearing PEO and PCL
brushes using this methodology (Fig. 5d) [170]. Maleimide-based
macromonomer was synthesized via the ROP of CL with N-(2-
hydroxyethyl) maleimide as the initiator, while vinyl benzyl-based

1

macromonomer was prepared by the substitution reaction be-
tween PEO and p-chloromethylstyrene. The macromonomers were
copolymerized under thermal conditions using BPO or AIBN as ini-
tiators to yield alternating copolymer brushes with backbone DP of
310. Notably, the copolymerization of styrene and maleimide pro-
duced alternating copolymers through the formation of a charge-
transfer complex (CTC). The electron donor moiety on the styryl
macromonomers with para substituents could enhance the elec-
tron density of the monomer. Thus, monomer showed a high alter-
nating tendency for copolymerization with the maleimide deriva-
tives through CTC formation to produce high-MW BBPs. In addi-
tion, the reactivity ratios (ry =r, =0.1) of the two macromonomers
close to those of their corresponding small molecules [170].

Alternatively, an increase in the spacing of the adjacent repeat-
ing units can also facilitate the preparation of BBPs with high DP
[172]. It is notable that the BBPs with either styryl or methacry-
late backbones have a space of two C-C bonds among the pen-
dant side chains. As the previously grafted bulky side chains sur-
round the propagating center of the backbone, it is kinetically
unfavorable to propagate the macromonomers because they need
to extend their conformation and diffuse to the active center.
Therefore, when the polymerizable end groups form a large unit
length after polymerization, it can alleviate the steric hindrance of
the grafted brushes and promote polymerization. The norbornenyl
group was exclusively selected as the polymerizable moiety of the
macromonomers in the “grafting-through” approach owing to its
quantitative monomer conversion catalyzed by the Grubbs’ cata-
lyst [34]. The high reactivity and large spacing of the NB group can
compensate for the high steric hindrance of the side chains, allow-
ing high conversion of the macromonomers into BBPs.

There are two general synthetic strategies to prepare NB-
terminated macromonomers to grow BBPs via the “grafting-
through” approach: direct polymerization with a functional NB
initiator or CTA (i.e., direct-growth method) and post-coupling
reactions of the premade polymers with terminal functionaliza-
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tion (i.e., growth-then-coupling method). In the former case, the
macromonomers with quantitative functionalization after polymer-
ization with the initiator can be obtained, and the side chains pos-
sess living characteristics. Moreover, the versatility of aluminum
alkoxide catalysts for the ROP of lactones and L-lactides (LA), has
facilitated macromolecular engineering of biodegradable polyesters
in the BBPs via the “grafting-through” approach [173]. With the de-
velopment of CRP techniques, parallel progress has been reported
for synthesizing NB-based macromonomers via ROMP. It is well-
known that exo-norbornenyl stereochemical configuration shows
a significantly higher reactivity in ROMP than endo-norbornenyl
monomers because it provides the C=C bond with less steric hin-
drance for the reaction [174]. In addition, the norbornenyl group
shows low reactivity in radical polymerization. Because of these
distinct advantages, NB-based macromonomers have been pre-
pared via ATRP, [63,175] RAFT, [176] and NMP [78] techniques. For
example, NB-functionalized ATRP initiator was synthesized via a
three-step process (Fig. 6) [63,175]. The relatively long spacer re-
duced the unfavorable steric effect on the norbornenyl function-
ality and was beneficial in maintaining the high ROMP reactiv-
ity of the exo-norbornenyl macromonomer. Thereafter, various NB-
functionalized macromonomers were synthesized via the ATRP of
monomers, followed by subsequent ROMP to afford the formation
of BBPs [175]. Recently, Grubbs’ catalyst was employed to medi-
ate the ROMP and ATRP of the backbone and side chain formation
through tandem catalysis in one pot [63]. This two-step method
was simple, consisting of four components in one pot, without re-
quiring complicated and time-consuming procedures. Furthermore,
this method showed excellent compatibility between ROMP and
RAFT polymerization or NMP. Therefore, BBPs with block copoly-
mer side chains can be easily obtained because of the living char-
acter of the end group on the macromonomer.

The second strategy to prepare NB-terminated macromonomers
involves the covalent bonding of the polymers to the norbornenyl
moiety via high-efficiency coupling reactions. Copper(I)-catalyzed
azide-alkyne cycloaddition (CuAAC) reaction was first applied to
prepare NB-based macromonomers using azide-terminated poly-
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mers and alkyne-functionalized norbornene [177]. Unfortunately,
various side reactions decreased the purity of the macromonomers
[39]. Functional anionic initiators have shown significant poten-
tial as designed end groups for polymers. Particularly, nucle-
ophilic acyl substitution reaction with acyl chlorides has been
applied to the coupling reaction, but lengthy purification proce-
dures are required for isolation [178-180]. Recently, Lee et al. syn-
thesized a set of polymer side chains such as PS with a termi-
nal 1,1-diphenylethyllithium (PSt(DPE)~Li*), P2VP with a terminal
2-pyridinylethyllithium (P2VP~Li*), and poly(benzyl methacrylate)
with a terminal lithium ester enolate (PBzMA~-Li*) via living an-
ionic polymerization, and then NB-substituted pentafluorophenyl
(PFP) ester was used to cap the polymers with nearly 100% nucle-
ophilic substitution reaction, forming NB-based macromonomers
(Fig. 7) [179]. Finally, the ROMP of the macromonomers was car-
ried out to synthesize BBPs with high DP as well as predictable
MW and low b. Notably, the spacer length has a significant ef-
fect on BBP synthesis. A long flexible alkyl spacer can allevi-
ate steric hindrance and separate the propagating active centers
from the sterically demanding pendants which consequently in-
creases the DP of the BBPs [179]. Furthermore, premade conju-
gated poly(3-hexylthiophene) (P3HT), [181] polyolefins, [182] and
PEO [183] have also been attached onto the norbornenyl group for
preparing of BBPs via ROMP.

The aforementioned synthetic strategies are convenient meth-
ods to covalently couple the polymer chains onto norbornyl
groups, and then use the macromonomers to prepare BBPs via the
“grafting-through” approach. The anchor groups located between
the side chain and NB group are commonly derived from car-
boxylic acid, [183] norbornenol, [63,175,176] or norbornene anhy-
dride [179,180] derivatives. Ultimately, NB-based macromonomers
afford a carbonyl site near the catalytic center. The catalyst ac-
tivities are compromised due to the formation of a stable ruthe-
nium carbene complex [83]. The mechanism describing the effect
on propagation rate in the ROMP of macromonomers is in stark
contrast to that of the small monomers. It is notable that the re-
activities of NB-based small-molecule monomers decrease with an
increase in the substituent size, and exo isomers show higher reac-
tivities than their endo counterparts on their anchor groups [174].
However, steric congestion has a minor effect on the reactivities of
the macromonomers. The anchor groups can affect the electronic
structure of the macromonomers, which in turn modulate the re-
action rate, i.e., the monomers with electron-donor anchor groups
that increase the HOMO energy can increase the propagation rate
and promote the formation of high-MW BBPs via the “grafting-
through” approach, and the density functional theory (DFT) calcu-
lations verify this conclusion (Fig. 8) [83].

The “grafting-through” approach can be used to synthesize
BBCPs, which resemble linear BCPs synthesized using small
monomers. Miktoarm BBPs with randomly distributed brushes
can be readily obtained by the copolymerization of two different
macromonomers. For instance, Hudson and coworkers synthesized
miktoarm copolymer brushes via the ROMP of NB-functionalized
macromonomers that were premade by the ATRP of the acrylic
monomers [10]. The unbalanced heterografts BBPs with incompat-
ible brushes often self-assemble into irregular morphologies rather
than well-ordered conformation. Specifically, heterografted BBPs
with two different PS and PLA grafts on each repeating unit, with
equivalent distributions facilitate the formation of a well-ordered
Janus morphology [184,185]. BBCPs can be readily obtained via
the “grafting-through” approach with the sequential polymeriza-
tion of two different macromonomers with the CRP or ROMP tech-
nique [2]. Diblock and triblock BBCPs bearing miktoarm copolymer
side chains have been synthesized via this approach [22]. Further-
more, multiblock BBCPs with precise, well-defined structures have
also been prepared by the sequential addition of macromonomers
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strategy. When macromonomers with different MWs were added
during ROMP in different manners (i.e., different molar ratios of
monomer to catalyst to control the length), cone-shaped, three-
dimensional BBPs were obtained [186].

2.3.3. Grafting-to

The “grafting-to” strategy involves the pre-synthesized poly-
mers with reactive functional moieties and subsequent attachment
to reactive sites on the prepared polymer backbones via highly ef-
fective coupling reactions. As the polymers are independently pre-
synthesized using appropriate polymerization techniques indepen-
dently, the precise control of MWs and narrow D can be achieved
as the polymers can be characterized before coupling. Although
the “grafting-to” strategy is straightforward, it typically suffers the
low grafting density issue due to the unfavorable kinetic and ther-
modynamic barriers. With more side chains grafted on backbone,
steric repulsion between the brushes prevents the movement of
brushes toward active moieties on the backbone, leading to low
grafting densities with loosely grafted polymer brushes. This effect
is more prominent for grafting polymers with high MWs. In addi-
tion, the grafted side chains need to change from a random coil
to an entropically unfavorable stretched conformation upon graft-
ing brushes to the backbone with a high grafting density [172].
Free active sites likely exist on the backbone during grafting, and
thus, limited grafting density on the BBPs is often obtained using
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this approach. Generally, an excess of the pre-prepared polymers
is added to promote the coupling reaction to a high extent. Thus,
an additional separation process such as fractional precipitation is
required to remove the unreacted polymers after the reaction. This
process is tedious, time-consuming, and costly, and sometimes the
purification is incomplete. These factors have limited negative ef-
fects when high-efficiency coupling reactions (e.g., CuAAC reaction)
are used to craft BBPs via the “grafting-to” approach.

Nucleophilic substitution. Chemoselective coupling reactions
(e.g. nucleophilic substitution/exchange) have laid the foundation
for modern polymer analogous reactions, particularly for the post-
modification of polymers. The activated ionic polymer end groups
obtained after living anionic polymerization can nucleophilically
react with various functional moieties [187]. Deffieux and co-
workers reported the synthesis of BBPs with high grafting den-
sity via the coupling reaction of polystyryllithium or polyiso-
prenyllithium with the chlorine moieties on the poly(chloroethyl
vinyl ether) backbone [188,189]. Alternatively, Gromadzki and
coworkers obtained amphiphilic molecular brushes by preparing
well-defined linear PCMS backbone with NMP and then attach-
ing the anion-terminated PEG to the active sites on the back-
bone via Williamson etherification reaction [190]. In addition, N-
hydroxysuccinimide (NHS)-activated amine exchange or pentafluo-
rophenyl (PFP)-activated ester exchange has attracted tremendous
interests from the synthetic standpoint because of the abundant
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availability of most amines from natural or commercial sources
and a lack of toxic metal catalysts usage [191]. For example, well-
established poly(pentafluorophenyl methacrylate) (PPFPMA) reac-
tive ester polymer was synthesized by RAFT polymerization, and it
showed selective reactivity toward primary amines. BBPs bearing
hyperbranched PG that has precisely one focal amino functional-
ity were prepared via the “grafting-to” approach through selective
nucleophilic exchanges (Fig. 9a) [192].

In addition, DNA-attached BBP conjugates have been reported
using nucleophilic-activated amine exchange between the amino
groups on DNA and the dangling reactive NHS sites on the polymer
backbone (Fig. 9b) [193,194]. However, the harsh reaction condi-
tions of living anionic polymerization lead to the inevitable deacti-
vation of the end anionic groups. Moreover, the exchange reactions
show low grafting efficiency of < 32% [193]. Therefore, it is highly
desirable to develop mild coupling reactions for preparing densely
grafted BBPs via the “grafting-to” approach with high efficiency.

CuAAC reaction. Click reactions are robust, highly efficient,
and orthogonal organic coupling reactions for engineering complex
polymer architectures in various fields [195,196]. Among the ver-
satile click reactions, the CuAAC reaction is extensively employed
in post-polymerization [197-200]. Matyjaszewski and coworkers
first reported the synthesis of BBPs using click reaction via the
“grafting-to” strategy (Fig. 10a) [201]. In their study, PHEMA bear-
ing the pendant alkynyl sites was obtained after the ATRP of HEMA
and subsequent esterification to examine the dependency of graft-
ing density on the chemical composition and MW of side chains
during click reaction. Azido-terminated polymeric side chains (e.g.,
PEO, PS, PBA, and diblock copolymer PBA-b-PS) were employed for
the CuAAC reaction. BBPs with grafting density up to 88% were ob-
tained when “thin” and low-MW PEO-N3 was utilized as the side
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chain. Conversely, when bulky side chains with high MW were
grafted, a low grafting density (< 50%) was obtained because of the
steric effect. This phenomenon was more obvious in the synthe-
sis of all-conjugated BBPs using this strategy. For instance, during
the grafting of acetylene-terminated polyselenophene to the azide-
functionalized polythiophene backbones, low grafting density and
Glaser terminal alkyne homocoupling were observed in the sys-
tem, and fortunately, the side reaction (homocoupling) could be
suppressed using an organic-soluble copper catalyst [202]. There-
fore, it was favorable to prepare densely grafted BBPs with thin
and short side chains. This conclusion was also verified using bulky
alkyne-terminated PMMA as the brush, which afforded only 50%
grafting under the same conditions [203]. Very recently, Zhao and
coworkers also investigated the effect of the backbone composi-
tion on the grafting efficiency [204,205]. They prepared hetero-
grafted BBPs bearing PMMA backbone and two distinct bulky side
chains (i.e. PDEGEA and PEO) through the combination of ATRP and
CuAAC reaction. The flexible tri(ethylene glycol) spacer between
the backbone and side chain improved the grafting density because
it alleviated the steric effect during CuAAC reactions (Fig. 10b)
[204]. Thereafter, Hammond and coworkers prepared polypeptide-
based BBP with almost 100% grafting density using the CuAAC re-
action [206]. The «-helical backbone made the pendant alkyne-
terminus protrude for a favorable side chain coupling, and the
steric exclusion among the grafted brushes maintained the sym-
metrical backbone conformation [206]. Recently, Wu and cowork-
ers synthesized densely packed BBPs with helical polyisocyanide as
both backbone and side chain [207]. They also demonstrated that
a helical backbone promoted an increase in the grafting density of
the BBPs through polyisocyanide consisting of a C-C single bond.

In general, alkyne functional groups are placed on the back-
bone or side chain end via the direct polymerization of alkyne-
containing monomers and initiators or post-modification. It has
been reported that the positions of functional moieties signifi-
cantly affect the grafting density. For example, Gao and coworkers
synthesized BBPs with ultrahigh crowded brushes (~ 2.68 PEO per
repeating unit) through the accelerated CuAAC “grafting-to” strat-
egy (Fig. 10c). Here, azido- and alkynyl-functionalized side chains
with different chemical structures (e.g., PEG, PMMA, and PDMA)
were synthesized and employed to couple PMMA bearing pen-
dant multialkynyl or multiazido functional moieties, respectively
[208]. PMMA backbones bearing multiazido dangling groups could
improve the grafting efficiency of CuAAC reaction with alkynyl-
terminated PEO as side chains because the formed triazole moi-
eties could complex with the CuX catalyst and proximal chelation
accelerated the catalysis of adjacent azido moieties on the back-
bone during CuAAC reaction.

DNA molecules have been used to build highly sophisticated ar-
chitectures with excellent precision because of their remarkable
structural features and unique molecular recognition properties
[209]. Researchers have attempted to tether DNA brushes onto
an artificial polymer main chain. For example, DNA-grafted BBPs
were synthesized via the “grafting-through” approach and the pre-
cise control of DNA could be achieved by varying the monomer-
to-catalyst ratio [210]. However, the tedious process of prepar-
ing DNA-based macromonomers adversely affects the DNA struc-
ture. Click reactions allow easy grafting of the side chain under
mild conditions even in water solution. Das and coworkers used
macroinitiator as the backbone to initiate the PEO monomer as the
first block to increase the solubility in aqueous solutions. Then, the
halide terminus on side chain was substituted with azides. Finally,
5-hexynyl-modified DNA oligonucleotide was grafted onto the ter-
mini of the clickable BBPs through CuAAC reaction in buffer solu-
tion to obtain core-shell BBPs [211,212]. However, the initiation ef-
ficiency was 50% because of the presence of a bulky monomer on
the first block, which led to the low grafting density of the DNA
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Fig. 9. Preparation of BBPs via the “grafting-to” approach. (a) Amino nucleophilic substitution of PFP. [192], Copyright 2012. (b) Amino nucleophilic substitution of NHS.

[193], Copyright 2014. Reproduced with permission from the American Chemical Society.
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bristles. To increase hydrophilicity and biocompatibility, the BBPs
with biomimetic polypeptides as the backbones were also prepared
using click chemistry [120,206,213]. Polypeptide-g-DNA BBPs con-
taining complementary DNA side chains were synthesized via the
CuAAC reaction, and core-shell supermolecular bottlebrushes were
easily prepared through specific DNA hybridization [214]. Although
BBPs with high grafting densities have been achieved using CuAAC
reaction, the azide groups could decompose because of their UV
sensitivities and thermal instabilities, such that extra precautions
were needed during the preparation.

Thiol-enefyne reaction. This hydrothiolation reaction can pro-
ceed via a radical mechanism under UV irradiation, using an initia-
tor with thermal heating, or via a base/nucleophile-mediated ad-
dition [215]. Recently, Saito and coworkers reported the synthesis
of BBPs, PDMS-g-PEGMEA, with a photo-irradiated thiol-ene reac-
tion. In their work, they used a (mercaptopropyl)methylsiloxane
homopolymer (thiol-PDMS) bearing pendant thiol groups as the
backbone, an OEGMA as the side chain, BBPs with different back-
bone lengths were obtained after UV irradiation [216]. However,
thiol-ene polymerization between the thiols and acrylates often re-
sults in a mixed-mode polymerization, i.e., thiol-ene coupling reac-
tion and acrylate homopolymerization, and thus, linear polymers
are inevitably formed during the reaction [216,217]. Alternatively,
Renard and coworkers synthesized amphiphilic BBPs using thiol-
terminated polymers as side chain, and vinyl moieties-containing
polymers as backbone via photochemical thiol-ene addition [218].
The methodology prevented the formation of linear polymers by
employing a monomer with a low-activity double bond. However,
thiol-ene additions suffer from low coupling efficiencies because of
their intrinsic two-step reaction mechanism [215]. Thiol-yne reac-
tions can be explained using the generally accepted mechanisms of
propagation and chain transfer steps in the thiol-ene reaction, im-
proving the grafting efficiency in preparing BBPs. For instance, PS-
based brush polymers were achieved using photochemical thiol-
yne reaction between the thiol-PS backbone and phenylacetylene-
terminated PS side chain [219].

Diels-Alder cycloaddition reaction. Diels-Alder (DA) cycloaddi-
tion reaction is performed between a conjugated diene and alkene
to afford an unsaturated ring upon heating without any catalysts.
DA reactions allow the formation of a dynamic bond and with-
out any byproducts. It is favorable to prepare BBPs for applica-
tions in biomedical and photoelectronic fields [215]. Yagci and
coworkers reported the preparation of well-defined brush copoly-
mers using anthracene-maleimide-based DA “click reaction” via the
“grafting-to” approach [220]. The backbone was synthesized by the
copolymerization of St and CMS via NMP, followed by the attach-
ment of the anthracene functionality to the CMS units, and then
maleimide-functionalized brushes (e.g., PS and PEG) were cova-
lently attached to the pendant anthryl moieties at elevated tem-
peratures. Thereafter, well-defined heterograft BBPs were prepared
using CuAAC and DA reactions in one pot [221,222]. Notably, the
conventional DA reactions are performed at elevated temperatures,
which is an energy-consuming process and can have adverse ef-
fects on the BBPs. The triazolinedione (TAD)-diene DA reaction
has been extensively studied in organic synthesis and can be per-
formed at room temperature in metal-free condition with high ef-
ficiency [223]. Recently, Zhang and coworkers reported the prepa-
ration of BBPs employing TAD-diene DA reaction under mild con-
ditions [224,225]. The TAD-diene coupling reaction was applied to
quantitatively yield the corresponding BBPs and the process was
accomplished in 10 min [224].

2.3.4. Other routes

The “grafting-from,” “grafting-through,” and “grafting-to” strate-
gies have been extensively investigated to synthesize various well-
defined BBPs with different sub-architectures and chemical com-

” o«
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positions. However, it is difficult to prepare complex-structured
BBPs using only one strategy owing to their intrinsic features.
Recent developments in the advanced polymerization techniques
have afforded various polymer architectures with incredible control
and simple operations through different strategies. Combining two
or three strategies with complementary features in one method
can produce well-designed BBPs and facilitate the straightforward
preparation of complicated BBPs.

A unique promising strategy to synthesize BBPs, known as the
“transfer-to” polymerization, is the hybrid of “grafting-from” and
“grafting-to” strategies [41]. RAFT CTAs possess an R-group and a
Z-group, and the CTAs can be attached onto the backbone through
these two moieties. Most reported methods to synthesize BBPs
using RAFT polymerization via the “grafting-from” approach are
based on the R-group method, in which the brushes grow from
the periphery of the main chain. In contrast, during polymeriza-
tion in the Z-group method, the Z-group-derived radicals remain
tethered on the backbone during CTA fragmentation, whereas the
detached initiating radicals grow freely in the media and transfer
to the pendant CTA on the backbone for deactivation [41]. In this
method known as the “transfer-to” strategy, the chain grows freely
in solution. It can eliminate the side reactions such as intermolec-
ular and intramolecular couplings that lead to defects on the sub-
strates via the “grafting-from” strategy. However, the grafting den-
sity may be severely affected by the steric shielding phenomenon
as in the case of the “grafting-to” strategy. Matson and coworkers
reported the synthesis of BBPs via the “transfer-to” strategy [226].
PNB backbone bearing the CTA sites that were connected with the
Z-group method were synthesized via ROMP, and the brushes were
then grown via RAFT polymerization initiated by the pedant CTAs.
This strategy afforded the preparation of high-MW BBPs without
radical coupling during polymerization.

Notably, the alternating block BBPs can be synthesized by the
copolymerization of styrenic and maleimidic (macro)monomers
with an equimolar feed ratio [170]. Liu and coworkers reported
the preparation of well-controlled amphiphilic Janus BBPs bear-
ing alternative PMMA and PNIPAM brushes via the “grafting-from”
strategy in conjunction with the “grafting-to” approach [227]. In-
spired by the mechanism of ATRP and CuAAC click reaction using
the same catalytic system (i.e.,, CuX/PMDETA), Huang and cowork-
ers reported the synthesis of Janus BBPs employing the orthogonal
reactions of ATRP and CuAAC in one pot [3]. They synthesized a tri-
functional inimer and used it to prepare a backbone macroinitiator
through RAFT polymerization, where the 2-bromopropionate ini-
tiator was used for ATRP via the “grafting-from” approach and the
alkynyl moiety was used for CuAAC via the “grafting-to” approach.
Subsequently, asymmetric brushes were attached onto the PMMA
main chain through tandem CuAAC reaction and ATRP using the
same catalyst. This facile methodology provided a versatile path-
way to prepare various Janus BBPs with high controllability and
compatibility. However, the backbone length was short because of
the intrinsic steric hindrance of specific monomers [3].

Brush-on-brush BBPs are brush polymers that have secondary
side chains on the primary side chains directly attached onto the
backbone [228,229]. These have not been extensively studied, be-
cause the synthetic pathways are limited, complicated, and time-
consuming. In addition, as most of the BBPs include two C-C bonds
among the adjacent side grafts, the intrinsic steric hindrance pre-
vents the grafting of the secondary brush on the grafted side
chains. On the one hand, as mentioned before, copolymerizing
with other comonomers can relieve steric crowding. On the other
hand, loose grafting may affect the conformation and morphol-
ogy. Introducing bulky side chains such as dendrons into the BBPs
with low grafting densities allows stretching of the backbone and
affords more control over their structures and dimensions. Chen
and coworkers designed PCL as the backbone to prepare polymers
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with brush-on-brush architecture (Fig. 11) [229]. They synthesized
the P(CL-Br) backbone via the ROP of CL-Br and subsequently con-
verted the pendant bromines on the backbone into azido groups
via a substitution reaction. Then, the alkyne-terminated diblock
primary side chain was grafted onto the backbone by a CuAAC
reaction to afford PCL-g-(PCL-b-P(CL-Br)) BBPs. Finally, the sec-
ondary POEGA brushes were grown from the primary brush via
the ATRP of OEGA, yielding an amphiphilic core-shell BBPs, PCL-g-
(PCL-b-(P(CL-Br)-g-POEGA)). Interestingly, both PCL-g-(PCL-b-P(CL-
Br)) and brush-on-brush PCL-g-(PCL-b-(P(CL-Br)-g-POEGA)) poly-
mers showed worm-like morphology with “hairy” brushes [229].

3. Self-assembled architectures of bottlebrush polymers

The steric effect arising from densely-grafted and constrained
side chains forces the BBPs to form a cylindrical architecture. This
conformation of BBPs is significantly affected by the grafting den-
sity and sizes of the main chain and side chain. Many antici-
pated properties of the BBPs arise from their unique molecular
structures. BBPs exhibit a distinct lack of entanglement in com-
parison to the linear polymers with the same composition due
to the steric repulsion among the dense brushes. This absence of
entanglement in the BBPs leads to low energy barriers for struc-
tural reorganization and rapid assembly in the concentrated so-
lution and melt [230]. In addition, the worm-like BBPs can be
visualized using AFM or scanning force microscopy (SFM) [1,10].
Moreover, small-angle neutron scattering (SANS) or small-angle X-
ray scattering (SAXS) measurements have been used to accurately
characterize the stretched conformations of the polymeric main
chain and brushes, which can address the full form factors of
BBPs in solution [231]. Furthermore, theoretical simulations have
also been employed to study the self-assembly of BBPs in solu-
tion or bulk state with self-consistent-field, [27,232] analytical the-
ory, [233] and scaling theory [234]|. However, most of the infor-
mation discussed herein is based on the cylindrical morphology of
the BBPs. BBPs exhibit different self-assembly behavior with differ-
ent structural parameters. Moreover, BBP copolymers (e.g., BBCPs
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and Janus BBPs) with high or ultrahigh MWs (>1MDa) can readily
assemble into well-ordered structures arising from the high MW
and extended conformation of the BBP blocks [15]. It is worth not-
ing that solvent quality significantly affects the polymer confor-
mation, and it can also be employed to tune the assembled mor-
phologies of the BBPs. By varying these parameters, together with
the stiffness of the polymer side chains, various sophisticated self-
assembled nanostructures have been prepared with variable di-
mensions and functionalities [197,235,236]. Recent studies have re-
ported that by increasing the DP of the backbone, BBPs can achieve
the conformational transition from star-like to brush-like poly-
mers under appropriate solvent conditions [28,30,231]. When the
lengths of their backbones are similar to those of the side chains,
BBPs behave as star-like polymers exhibiting spherical morpholo-
gies, whereas these behave as semiflexible cylinders when their
backbone lengths are larger than those of the side chains (Fig. 12)
[231]. This conformational transformation of the BBPs has been
theoretically and experimentally verified by simulation [237] and
SANS [231] measurements. The self-assembly behavior of the BBPs
bearing poly(oxanorbornene) backbones and PS brushes was inves-
tigated by SANS and transmission electron microscopy (TEM) [231].
With an increase in the backbone length, a conformational transi-
tion from sphere to cylinder occurred, which was observed by the
SANS measurement. For the BBPs with short backbones, plateaus
were observed in the low-q range in the SANS curves, indicating
that these showed globular or spherical morphology in toluene.
The extended rod-like conformations of the BBPs with long back-
bones were characterized by an increased slope in the low-q range
(Fig. 12) [231]. The BBP size and conformation in solution can be
quantitatively measured using the Guinier-Porod model to fit the
SANS data, which affords a small dimension parameter, indicating
the spherical morphology of the molecules. The TEM results of the
BBPs with low backbone DP also exhibit spherical shape despite
the incomparable size with the SANS measurements [231].

3.1. Spherical nanostructures

Amphiphilic linear BCPs can self-assemble into a wide range
of well-ordered morphologies to minimize the energetically unfa-
vorable interactions. The inherent interfacial curvature of the BCP
significantly affect the formation of predictable conformations and
properties. Various reported morphologies have been obtained by
manipulating the packing of copolymer chains [238]. The packing
parameter, p, can be expressed by Equation (1):

pzv/al (1)

where v and [ are the volume and length of the hydrophobic tail
chain, respectively, and a is the section area per polymer chain
[238]. Therefore, self-assembled geometrical morphology can be
predicted by p. A guiding principle has been proposed to tune the
self-assembly behaviors of the amphiphilic BCPs in solution. For p
< 1/3, a spherical morphology is preferred, while the cylindrical
morphology is preferred for 1/3 < p < 1/2, and enclosed mem-
brane morphology (e.g., vesicles) is preferred for 1/2 < p <1.

BBPs show cylindrical shapes because of the densely grafted
brushes. The persistence lengths of the BBPs can be easily ma-
nipulated by varying the DP of their backbones, while the cross-
sectional diameter is determined by the length of the brush.
The dimensions of the BBPs can be readily tuned by control-
ling the above structural parameters. Amphiphilic bottlebrush
copolymers with different sub-architectures including core-shell,
[12,62,214,229] blocky, [10,55,239] and Janus-like [3,158,165,184]
structures have been prepared via the aforementioned strategies.
Therefore, by manipulating the lyophilic and lyophobic properties
of the bottlebrush copolymers, precise self-assembled morpholo-
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gies can be obtained in selected solvents based on the packing pa-
rameter.

In an extraordinary case, self-assembled spherical aggregates
acted as unstable intermediates, which continued to grow and
form stable aggregates. Amphiphilic triblock-grafted BBP PNB-
g-(PS-b-PMA-b-PAA) was prepared by the ROMP of a triblock
macromonomer, NB-PS-b-PMA-b-PtBA, via the “grafting-through”
approach after converting the tBA portion of the PtBA chain seg-
ments to PAA (Fig. 13) [240]. When the BBP solution in dimethyl-
formamide (DMF) dialyzed with water, a long cylindrical shape
was formed and its diameter was similar to that of the spherical
morphology formed by the corresponding linear copolymer am-
phiphiles. The outer PAA block in the molecular brush framework
could stabilize the cylindrical micelles in aqueous dispersions, but
only to a limited extent. Another interaction owing to the assem-
bly of multiple molecular brushes was observed through the con-
tact of the hydrophobic interior (PS and PMA) counterparts. Thus,
unidirectional self-assembly could decrease the exposure of the ac-
tive end caps and lower the intrinsic energy of the cylindrical mi-
celles. After heating the solution, cylindrical morphologies disas-
sembled into globular entities because of the breakage of weak
supermolecular interactions. Unfortunately, cooling could not re-
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sult in the reversible recovery of the cylindrical morphology be-
cause of the formation of stable spherical micelles surrounded by
hydrophilic shells [240].

Amphiphilic brush-linear copolymers can also self-assemble
into structures with different morphologies. Brush-linear copoly-
mers have the advantage of more functional groups at the ends of
their brushes. For instance, a copolymer consisting of a brush and
linear polymer segment exhibited a tadpole-like conformation in
good solvents [17]. Upon changing the polymeric tail structure, the
block copolymer transformed into worm-like micelles with a col-
lapsed tail morphology [16,17]. However, in another case, brush-
linear copolymers self-assembled into a spherical shape [241]. Re-
cently, a fascinating brush-star architecture was obtained by co-
valently cross-linking the self-assembled brush-linear copolymers
containing PMMA side chains and linear poly(glycidyl methacry-
late) (PGMA) end blocks [242].

Amphiphilic diblock BBCPs with symmetric side chain lengths
can form crew-cut aggregates that resemble linear BCPs with high
block asymmetry. For example, amphiphilic diblock BBCPs bear-
ing hydrophilic PAA and hydrophobic PS side chains were prepared
by sequential ROMP and RAFT polymerization, and globular aggre-
gates were obtained with phase-segregation micellization meth-
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ods and characterized using TEM and AFM [243]. Notably, the self-
assembly of linear BCPs in solution is driven by a decrease in free
energy. Several variables can change these parameters and lead to
various self-assembled morphologies [238]. However, linear BCPs
with very high MWs (> 200kDa) are not easily thermodynamically
stabilized during self-assembly because of extensive entanglements
in the condensed phase, whereas BBCPs can afford the thermody-
namically stable morphologies by forming kinetically favored in-
termediate morphologies owing to limited entanglements. Kim and
coworkers reported the self-assembly of PNB-based BBCP with PEG
and PS side chains [244]. A Gradual decrease in the weight fraction
of the hydrophilic PEG brushes (Wpgg) was found to translate the
morphology of amphiphilic BBCPs from spherical micelles to vesi-
cles in a mixture of 1,4-dioxane and water. When the Wpgg values
were decreased to 6 wt%, the BBCPs could self-assemble into in-
verse cubosomes, a morphology that is challenging to achieve in
linear BCPs, considering the kinetic trapping of self-assembly in so-
lution. In addition, with an increase in the rate of water addition
from 0.5 to 1 mL/h, the internal cubic order of the polymer cubo-
somes deteriorated significantly, owing to the kinetic effect of self-
assembly. When solvent evaporation was used to extend the self-
assembly time, cubosomes with single symmetry were achieved
with this BBCP [244]|. Furthermore, complex spherical nanostruc-
tures with coaxial lamellae were obtained using the BBCPs bear-
ing incompatible PS and PLA brushes in the confined nanoemul-
sion droplets [245].

The preparation of BBPs with different side chain lengths can
lead to conical morphologies [186]. In this context, the cone height
is approximately equal to the micelle radius, forming molecular-
shape-mediated morphology. To understand the native micelle
compositions of the amphiphilic BBCPs, Rzayev and coworkers syn-
thesized amphiphilic BBCPs containing PLA and PEGMA brushes via
the “grafting-from” strategy (Fig. 14) [239]. The assembled mor-

19

Progress in Polymer Science 116 (2021) 101387

phologies of the bottlebrush amphiphiles verified the above hy-
pothesis. The protruding brush length in the micelles measured
using cryogenic (cryo-TEM) was 19 4+ 1nm, which was compara-
ble to the backbone length of the PEGMA-containing brush block
in a highly extended conformation. With identical PLA side chain
lengths and fixed DP of the two blocks, the short PEO branches led
to reduced interfacial curvature, forming large spherical micelles.
The packing parameter for BBCP calculated using Equation (1) was
approximately 0.3, such that spherical micelles were favorably
formed during self-assembly. Furthermore, photoactive coumarin
groups could be introduced into the inner PLA side chain ends and
core-cross-linked PLA micelles were obtained under UV irradiation,
which could be used for drug release [246].

Janus-like amphiphilic macromolecular brushes can sponta-
neously self-assemble into stable spherical micelles via the cosol-
vent approach [11,227]. By varying the self-assembly conditions,
identical materials can show different morphologies. Janus BBPs
with hydrophilic PEG and hydrophobic PS brushes were prepared
via a combination of CuAAC and ROP techniques. The self-assembly
behaviors of the amphiphilic BBP containing different weight frac-
tions of PEG (Wpgg) were investigated in a mixture of H,O (non-
solvent) and tetrahydrofuran (THF; good solvent) (Fig. 15) [247].
The system with the highest Wpg; was observed to form homoge-
neous spherical micelles. A decrease in Wpgg in the BBPs resulted
in the formation of a cornucopia of toroidal morphology coexist-
ing with other morphologies. Vesicles were formed at the low-
est Wpgg via rapid assembly, while giant vesicles were observed
by dialysis for the same amphiphiles. The morphological diver-
sity resulted from the interfacial curvature or the interaction be-
tween the immiscible blocks. In a selected solvent, the hydropho-
bic backbone and PLA collapsed to form the core while the hy-
drophilic PEG stretched out acting as a steric stabilizing layer to
minimize the energy. An increase in the PLA content was insuffi-
cient to stabilize the unimolecular structures, and these changed
into a cylindrical morphology through intermolecular association.
Additionally, local concentration in conjunction with the solvent
quality directed cylinder growth over the end-to-end connection,
forming toroid micelles. This phenomenon has also been reported
in the BBPs consisting of rigid polypeptide backbones and flexi-
ble PEG side chains, which is consistent with the simulation [248].
Vesicles are formed with a further decrease in Wpgg, as hydrophilic
PEG blocks preferentially migrate to the outer surface to stabilize
the hydrophobic interlayer. Similar mechanisms of vesicle micelle
formation were reported for asymmetric BBPs, PGMA-g-(PEO/PS-b-
PNIPAM), bearing PEO and diblock PS-b-PNIPAM brushes [249]. In
addition, extrinsic constraints, such as annealing at elevated tem-
peratures above the melting temperature promote the chain mo-
tions. For instance, Janus BBP PNB-g-PS/PLA was first found to self-
assemble into particle-like morphologies. The BBPs were then ob-
served to form “gradual-Janus” conformations when annealed at
150 °C because it slightly promoted the chain motion in amor-
phous domains forming parallel domains. Further annealing at 180
°C, transformed the BBPs into round particles because of the free
movement of brushes [184].

3.2. Cylindrical nanostructures

BBPs can adopt worm-like morphology in a good solvent with
lengths and diameters controlled by the DP of backbone and side
chains, respectively. In principle, cylindrical morphology can be
characterized using the parameters such as length per monomeric
unit of backbone Iy, (Im = L/nyy,, where L is the contour length of a
bottlebrush macromolecule), diameter of cylindrical brush (D), per-
sistence length of the cylindrical brush I, (or Kuhn segment length
b), particularly, b = 2I,, grafting density (o), and DP of the back-
bone (Nyp, or nyy,) and side chain (Nsc or nsc,), where ng is num-
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ber of bonds on backbone between the adjacent grafting points
[8,250]. When ny;, < b/l the backbone can be regarded as rigid
backbone, whereas it is flexible backbone [8]. In addition, a brush
macromolecule can be considered as a bead chain with a diameter
of Rsc that hosts the monomeric units of the surrounding macro-
molecules, and its value is of the order of the length, I, (Fig. 16a)
[251]. The DP of the side chain and grafting density of the BBPs
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Grafting density dependence of the normalized chain size for brush-like polymer. [255], Copyright 2019. Reproduced with

can increase the I, value [252]. For PS-based BBP, with an increase
in the MW of the side chain, I, increases from I =0.1nm with
M, of 1.4 k Da to I, =0.21 nm with My of 4.9 k Da in a good sol-
vent [253]. The I, originating from the spherical chain model can
be characterized by the radius of gyration Rg and hydrodynamic
radius Ry,.The length of the cylindrical brush is different from the
contour length measured for the polymer in Brownian motion. Fur-
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thermore, BBPs exhibit distinct excluded volume effects, which sig-
nificantly affect the structural parameters and experimental results.
It is extremely challenging to accurately predict the scaling be-
tween I, and Nyp, or Ns.. Although several theories have been pro-
posed to establish the relationship between these chemical struc-
tural parameters, [250] discrepancy in the simulations and exper-
imental results still exists, which is attributed to several phenom-
ena. First, BBPs afford various structural conformations on different
length scales [250]. On a small length scale, the backbone behaves
flexibly, and on a large length scale, the backbone is extended and
rigid. Nevertheless, it is difficult to separate the scattering signals
from the main chain and branched chains. Second, it is challenging
to obtain an extremely long backbone (> 10-100 I,) to satisfy the
ordinary self-avoiding walk model [254]. Third, the assumed struc-
tural parameters of the BBPs are different in different experiments.

Notably, Iy is dependent on the solvent quality [253]. For BBPs
bearing the PMMA main chain and PS branched chains, the in-
crease in Iy in a good solvent (e.g., toluene) for the side chains
is greater than that in a poor solvent (e.g., cyclohexane). This dif-
ference in Iy, is attributed to the weak excluded volume effects
among the side chains, forming local coiled backbone in cyclohex-
ane. In addition, an increase of solubility of BBPs increases the I
to that for a fully extended vinylic main chain conformation with
Im ~ 0.253 nm, regardless of the side chain length [253]. Further-
more, the main chain transforms from the coiled to the extended
state with an increase in the grafting density owing to the en-
hanced steric repulsion among the side chains. Lodge and cowork-
ers made significant experimental progress in determining the ef-
fect of grafting density on the excluded volume theory [256]. They
prepared a set of comb-like brush polymers by grafting short PEG
onto methylcellulose backbones in the low-o regime (~0.01 < o
< ~0.33). The size of the resulting brush-like polymer increased
monotonically with an increase in the grafting density, and it was
consistent with the classical excluded volume theories by neglect-
ing the branch-branch excluded volume interaction. In agreement
with Flory’s argument, three types of excluded volume interac-
tions (e.g., repeating unit-repeating unit, repeating unit-branch,
and branch-branch) are involved in the free energy of a BBP. Li and
coworkers successfully synthesized four sets of brush-like poly-
mers with poly(propargyl acrylate) (PPA) as the backbone bearing
PS side chains with 0 < o0 < 0.97 [255]. The branch-branch ex-
cluded volume interactions still contributed to the free energy of
the BBPs even with low o. In addition, the backbone length signif-
icantly affected the excluded volume interactions and morphology
of the BBP. In particular, scaling equations of Ry ~ o3 and [n] ~
o° for the BBPs were obtained, this conclusion was experimentally
confirmed by rational design and preparation of BBPs (Fig. 16b)
[255].

As mentioned above, the dimensions of the main chain and
brushes can be independently characterized by X-ray scattering
and AFM in the solution state. Unlike the BBPs in solution, the
conformations of the BBPs on the surface can only be visualized by
AFM, which can afford intermolecular resolution. By combining the
Langmuir Blodget (LB) technique, which provides the mass den-
sity of the monolayer, with AFM that affords the molecular den-
sity information, the absolute value for the number-average MW
and length distribution of the BBPs can be accurately determined
[257].

It is worth noting that the conformations of the BBPs absorbed
on a substrate are significantly affected by the surrounding envi-
ronment [1]. The cylindrical shape of BBP can break into section-
alized side chains when adsorbed on the surface. The fraction of
the adsorbed side chains (¢,) on the surface dominates the confor-
mation of BBP on the substrate. In good solvents, BBPs can adopt
a ribbon-like conformation, which allows a large surface contact
with ¢, ~ 1 (Fig. 17b). When the side chains are weakly adsorbed
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on a substrate (9o < 1), the morphologies of the BBPs depend
on the surrounding environments. These exhibit spherical shape
(Fig. 17d) due to the attraction of the desorbed side chains in a
poor solvent, resulting in a coiled main chain on the substrate. In
a good solvent with ¢, < 1, the steric repulsion of the desorbed
branches promotes the formation of compacting worm-like confor-
mation (Fig. 17c). In some cases, the distribution of the adsorbed
branches on substrate also dominates the conformations of BBPs.
With an unbalanced distribution, i.e., ¢ # ¢, the BBPs can spon-
taneously afford a curved worm-like morphology because of the
uneven steric repulsions (Fig. 17a). This morphological transforma-
tion from a stretched to a curved cylinder has been experimentally
achieved by compression and the subsequent expansion of the LB
monolayer [258].

The grafted brushes of the BBPs are spread to cover on an
attractive substrate (such as mica), resulting in the stretching of
polymers in all dimensions (Fig. 18a) [252]. The backbone expe-
riences a wetting-induced tensile force (f ~ S-d), which increases
with an increase in the side chain length. In the direction parallel
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to the side chains, all grafted brushes evenly distribute the tensile
force, f ~ S.§, where S is the coefficient related to the substrate,
d is the diameter of the side chain, and § is the distance between
the adjacent side chains. Therefore, the force value is proportional
to the side chain length and substrate spreading coefficient [252].
Moreover, the solvent quality dominantly affects the tension of the
BBPs on the substrates [259]. The stretching of individual polymer
chains requires a tensile force in the range of 10-100 pN. The ad-
sorption of the BBPs on a surface can increase the steric repulsion
among the adsorbed side chains and generate a tensile force of the
order of 1 nN along the backbone. It exceeds the strengths of the
typical stretched polymer chains and leads to a spontaneous spa-
tial bond scission in the backbones of the BBPs. The spontaneous
scission process can be monitored by AFM. BBPs bearing a poly-
acrylate backbone and long PBA (Ng. =140) side chains are spread
on the surface of water and propanol mixture. With an increase in
the incubation time, the BBP backbones get progressively shorter
and their number densities increase, suggesting the occurrence of
scission (Fig. 18b) [252]. This rate of bond scission shows an anti-
Arrhenius behavior because an increase in the substrate tempera-
ture decreases the surface energy and rate [260,261]. Additionally,
bond scission has been observed in the macroscopic spreading BBP
melt films. The addition of a linear polymer to the BBP melt can
position the bond-scission zone in the film during spreading [262].

The block copolymer brushes of the core-shell BBPs provide
a new regulatory parameter to modulate their self-assembly on
the surfaces. When one block of the side chain has a stronger
attraction to the substrate than that of another block, the BBPs
prefer to decrease the interfacial energy by folding back the side
chains with weak absorption. This can form unusual morpholo-
gies, and the location of a more attractive block has a signifi-
cant effect on the morphologies. In one case, BBPs with PBA-b-PS
side chains showed a necklace-like morphology on mica (Fig. 19a)
[13]. The inner PBA blocks with polar acrylic groups exhibited
strong affinity for the substrate, while the outer blocks repelled
the substrate, resulting in aggregation to decrease the interfacial
energy. In another case, BBPs with the same backbone but PCL-b-
PBA side chains showed completely different spine-like conforma-
tion (Fig.19b) [263]. This was attributed to the strong adsorption
of the outer PBA blocks, and they could partially folding back to
cover the underlying surface of the PCL blocks. In addition, the PCL
blocks crystallized into bundles during self-assembly. When the
outer block was hydrophilic PEGMA, the BBPs exhibited a worm-
like morphology with more rigidity compared to that of the BBPs
without the PCL core compartment [264].

Diblock BBCPs are suitable for achieving well-defined architec-
tures because of the low entropy and stretched conformations.
PNB-based BBPs prepared via ROMP in earlier studies afforded
low DP of the backbone because of the short C2 linker in the
macromonomers. Hudson and coworkers reported the preparation
of BBPs with long backbones by the incorporation of a long C11
spacer between the NB moiety and side chain [10]. In their work,
the macromonomers comprising dimethylacridine chromophore
(ACR-MM), triazine chromophore (TRZ-MM), or equal parts of the
two by mass (ACRTRZ-MM) were prepared by ATRP. Subsequently,
a set of BBPs were synthesized by ROMP with distinct donor (D)
and acceptor (A) interface types and a target backbone length of
150 via the “grafting-through” approach. For example, the ROMP
of the macromonomer, ACRTRZ-MM, afforded a homopolymer bot-
tlebrush (ACRTRZ150-BB) containing random polymer side chains.
Miktoarm BBP (ACR75-co-TRZ75-BB) formed through the random
copolymerization of macromonomers, ACR-MM and TRZ-MM, giv-
ing a bottlebrush with homopolymer side chains. Diblock BBCP
(ACR75-b-TRZ75-BB) was obtained by the sequential ROMP of the
macromonomers, ACR-MM and TRZ-MM. All three BBPs exhibited
worm-like morphology for up to several hundred nanometers on
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Fig. 19. AFM images of single molecules of core-shell BBP and the corresponding
schematic illustrations. (a) Necklace-like morphology. [13], Copyright 2001. (b) Spin-
like morphology. [263], Copyright 2009. Adapted with permission from the Ameri-
can Chemical Society.

the graphene substrates (Fig. 20) [10]. Worm-like BBCPs contain-
ing different semiconducting building blocks were also synthesized
[22,265].

Organic tubular structures obtained by the self-assembly of
small building blocks or BCPs have been studied and inspired fu-
ture endeavors. However, these methods often suffer from the is-
sue of finite length or polydisperse tubular morphology because
of poor length control. BBPs adopt cylindrical shapes in solution,
which can be used as molecular templates for the preparation of
organic nanotubes in solution. Rzayev and coworkers synthesized
BBP precursors containing triblock copolymer side chains, in which
the inner block was degradable PLA, the middle block was PtBA
that decorated the nanotube interior surface, and the outer cross-
linkable block was poly(styrene-r-(4-(3-butenyl)styrene)). The shell
of the BBP was then cross-linked using Grubbs’ catalyst. Finally, 1D
amphiphilic nanotubes were obtained in solution after the removal
of the PLA core and tert-butyl groups by acidic hydrolysis [18].
The exposed PAA coating on the nanotube interior increased the
dispersibility and enhanced the dye uptake. In addition, the shell
could be cross-linked by other covalent cross-linking units [266] or
dynamic covalent bonds [236,267]. Organic nanotubes with con-
trolled open ends were also obtained by incorporating the seg-
mented PLA side chains into triblock BBCPs and cross-linking the
shell of the middle brush block [268].



Z. Li, M. Tang, S. Liang et al.

bl "
AN, AR
4 NHO’LS(B' 2 4 N0 =
" Cu(0)-RDRP . x .
o 1 o 0" o 07 Yo
5
: : ACR-MM:
ACR: TRZ: Ry = Ry = ACR

M,=5100; © =1.15

TRZ-MM:
R;=R,=TRZ
h=5900; =121

ACRTRZ-MM:
Ry =TRZ R, =ACR,x=05
M, = 6000; D =1.20

Random Miktoarm \\“ ~ Block

e

2.5nm

A\
0.0 nm

Fig. 20. Synthesis of norbornene-functionalized macromonomers and the corre-
sponding schematic illustrations and AFM height traces of BBPs. Scale bars = 200
nm [10], Copyright 2019. Adapted with permission from the American Chemical So-
ciety.

Interpolyelectrolyte complexation (IPEC) of the cylindrical BBPs
can be used to promote the preparation of 1D architectures with
multicompartments in solution. Miillner and coworkers synthe-
sized core-shell BBPs bearing PCL-b-PMAA brushes through se-
quential ROP of CL and ATRP of MAA via the “grafting-from” ap-
proach [269]. The BBP showed distinct pearl-necklace morphology
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in cryo-TEM, suggesting the formation of core compartmentaliza-
tion along the backbone direction in solution. This conformation
was attributed to the hydrophobicity of the PCL block on the side
chain, and its assembly into a spherical shape was required to min-
imize the surface energy in water. IPEC in the BBPs was formed
by coordinating the positively charged diblock copolymers with the
negatively charged polyelectrolyte brush. These formed centipede-
like nanowires, where the IPEC in the branch preferred to form a
lamellar disc separated by PEO blocks. (Fig. 21).

To understand the mechanism of cooperative supramolecu-
lar polymerization and produce well-ordered helical superstruc-
tures, PNB-graft-polypeptide such as PN-g-PLG was synthesized via
ROMP and followed by the ROP of NCAs (Fig. 22) [126]. At an ap-
propriate pH, the PLG side chains were partially protonated and
water-soluble, which decreased the charge repulsion and facili-
tated intermolecular PLG-chain intercalation. Thus, a more favor-
able antiparallel B-sheet conformation provided the driving forces
for supramolecular polymerization. Three steps were involved dur-
ing this process, namely, monomeric dispersion in solution at pH
7, followed by slow nucleation growth from the oligomers with the
first turn of the helix, and a subsequent increase in the number of
interactions generated upon monomer addition. This allowed co-
operative growth into tubular supramolecular structures with dis-
tinct handedness, which could be observed in the TEM images.
Similar experiments were also reported recently, where the poly-
isocyanide side chains were grafted onto the BBPs [207]. Triblock
BBCPs bearing DNA side chains on both the outer blocks were
prepared, and these exhibited spherical morphologies in solution
because of their short backbones. Under suitable conditions, the
DNA-based BBCPs self-assembled to form 1D worm-like morphol-
ogy due to intramolecular DNA hybridization [193].

3.3. Lamellar nanostructures

Two-dimensional (2D) lamellar nanostructures have been ob-
tained by the self-assembly of amphiphilic BCPs or small bolaam-
phiphiles in selective solvents [37,238,270]. Amphiphilic BCPs as-
semble into vesicles with bilayer structured membranes to de-

Fig. 21. (a) Design process of producing IPEC-structured, centipede-like polymer nanowires and (b, c, d) the corresponding cryo-TEM images. [269], Copyright 2018. Adapted

with permission from the American Chemical Society.
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Fig. 22. Schematic illustration and corresponding TEM images of supramolecular
polymerization of polypeptide-based BBP into tubular superstructures. [126],Copy-
right 2011. Adapted with permission from the American Chemical Society.

crease the free energy of the hydrophobic edges [238]. It is be-
lieved that the rim-capping energy of the lamellae is lower than
the curvature energy; vesicle morphologies are more thermody-
namically favorable [238]. When subjected to a high bending mod-
ulus, planar lamellae nanostructures can be obtained through self-
assembly. As the BBPs have rigid cylindrical shapes owing to their
densely-grafted side chains, these show significant promise as
building blocks for constructing lamellar morphologies.

Chen and coworkers developed a method using well-defined
rigid molecular bottlebrushes with two terminals tethered with
coil-like polymers, i.e., linear-brush-linear copolymer, to afford
disk-like micelles [14]. In their work, amphiphilic AbBA BBPs were
synthesized by CuAAC via the “grafting-to” approach, where the
middle bB segment was the molecular bottlebrush bearing the
densely-packed PtBA-b-PS side chains, while the A segments were
the linear polymers. The AbBA BBPs showed 1D worm-like mor-
phologies in good solvent, suggesting that the middle block had a
rigid rod-like shape. In a selective solvent for the coiling A block,
rod-like bB blocks were densely hexagonally packed in two direc-
tions, resulting in the formation of monolayer disk-like micelles
stabilized by the A blocks. The well-ordered hexagonal pattern in
the disk-like micelles was characterized by TEM using RuO,4 va-
por to stain the PS domains (Fig. 23) [14]. In addition, the sizes
of the disks increased with an increase in time because of merg-
ing. Remarkably, prolonged incubation time led to vesicle forma-
tion, suggesting that the curvature energy dominated the micel-
lization of vesicles. In a related study, this method was extended to
prepare disk-like platelets with an internal lamellar structure using
the AbBA triblock bottlebrushes with a microphase-separation of
side chains [271]. In this case, they used PDMA as the A block and
molecular bottlebrush carrying densely-grafted PAA-b-PS as the bB
block. The PS and PAA blocks in the brush were thermodynam-
ically incompatible, which led to microphase separation among
the neighboring PAA-b-PS segments, forming ribbon patterns along
with the disk platelets [271].
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Long-range structural periodicities on the scale of 100 nm are
harder to control and achieve with linear BCPs because the DP de-
termines the domain size, and its microdomain scale is approxi-
mately two-third power of the DP. In addition, the DP contributes
to the segregation strength during self-assembly [272]. It is chal-
lenging to prepare linear BCPs with ultrahigh MWs, and the self-
assembly process requires an extended period. These limitations
can be typically overcome using BBCPs. The highly stretched back-
bones of the BBPs are beneficial in preventing chain entanglement,
which is the major kinetic barrier for chain orientation during
the self-assembly. BBPs (e.g., Janus BBPs, random BBPs, and block
BBCPs) can readily self-assemble to form large domains (d),,) in a
more rapid process than those typically observed in linear BCPs in
the bulk state (Fig. 24) [15,96,273].

Brush-linear copolymer was used to determine the self-
assembly behavior in a solid film. Runge and coworkers identified
the self-assembly mechanisms of brush-linear copolymers in the
solid state, [274] which could self-assemble into various morpholo-
gies (e.g., sphere, lamella, and cylinder) by tuning their chemi-
cal parameters. In addition, the large domain sizes of 132-258 nm
were observed in well-ordered structures. The lamellar morphol-
ogy for asymmetric brush-linear copolymers was observed at low
volume fractions of grafts (< 50 %), which suggested that the linear
blocks must have MW comparable to that of the brush block. With
an increase in the side chain length, their morphologies changed
from lamellar to cylindrical, and finally to disordered spheres. The
domain sizes were highly dependent on the backbone length, sug-
gesting that their self-assembly behavior was similar to those of
the linear BCPs with backbones aligned perpendicularly to the sub-
strate ( Figs. 25a and 25b).

Janus-like asymmetric BBPs self-assembled into cylindrical mor-
phology in a bulk film owing to the microphase separation of the
side chains [275]. Notably, the nanostructure patterns with nan-
odomain sizes (e.g., < 10nm) are of particular interest for the
separation engineering applications and micro-electronics indus-
try in the continuous pursuit of increased chip density. The self-
assembled phase behavior of the linear BCPs can be predicted in
terms of the segregation strength parameter (x N), where x is the
Flory-Huggins segmental interaction parameter and N is the total
DP of the BCP [272]. Microphase separation and self-assembly can
only occur when xN is larger than the threshold of the order-
disorder transition (xN)opr [272]. There are three strategies to
achieve this goal (Figs. 25a-25c) [276]. The introduction of high-
X segments can compensate for the loss of driving force for self-
assembly in BCPs with low DP. However, when N is too low to pro-
vide a sufficiently large thermodynamic driving force for the for-
mation of well-ordered nanostructures, the samples afford a disor-
dered morphology. In addition, the low N value may interfere with
other properties (e.g., mechanical properties) of the materials.

Janus BBPs self-assemble into long-range ordered lamellar mor-
phology with ultra-small domain sizes dominated by the side
chain length. For instance, Johnson and coworkers prepared Janus
BBPs bearing PDMS and PLA branches with different lengths via
the “grafting-through” approach [276]. In the self-assembly of
lamellar structures in bulk state, the incompatible side chains are
segregated on the opposite two sides of the main chain to decrease
the free energy and the backbone connects the two brush inter-
faces (Fig. 25c¢). The lamellar micro/nanodomains formed by Janus
BBPs were found to be oriented perpendicular to the substrate
without any surface modification. This is attributed to the surface
energy difference between the two blocks and the high-polarity
branch (e.g., PLA) that preferentially interacts with the substrate.
This proposal is strongly supported by the findings that with a suf-
ficiently large MW, both the brush macromonomers (BMM; PDMS-
branch-PLA) and the corresponding Janus BBPs afford long-range
ordered lamellar structures with small domain size of down to
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5.6nm, which are consistent with the SAXS patterns (Fig. 25e)
[276]. Moreover, with an increase in the MW, an expanded ordered
phase region is observed in the phase diagram for the Janus BBPs.
This is because a slight chain stretching compensates for the effect
of the decrease in the critical N value, which is verified by a slight
decrease in the d-spacing. Under optimized processing conditions,
the Janus BBPsare more favorable for forming well-ordered struc-
tures, and solvent or thermal annealing can facilitate the formation
of well-ordered structures [277].

Block BBCPs are similar to linear BCPs in structure that have
two or more blocks along the backbone, yet ultra-high MWs can
be easily achieved, which are more favorable to form long-range,
well-ordered morphologies in the bulk state [15,272]. Grubbs and
coworkers investigated the self-assembly of the block and ran-
dom BBPs bearing PLA and PBA side chains [177]. With symmet-
ric volume fractions of the side chains, random BBPs exhibited
lamellar morphology, as indicated by the sharp integer multiples
of the SAXS peaks. The d-spacing was independent of the back-
bone length, suggesting that the microphase separation was simi-
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Fig. 25. Idealized illustrations of self-assembly of linear BCPs with a) low x-high N and b) high x-low N, c) Janus BBPs with low x-low N in ordered small domain sizes
nanostructures; (d) Chemical structure of Janus BBPs with different composition and corresponding (e) SAXS patterns and (f) TEM image. [276], Copyright 2018. Adapted
with permission from John Wiley and Sons Inc.
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Fig. 26. (a) Schematic illustration of lamellar microdomains orientation from the
self-assembly of BBCP and corresponding (b) AFM image, (c) GI-SAXS pattern and
(d) 1D GI-SAXS profile along the in-plane (qy) direction. [280], Copyright 2013.
Adapted with permission from the American Chemical Society.

lar to that in the Janus BBPs, where the backbone was confined in
the segregated brush domains (Fig. 24). The BBPs self-assembled
into disordered morphologies with ultra-asymmetric random side
chains, whereas the high-MW BBCPs with symmetric side chain
distributions were self-assembled into lamellar morphologies with
large domain sizes [177]. Green color spontaneously appeared in
the bulk film upon slow solvent evaporation [177]. In addition, a
large lamellar d-spacing that was approximately equal to the ex-
tended PNB main chain length was observed [177]. Here, the ori-
entation of the backbone perpendiculars to the substrate and side
chains parallel to the substrate resembled linear BCP self-assembly
in the bulk state (Fig. 24), i.e., the high-polarity had strong prefer-
ential interactions with the substrate and another block interdigi-
tately packed together to minimize the interfacial energy [15,230].
Block BBCPs, [PNB-g-PS]-b- [PNB-g-PLA], can self-assemble into a
lamellar structure in the bulk state with extremely fast kinetics in
one minute at 130 °C, as indicated by the multi-reflections in the
SAXS patterns owing to low entanglement among the side chains
[230]. In addition, the incorporation of rigid side chains in the
BBPs can enhance the steric repulsion and decrease the entangle-
ment, and thus, can significantly facilitate the formation of large
domain size. Grubbs and coworkers also prepared block BBCPs
bearing helical polyisocyanate side chains. The block BBCPs rapidly
self-assembled into lamellar morphologies with large d-spacings
through simple controlled evaporation, which was independent of
the solvent effect [278,279].

Block BBCPs in thin films possess more conformational degrees
of freedom because many side chain ends of the brush preferen-
tially segregate to the surface and substrate interfaces, and the
backbones are oriented parallel to the substrate (Fig. 26a) [280].
The film showed well-developed lamellar microdomains through-
out the entire film (Fig. 26b). This phenomenon is different from
the assembly of the BBCPs in a thick film [230]. Russell and
coworkers characterized the self-assembly kinetics and morphol-
ogy of symmetric BBCP, [PNB-g-PS]-b-[PNB-g-PLA], in a thin film
by employing grazing-incidence small-angle X-ray scattering (GI-
SAXS) [280]. Well-ordered lamellar microdomains perpendicular to
the substrate were verified by the multiple orders of scattering in
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Fig. 27. Chemical structure of BBCP with different grafting density and correspond-
ing SEM images of self-assembled samples. [283], Copyright 2017. Adapted with per-
mission from the American Chemical Society.

the gy direction (Figs. 26c and 26d). Meanwhile, distinguishable
multiple ring patterns originating from the randomly distributed
side chains were observed in the grazing-incidence wide-angle X-
ray scattering (GI-WAXS) result [280]. The lamellar period, L, in-
creased almost linearly with the DP of the backbone, following a
scaling relationship of L ~ DP%99 [280]. This scaling dependence
of [PNB-g-PS]-b-[PNB-g-PLA] was similar to that in the bulk state
[230]. Notably, the volume fraction of the block dominates the self-
assembly behavior of the asymmetric block BBCP. With an increase
in the volume fraction of one block, the BBPs self-assemble from
disordered morphology to lamellar, and finally to cylindrical struc-
tures [281].

Although backbone length significantly affects the domain size,
the grafting density dictates the backbone conformation. The mor-
phologies of self-assembled BBPs can be tuned by varying the
grafting densities of the random binary branches [282]. Grubbs and
coworkers systematically investigated the dependency of the self-
assembly of BBPs on the grafting density [283]. They prepared di-
block BBCPs, (PLA®-r-DME!-? ),-b-(PS®-r-DBE!? ),, by copolymer-
izing NB-based macromonomers with dilute comonomers through
ROMP (Fig. 27). It is favorable to precisely manipulate the grafting
density (o) and MW by tuning the feed ratio. The diblock BBCPs
formed well-ordered lamellar morphologies regardless of copoly-
merization with the same or different diluent comonomers at o
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values of > 0.2 (Fig. 27a) [283]. This morphological transformation
was intrinsically related to the conformational changes because of
the cylindrical architectures rather than the segregation strength.
The scaling relationship of backbone stiffness (C*) to grafting den-
sity and backbone length can be expressed by the equation, C* ~
DPflo) [283].

3.4. Other self-assembled nanostructures

Multiblock BBCPs with controlled functionalities provide a
versatile pathway to prepare hierarchical nanostructures in the
bottom-up approach. Generally, BBPs have a cylindrical molec-
ular geometry, whose size can be manipulated by varying the
main chain and side chain lengths. Heterografted BBPs bear-
ing symmetric brushes show well-defined morphologies. By con-
trolling the monomer connectivity, different desired architec-
tures of the BBCPs can be indirectly controlled by the poly-
merization of macromonomers with varying side chain lengths.
For instance, novel triblock dumbbell-shaped molecular brushes
were obtained by sequential ROMP via the sequential-addition
of macromonomers (SAM) [284]. In this case, PLA-containing
macromonomers bearing terminal norbornenyl groups with differ-
ent lengths were prepared via the ROP of LA. Subsequently, PLA-
containing macromonomers were consecutively added into a solu-
tion containing Grubbs’ catalyst and polymerized for different time
intervals. During sequential additions, the first and third additions
constituted the same macromonomer with high MW, and the sec-
ond one comprised a short PLA. Notably, the side chains must have
the same composition to prevent potential side-chain phase sep-
aration during AFM measurements. Dumbbell-shaped morphology
with “balls” consisting of the high-MW macromonomer and “bars”
made of the low-MW macromonomer was visualized using AFM
(Fig. 28a) [284]. The sizes of the dumbbell-shaped brushes could
be readily manipulated by controlling the macromonomer length
and feed ratio. Asymmetrical cone-shaped multiblock BBCPs with
precisely defined structures were prepared by sequential ROMP via
SAM [186]. A series of NB-functionalized PS with different MWs
were synthesized by ATRP, and the SAM for ROMP was then per-
formed to yield tapered BBPs. It was critically important to achiev-
ing complete conversion of each macromonomer to ensure effi-
cient blocking. Direct visualization of the AFM image of the tapered
BBCP revealed cone-shaped nanostructures (Fig. 28b). In addition,
gradient sequences (brush polymers) can be prepared by one-
pot copolymerization of a macromonomer and different types of
comonomers via ROMP. Tapered, non-cylindrical molecular shapes
with different cross-sectional radii (R:) can be manipulated by con-
trolling the discrete comonomer distribution. This is attributed to
the different steric repulsions among the side chains with different
percentages of the incorporated diluent along the backbone. The
side chain distribution was characterized using synchrotron-SAXS
(Fig. 28¢) [174].

Linear-brush-linear BBPs with rigid cylindrical shapes have been
used as molecular building interconnectors with directional inter-
actions for constructing 3D porous materials. These BBPs can serve
as connectors in all directions because of the inherent flexibility
of the linear polymers that promote the self-assembly of coiling
conformation. Linear-brush-Linear copolymers consisting of reac-
tive linear end blocks were prepared [285]. Ru-catalyzed cross-
metathesis cross-linking of the olefinic double bonds at the two
linear blocks allowed the preparation of 3D mesoporous polymer
networks. The porosity could be conveniently manipulated by al-
tering the length of the middle brush building block, and it showed
a logarithmic scaling relationship with the DP of the bottlebrush
backbone [285]. Notably, side chains in the brush block should be
cross-linked to increase the inherent stiffness.
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Fig. 28. (a) Dumbbell-shaped molecular brushes and AFM image. [284], Copyright
2012. (b) Cone-shaped molecular brushes and AFM image. [186], Copyright 2017.
(c) Mlustrations of three types of brush copolymers with different shapes and cor-
responding 2D SAXS patterns. [174], Copyright 2017. All adapted with permission
from the American Chemical Society.

Although extensive efforts have been directed towards obtain-
ing complex architectures by the SAM, these have been hindered
by the tedious synthetic processes and limited morphological con-
trollability. Flow chemistry is a promising methodology that can
improve productivity of synthetic chemistry. The flow stream is
uniformly mixed and heated or cooled, and the reactions are
precisely and reproducibly controlled in the flow systems. Us-
ing an automated synthesis platform, the shapes and sizes of the
BBPs were programmed by implementing a computer-controlled
semibatch reactor set up in conjunction with the “grafting-
through” polymerization (Fig. 29) [286]. In the first vessel, a sy-
ringe/syringe pump was used as the reaction set-up to synthe-
size the macromonomers, where 5-norbornene-2-methanol served
as an initiator for the ROP of LA catalyzed by 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU) for the brush synthesis. The resulting
NB-based macromonomer solution was then continuously fed into
the second reaction vessel for the growth of the BBPs via ROMP.
Meanwhile, the brush growth was immediately quenched upon
the addition of boric acid, which could quantitatively scavenge out
DBU without affecting the ROMP. The flowrate profile of the so-
lution containing the growing macromonomers was found to di-
rectly translate into the shapes of the BBPs (i.e., each flow rate
profile resulted in a unique polymer shape). Specifically, the BBPs
with conical, ellipsoidal, and concave architectures were synthe-
sized through ROP in tandem with ROMP [286]. Ellipsoidal parti-
cles with multilayer structures were obtained by the self-assembly
of diblock BBCPs with the aid of surfactants in the emulsion [287].
In addition, high-MWs and low-b BBPs with hourglass, football,
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Fig. 29. (Left) Schematic illustration of the programable semibatch reactor system and (Right) shaped bottlebrush polymers. [286], Copyright 2020. Reproduced with per-

mission from the National Academy of Sciences.

spherical, and bowtie architectures were synthesized by leverag-
ing this versatile automated synthesis approach [288]. For the
synthesis of BBPs with different architectures, it is necessary to
consider the following selection criteria. First, the two reactions
must be fully compatible and orthogonal. Second, macromonomer
synthesis should be easily quenched in the second vessel. Third,
macromonomer polymerization should be highly efficient to pre-
vent the accumulation and scrambling of macromonomers of dif-
ferent lengths.

It is challenging to obtain hierarchical structures via the sponta-
neous self-assembly of the block BBCP because of thermodynamic
variables, whereas solvent evaporation on the substrates typically
results in the formation of randomly assembled structures [289].
Controlled evaporative self-assembly (CESA) of nonvolatile solutes
in confined geometries has been used to afford intriguing com-
plex structures with high fidelity and regularity via the evapora-
tion of a sessile droplet [290, 291]. Hierarchically organized struc-
tures of the BBPs have been prepared by the Lin group using CESA
on Si substrates (Fig. 30) [292]. This process was implemented by
dropping BBP toluene solution in a confined geometry on a Si sub-
strate (i.e., wedge-on-Si geometry). During solvent evaporation, the
confined geometry induced the self-assembly of BBPs into hierar-
chical nanostructures [292]. This could be attributed to the com-
petition between the unfavorable interfacial interaction that sup-
presses the stabilization of self-assembly and solvent-induced re-
generation of nanodomains on the substrate [292]. Finally, con-
centric straight and jagged stripes were constructed through re-
peated “stick-slip” processes in confined geometry by manipulat-
ing the wedge height [292,293]. With THF-vapor annealing for dif-
ferent times, the morphological transition from featureless topol-
ogy to mixed perpendicular and parallel cylinders was achieved
(Fig. 30b). When cylinder-on-flat geometry was employed, a hierar-
chical structure was also be obtained using the block BBCP bearing
PS and PLA side chains [289].

4. Properties of bottlebrush polymers

The structures of the materials direct their properties and fur-
ther determine their applications. BBPs exhibit intrinsic extended
1D conformations because of the steric repulsions among their
crowded branches. In addition, diverse assembled conformations
have been achieved by the self-assembly of BBPs in solution or film
states. The hierarchically organized conformations afford BBPs with
interesting properties. Furthermore, by the rational design and use
of state-of-the-art synthetic techniques, BBPs with precisely well-
defined architectures have been achieved. All these features are
difficult to achieve in other systems. Therefore, many distinctive
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Fig. 30. (a) Chemical structure and (b) schematic illustration of BBP. (c) Schematic
illustration of CESA process. (d) AFM images for the assembled morphological trans-
formation with different annealing times. [292], Copyright 2010. Adapted with per-
mission from the American Chemical Society.

properties of BBPs can be achieved by manipulating their chemi-
cal parameters.

4.1. Crystalline property of bottlebrush polymers

Unlike linear polymers, the high steric crowding of the crys-
talline side chains in BBPs can facilitate crystal nucleation but re-
tard its growth [294-297]. The main chain along with the spacer
groups between the backbone and side chain comprises the amor-
phous layer, whereas the side chains are incorporated into the
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Fig. 31. Representative 2D SAXS patterns and polarized optical micrographs of
homo-PEO, NB-PEO and brush-PEO (M ~ 3K; My, ~ 35K, B=1.36; grafting
density o =100%; ng = 6). Samples were crystallized at 40 °C for 100s. [299], Copy-
right 2019. Reproduced with permission from the American Chemical Society.

crystalline lamella [263,298]. Russell and coworkers anchored crys-
tallizable PEO to the PNB backbone and studied the effect of the
constraints imposed by the chain architecture on the crystalliza-
tion of PEO [299]. In contrast to the macromonomers, NB-PEO and
homo-PEO, which can crystallize, brush-PEO was observed to only
form small crystals with a high nucleation density. The backbone
anchored the side chain PEO phase and restricted the mobility of
the PEO side chain, thereby increasing the defect density of the
PEO crystals through heterogeneous nucleation (Fig. 31). This ef-
fect was also supported by the decrease in the nucleation density
of NB-PEO, where the foreign NB components served as the de-
fects, lowering the nucleation barrier. In addition, increasing con-
straints from the backbone decreased the spherulitic growth rate,
crystallization rate, and crystal thickness. For the brush-PEO, a
well-ordered microphase structure was formed isotropically in the
lamella and observed in the 2D SAXS result, as indicated by the
appearance of two ring patterns. [299] Furthermore, an increase in
the crystalline side chain length and annealing temperature pro-
moted the crystalline behaviors of the BBPs [299,300].
Translational symmetry is a fundamental law of the crystalliza-
tion of materials, which can be broken under intrinsic or extrinsic
constraints. Very recently, Li and coworkers reported the sponta-
neous formation of spherical hollow crystals with controlled open-
ings using BBPs bearing crystalline PEO side chains [301]. They
grafted alkyne-functionalized PEO to a polymer backbone bear-
ing azide pendants via the CuAAC reaction to form crystalline
BBPs (BB-PEO) with different grafting densities. A unique molec-
ular bottlebrush crystalsome (mBBC) was obtained through self-
seeding solution crystallization [302]. In the self-seeding process,
the growth from a slightly curved lamellar crystal to a spheri-
cal shell with an open structure was observed. Closing the shell
crystalsome was difficult because of the intrinsic shapes and large
sizes of individual mBB molecules (Fig. 32) but the incorporation
of linear PEO was found to effectively facilitate the formation of a
closed mBB crystal structure. In addition, a decrease in the graft-
ing density resulted in a gradual increase in the mBBC diameter,
and a flat crystal with ultra-low grafting density was eventually
formed. The formation mechanism of mBBC with the breakage of
translational asymmetry was attributed to the local overcrowding-
induced bending of the lamella and immiscibility of the side chain
and backbone. Thus the backbone and spacers were excluded to
both or one side of the lamellar crystal, which formed symmet-
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ric lamella with the three-layer structure or asymmetric crystal
in solution. In the latter case, the asymmetric crystal consisted of
one PEO lamella and mBB backbone/spacer layer. An increase in
the grafting density enhanced the steric overcrowding in the PEO
lamella, which was alleviated by further bending the crystal to-
ward the backbone layer [301].

As mentioned above, the BBP backbone constrained the mo-
bility of the crystalline side chains. The distribution of crystalline
phase significantly affects the crystalline behaviors, as reported for
linear polymers [303]. For the core-shell BBPs with crystallizable
block linked to the backbone while the amorphous block located
towards the outer side in the side chain, a similar crystallization
behavior as that of the corresponding linear crystallizable block is
observed, but these exhibit higher crystalline temperatures due to
the constraints of the backbone. The inverse block sequence in the
side chain of core-shell BBP significantly affects the thermal behav-
ior and structure because of the constraints to the motions of the
side chain arm, which hinder the crystallization of the crystalliz-
able block domains [304]. Furthermore, when the crystalline block
(i.e., A block) is located on the linear tails of the linear-brush-linear
copolymers (ABA), these exhibit different crystalline behaviors, and
network formation depends on the brush side chain length [305].
With a short side chain in brush B domain, the ABA copolymer
forms a hard crystalline scaffold because the A block screens the
mechanical performances of the soft brush B. Soft brush networks
were obtained by grafting medium side chains onto brush B, which
were reversibly cross-linked by the crystalline linear blocks. How-
ever, the crystallization of A blocks was suppressed for brush B
bearing long side chains; it decreased the cross-linking of the
brush blocks. [305].

4.2. Stimuli-responsive bottlebrush polymers

Smart polymeric materials respond to external stimuli signals
by regulating their performances (e.g., ion and molecule transport,
wettability, and conformational and chemical changes) to adapt
to the surrounding environment [306]. Stimuli-responsive behav-
iors of the polymers can be readily achieved in solution because
the Brownian motion of the solvent molecules requires relatively
low energies for the displacement of macromolecular segments.
Stimuli-responsive materials have been extensively explored in
many emerging fields such as self-healing, self-cleaning, drug de-
livery, bioengineering, and other systems. BBPs are unique poly-
mers with unique morphological conformations. As discussed in
the previous sections, BBPs can self-assemble into various archi-
tectures with a single molecular component by simply tuning their
structural parameters. Hence, any parameter that changes the mor-
phologies or properties of the BBPs can be used as a regulatory pa-
rameter. In addition, the energy required to induce changes in the
external environment of the assembled aggregates is significantly
lower than that for the covalently bonded species [307]. In combi-
nation with other stimuli-responsive parameters such as temper-
ature, light, pH, and mechanical forces, BBPs can rapidly trans-
form based on surrounding environments. Therefore, by varying
the stimuli, trigger-induced morphology transformations of single-
macromolecule brushes in solution have been investigated. The
corresponding morphologies and properties changes can be ben-
eficial in diverse applications [308].

4.2.1. Temperature-responsive bottlebrush polymers

Temperature is the most commonly used trigger in biocom-
patible responsive polymers. Thermal change is easy to imple-
ment in the in vitro and in vivo systems. The unique feature
of temperature-responsive polymers is their solubility variation at
the critical temperature [309]. Two typical phenomena are exhib-
ited by thermal-responsive polymers at the critical temperature of
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Fig. 32. mBBC formation mechanism (a-d). An mBB (a) could crystallize following pathway i to form a flat symmetric crystal (b). Pathway ii leads to an asymmetric crystal
(c, d), where (d) is an enlarged view of c. x and z denote growth direction and the PEO axis, respectively. The blue shaded areas denote mBB backbones/spacers. Two mBB
molecules are shown in (d). (e-g) SEM images of mBB crystallized at 20 °C for different times. (h) SEM image of mBB crystals after adding the linear PEO to preformed
crystalline shells. [301], Copyright 2020. Adapted with permission from the Nature Publishing Group.

the cloud point (T¢p), where phase separation occurs. A key fea-
ture of phase separation is the visual transparency change due to
an increase in the light scattering in solution [48]. Lower criti-
cal solution temperature (LCST) is the temperature above which
the polymer is completely immiscible in a solvent at all pro-
portions and the individual polymer chain collapses, and below
which the polymers are in a monodisperse state [310]. In con-
trast, the polymer chains and solvent are in a homogenous mix-
ing phase with favorable free energy above the upper critical so-
lution temperature (UCST) [310]. PNIPAM is the most commonly
used thermal-responsive polymer. It experiences water-swelling to
undergo a globular transition in aqueous solution at an LCST of
32 °C, which is close to the human body temperature; [48,311]
this key feature is promising for biomedical applications. Therefore,
thermal-responsive PNIPAM-containing BBPs have been extensively
explored for application in drug delivery [86,312,313].
Water-soluble BBPs exhibit worm-like morphology because the
PNIPAM side chains are fully stretched and enhance the steric re-
pulsions. When the temperature reaches the LCST, the PNIPAM
side chains become dehydrated and collapse on the backbone with
compact morphologies, and the solution changes from clear to tur-
bid with a light blue color. More importantly, for the BBPs with
side chains that are sufficiently long to allow such mobility, the
side chains only interpenetrate at the outermost periphery during
aggregation above the LCST. BBPs have been reported to exhibit
concentration-dependent thermal transformation (Fig. 33a) [314].
At low concentrations, intramolecular collapse occurs at a temper-
ature above the LCST because of a larger average distance between
the molecules than its hydrodynamic diameter. When the concen-
tration increases to a critical range, the intermolecular aggregation
of BBPs occurs at a temperature above the LCST (Fig. 33a) [314].
Dynamic light scattering (DLS) has been used to detect transfor-
mation tendencies (Fig. 33b). At low concentrations, the hydrody-
namic diameter decreases with an increase in temperature above
the LCST due to the intramolecular collapse. In contrast, the hy-
drodynamic diameter increases with an increase in temperature at
high concentrations [314]. Recently, ELP-based BBPs also exhibited
a low value of LCST in water with the rapid formation of hydrody-
namic radius at T > 37 °C due to intermolecular aggregation [169].
This phenomenon was also reported by Verduzco and coworkers,
who used applied SANS to quantitatively estimate the BBP size
and anisotropy. BBPs with long PNIPAM side chains formed a ly-
otropic liquid crystal phase upon cylindrical packing above the
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LCST. This phase transition was characterized by the absence of
a plateau at low q and the presence of peaks in the SANS data
[315]. Additionally, the BBPs have been reported to undergo a con-
formational change from cylindrical to spherical shape upon heat-
ing above the LCST of PNIPAM. For instance, Zhang and cowork-
ers synthesized BBPs P(0ABA-g-PNIPAM) via the acid-catalyzed
polymerization of the macromonomer o-aminobenzyl alcohol-g-
poly(N-isopropyl acrylamide) (0ABA-g-PNIPAM) [313]. P(oABA-g-
PNIPAM) and oABA-g-PNIPAM exhibited different dependences of
transmittance on temperature (Fig. 33c). The BBPs showed higher
LCST values than those of the linear macromonomers because of
the strong steric congestion among the PNIPAM branches, which
suppressed their soluble-to-insoluble transition. In addition, the
PNIPAM branches were constrained by the backbone, which re-
tarded their free motion. The LCST values of both the BBPs and
macromonomers increased with an increase in the DP due to the
weakening of solvophobic effect of the CTA terminal [313].

Conjugated polymers such as polythiophene, poly(fluorene), and
polyaniline have been used as BBP backbones. These afford ef-
ficient transport of excited states (excitons) along the polymer
chain. Notably, the capability of intramolecular energy migration is
highly dependent on the planarized extent of the conjugated back-
bone. Nesterov and coworkers synthesized BBPs, polythiophene-
g-PNIPAM, via the “grafting-from” approach employing a combi-
nation of the Grignard metathesis method and ATRP [312]. With
Ni(dppp)Cl, catalyst, regioregular polymers (head-to-tail coupled
repeating units) could be obtained, and regiorandom polythio-
phene was achieved under the same conditions using Ni(PPhs),Cl,
instead of Ni(dppp)Cl,. An increase in temperature above the LCST
resulted in significant hypsochromic shifts in both the absorption
and fluorescence spectra of the grafted BBPs (Fig. 33d) and in-
creased the intensity of fluorescence emission. This phenomenon
was attributed to the conformational twisting of the conjugated
backbone as the PNIPAM side chains collapsed into a bulky hy-
drophobic globular phase at temperatures above the LCST, which
resulted in a decrease in the conjugation length of the BBPs
[61,312]. In addition, the regioregularity of polythiophene signifi-
cantly affected the extent and appearance of conformational twist-
ing. BBPs with high regioregularity afforded a large conformational
twisting, which further decreased the planarized conformations of
the backbone and resulted in larger spectral changes in absorption
and fluorescence [312].



Z. Li, M. Tang, S. Liang et al.

Progress in Polymer Science 116 (2021) 101387

intramolecular

High Low

concentration & concentration
H . 1 Ay H 350 400 450 500 550 600 6501
i 1wt%*® "'::’::‘x:r:"“’ A ) A ) A
i a I8 W2 B\ oPNIPAM, 1 (2% F
5w a Lo —&— P(0ABA-g-PNIPAM, ) 50°C P3a (random)
[H " 2 1 % | 1 b Le- OABA-g-PNIPAM 7 B30 (80% )
it " s -9 s ) —— P3¢ (92% HT)
1w an"” g 6o P(OABA-g-PNIPAM, p
EE SLLLE L ::5 6> 0ABA-g-PNIPAM,
4 4
i E® :
5 kY
iz 0.1 wt% 8
15 = 20 .
15 2 (b)
18
i o] (€)
P B ® o % L) 10 15 20 25 30 35 40 45
! Temperature, °C Temperature (°C)

Height

Low

concentration

-2.0 nm i
High

= —_—
concentration 20 nm

200.0 nm

Height

Fig. 33. (a) Schematic illustration and (b) DLS measurement for thermal-responsive BBPs with LCST characteristic at various concentrations.[314], Copyright 2007. Adapted
with permission from John Wiley and Sons Inc. (c) Temperature-dependent transmittance of the 0ABA-g-PNIPAM and P(0ABA-g-PNIPAM) with different side chain length.
[313], Copyright 2017. Reproduced with permission from the Royal Society of Chemistry. (d) Absorption spectra of PNIPAm-grafted conjugated BBP with regioregularity of
polythiophene in aqueous solution at various temperatures. [312], Copyright 2010. Reproduced with permission from the American Chemical Society. (e) AFM images of
heterografted BBPs from aqueous solutions with different concentrations. [204], Copyright 2017. Adapted with permission from the American Chemical Society.

Spherical nanoaggregates are unstable above the LCST, and
eventually, precipitate out of the solution [86]. Zhao and cowork-
ers synthesized thermosensitive binary heterografted BBPs consist-
ing of PDEGEA and PEG side chains via the “grafting-to” approach
[204]. PDEGEA exhibited an LCST of 9 °C in an aqueous solution,
and the PEG chains served as stabilizers to prevent the precipita-
tion of the collapsed BBPs. The heterografted BBP exhibited a re-
versible LCST transition at 10 °C in an aqueous solution. These un-
derwent the conformational transformation from extended worm-
like to stable globular shapes with unimolecular collapse at both
high and low concentrations. In addition, this transformation was
clearly visualized by AFM, exhibiting a unique worm-like morphol-
ogy at 0 °C and spherical conformation with a coiled main chain
at 40 °C (Fig. 33e) [204].

The chemical composition of the side chain can be used to ma-
nipulate the LCST of the BCP. The random copolymerization of the
monomers with different properties of the side chains resulted in
BBPs that exhibited intermediate characteristics as those of the
constituent components [316-318]. The LCST value increased by in-
corporating more water-soluble PEGMA into the random copoly-
mer side chains comprising PMEO2MA and PEGMA [318]. More-
over, when the diblock copolymer side chains containing two
different blocks with distinct LCST behaviors were selected as
branches, the BBPs showed two stages of aggregation upon heat-
ing owing to intermolecular and intramolecular aggregation. Addi-
tionally, the sequence of the two blocks can significantly affect the
thermal dehydration behavior and associated structural changes
[87,319,320]. More recently, this concept was applied to BBPs by
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Papadakis and coworkers [319]. The BBPs bearing statistical PrE
(random copolymer of poly(propylene oxide) (PPO) and PEG) or di-
block PbE (block copolymer of PPO and PEG) were prepared via the
“grafting-from” approach [319]. The PPO exhibited LCST behavior
at approximately 8 °C, while the cloud point of PEG was > 100 °C.
The BBP containing PrE side chains showed a T¢p of 38 °C, while a
value of 60 °C was observed for the BBP bearing PbE side chains;
both exhibited worm-like morphology in water below the LCST.
Upon heating above the LCST, the BBP bearing PbE side chains ex-
perienced severe and slight dehydration of the core and shell, re-
spectively, and formed aggregates with strong connections among
the swollen shells. Conversely, the PrE side chains showed severe
dehydration together with a cylinder-to-disk transformation [319].
Furthermore, the LCST behaviors of the BBPs were strongly depen-
dent on the hydrophilic or hydrophobic comonomer content, with
the LCST shifting toward a lower temperature upon the introduc-
tion of more hydrophobic units [87]. Interestingly, homopolymer
BBPs exhibited an anti-Arrhenius behavior with the spontaneous
degradation of the backbone on aqueous substrates. With an in-
crease in the temperature of the substrate, the cleavage of the BBP
backbones was significantly suppressed, as clearly observed clearly
from the AFM results [260].

All the aforementioned analyses of the conformation states of
thermosensitive BBPs are based on the experimental results. How-
ever, it is challenging to experimentally understand the individual
BBPs at a molecular level due to the structural complexity of the
thermally responsive BBPs. Deshmukh and coworkers identified the
backbone and side chain conformations in thermo-responsive BBPs
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using coarse-grained molecular dynamics (MD) simulations [321].
This method preserved the important and critical information re-
garding the BBP conformations without the negative influence of
the solvents. BBPs with backbones of 72 beads were grafted with
12 (grafting density ~16%), 24 (~33%), 36 (~50%), and 72 (~100%)
PNIPAM side chains of different lengths, and their conformations
were investigated at 320K and 290K. With grafting densities of
< 50%, the PNIPAM side chains showed coil-like and globule-like
conformations below and above their LCST, respectively, leading to
a cylindrical-to-spherical shape change of the BBP. For BBPs with
high grafting densities, most PNIPAM side chains were in the col-
lapsed conformations during LCST transition because of the dehy-
dration of BBP cores, while the BBPs also underwent a cylindrical-
to spherical- transformation due to the coil-to-globule transition of
PNIPAM. The backbones of the BBPs formed coiled-coil conforma-
tions and became stiffer with an increase in the grafting density
in all systems. These conclusions were drawn from the evaluation
of the radius of gyration (Rg) of the BBPs under various conditions
(Fig. 34).

Self-immolative polymers are a subset of end-to-end depoly-
merizable polymers [322]. The depolymerization can occur fol-
lowing an unzipping process that is often triggered by an exter-
nal stimulus such as thermal, chemical, and irradiative triggers.
BBP-based self-immolative polymers containing poly(benzylether)
backbones end-capped with tert-butyldimethylsiloxy or allyl chlo-
roformate have been synthesized and shown to undergo an irre-
versible degradation with a decapping reagent (Pd(0) or F~) [323].
Recently, Kennemur and coworkers investigated the depolymeriza-
tion of BBPs with varying lengths of polycyclopentene backbones
and PS grafts [324]. With high temperatures and catalyst trigger,
ring closing metathesis depolymerization of BBPs occurred, afford-
ing quantitative cyclopentene bearing original PS grafts from the
BBPs [324]. Notably, the lengths of the backbone and side chains
did not play a significant role in the depolymerization kinetics.

4.2.2. Photo-responsive bottlebrush polymers

Light is a distinct and highly effective stimulus that can be eas-
ily and rapidly applied and removed. Furthermore, light can be
delivered remotely and instantaneously to the targeted locations
in a noninvasive manner. Light of varying intensities and wave-
lengths can be readily used to precisely control the assembly and
disassembly of nanoobjects with engineered structures and proper-
ties [270,325,326]. Photochromic compounds such as azobenzene,
coumarin, cinnamate, and those with o-nitrobenzyl group exhibit
isomerization between the two chemical structures with different
physical and chemical properties in response to light illumination
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(Fig. 35). These have been incorporated into the side chains to pre-
pare photo-responsive BBPs.

Azobenzene chromophore undergoes photoisomerization from
trans- to cis-form and vice versa under alternative irradiation
of visible light or heating. During isomerization, a high polar-
ity change of the chromophore occurs, which is derived from
the dipole moment variation during photoisomerization, and af-
fects polymer-solvent interaction during photoisomerization [310].
Therefore, photo-responsive azobenzene pendants were incorpo-
rated into the BBPs to tune the self-assembled morphology. BBPs
with azobenzene moieties in the side chains were first prepared
via the “grafting-through” approach [85]. The trans- to cis- iso-
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for Janus BBPs under UV irradiation. [327], Copyright 2020. Adapted with permis-
sion from the American Chemical Society.

merization of the azo chromophores was confirmed by the spec-
tra changes. In addition, the onset temperature for a decrease in
the hydrodynamic diameter of the BBP containing the cis-isomer
is higher than that bearing the trans-isomer due to the decreased
hydrophobicity of the cis-isomer, which increases the LCST of the
polymer side chains. Recently, Lin and coworkers synthesized Janus
BBPs consisting of PEO and azobenzene-containing side chains
using a combination of ATRP and CuAAC in a one-pot method
[327]. The BBPs could self-assemble into a rod-like morphology
in THF/H,0 (Fig. 36a). With an increase in water content, the in-
creased alignment among azobenzene-containing side chains on
the BBPs enhanced the -7 stacking, leading to a transition from
rod-like to spindle-like micelles. However, Janus BBP required a
prolonged time to reach the photostationary state in comparison
to the linear azobenzene-containing polymers because of the con-
strained motions of azobenzene moieties in the side chain. In ad-
dition, a reversible spindle-toroid-spindle transformation was ob-
served upon alternative UV and visible light irradiation (Fig. 36)
[327]. The nonplanar cis-azobenzene induced the curvature of the
spindle micelle during photoisomerization. Moreover, the photoi-
somerization also broke the original symmetric side chain distribu-
tion and arrangement on the Janus BBPs. To minimize the interfa-
cial energy during the photoisomerization of spindle micelles, BBPs
adopted a toroid conformation through the toroid-closure process
[327].

The photosensitive o-nitrobenzyl group has been widely used
as a protecting and cleaving unit in the polymers for photodegra-
dation and protection [328,329]. Upon UV irradiation, the o-
nitrobenzyl group cleaves from its ester derivatives, manipulating
the chemical structures of the polymer chains [330,331]. How-
ever, unlike other light-responsive moieties, this photosensitive
unit exhibits an irreversible light-responsive behavior. A brush-
linear copolymer consisting of a polyacrylate-based brush with PBA
side chains and a linear block bearing the o-nitrobenzyl protecting
group on the ureido-pyrimidinone (UPy) unit shows a worm-like
morphology with a linear-chain tail in a good solvent (e.g., THF).
After cleavage of the protecting group, it exhibites a coiled tail
due to the intramolecular H-bonding of the UPy-UPy dimers [17].
In another case, o-nitrobenzyl moiety was incorporated into the
side chains of the BBPs via the “grafting-to” approach. The cleav-
age of the hydrophobic o-nitrobenzyl group upon UV irradiation
induced the formation of the hydrophilic side chain. The increased
solubility of the BBPs promoted the conformational changes from
spherical-like to worm-like morphology after UV irradiation [332].

In other cases, light was used to trigger the reversible cross-
linking reactions based on dimerization. Coumarin moieties can
undergo [2+2] photodimerization at 365nm and photocleavage
under 254 nm. Reversible photodimerization of coumarin has been
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employed in the side chains of BBPs and applied to cross-link
their shells, leading to the formation of organic nanotubes after
the hydrolysis of the inner block on the side chains in solution
[285,333,334]. Recently, this photo-crosslinking reaction was used
to fix a spherical micelle transformed from the worm-like BBPs
[335]. In addition to its usage for cross-linking the micelle at a mi-
croscale, it can also be applied to macroscopic materials. Super-
soft elastomers based on the BBPs bearing PBA side chains and
coumarin chain end groups were prepared [336]. The coumarin-
functionalized BBPs exhibited a liquid-like behavior with G’ val-
ues greater than the G’ values. The rubbery plateau of G’ at high
temperature was observed upon UV irradiation due to intramolec-
ular or intermolecular dimerization under 365-nm light irradia-
tion. In addition, when 254-nm light was used to photocleave the
cross-linked BBPs, the G’ value in the rubbery plateau gradually
decreased with time [336].

4.2.3. pH-responsive bottlebrush polymers

The conformations of the weak polyelectrolytes such as PAA,
[88] PSS, [79,337] and PDMAEMA [205] can be reversibly trans-
formed from an expanded state to a collapsed state by adjusting
the environmental pH value. This change can alter the steric hin-
drance, solubility, and light scattering properties of the molecu-
lar conjugates. The changes in the ionization state caused by pH
variation are often accompanied by the morphological changes of
the individual BBPs [338-340]. Conformational transformation of
densely grafted BBPs is difficult to observe with AFM or TEM be-
cause of the slight changes in steric repulsion upon pH variation.
Therefore, the effect of pH on the individual conformational change
of the loosely grafted BBPs should be investigated. For instance, the
loosely grafted BBPs bearing PAA side chains underwent a sphere
to cylinder conformational transition with an increase in pH from
4.8 to 8.9 because the enhanced steric congestion among the side
chains extended the backbone [88]. Conversely, 100% grafted BBPs
were observed to maintain the fully stretched worm-like confor-
mations independent of the pH values. PDMAEMA can be per-
manently quaternized and converted into zwitterionic structures.
The BBPs bearing PDMAEMA side chains with 50% grafting den-
sity exhibited worm-like conformations under acidic conditions.
These transformed into highly contracted morphologies owing to
the coiled side chains under basic conditions [90]. In some cases,
the BBPs bearing PDMAEMA-based BCP side chains fully collapsed
into a spherical shape upon a further increase in pH [205]. In ad-
dition, the PDMAEMA segments on the BBPs could affect the inter-
action of the BBPs with the substrate because of the variable pro-
tonation degree. For instance, cylindrical core-shell BBPs bearing
POEGMA-b-PDMAEMA side chains exhibited slight scission of the
backbone at pH of 10. In contrast, upon a decrease in the pH to 1.9,
the severe rupture was observed on mica due to the protonation
of PDMAEMA [341]. However, quaternary ammonium BBPs were
produced by two-step post-quaternization [90]. Recently, cationic
BBPs were prepared using a straightforward ROMP of the quater-
nary ammonium macromonomers in one step [342].

As the pH-responsive moieties in the BBPs are based on zwitte-
rionic electrolytes, such as acidic and quaternary ammonium units,
the potential applications of the pH-responsive BBPs are limited.
Notably, the facile incorporation of various pH-responsive carbon-
nitrogen double bonds such as hydrazone, imine, and oxime bonds
[343] or hydrogen bond [344-346]| has been achieved in the
BBPs.Thus, the responsiveness can be tuned for specific applica-
tions. For instance, pH-responsive hydrazone bonds were incorpo-
rated in dextran (DEX) polysaccharide bottlebrush-architecture to
conjugate doxorubicin (DOX) on the side chain [347]. The DEX pro-
drug with bottlebrush architecture was shown to release DOX in
an acidic endo/lysosomal microenvironment (pH ~5.0) due to the
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Fig. 37. AFM height micrographs of BBP and cartoon displaying fragmentation of bottlebrushes during sonication. [353], Copyright 2016. Reproduced with permission from

Elsevier Science Ltd.

hydrolysis of the hydrazone bond, leading to a real-time release of
DOX.

Despite the widespread use of organic fluorescein as a pH-
responsive chromophoric group in linear polymers, the application
of fluorescein in BBPs for responsiveness had not been demon-
strated until recently. Matyjaszewski and coworkers synthesized
pH-sensitive molecular bottlebrushes, in which the side chains
were the random copolymers containing the fluorescein moiety
[348]. The fluorescent BBPs exhibited worm-like morphologies but
showed no fluorescence under neutral conditions. A strong fluores-
cent emission and the presence of green color in the BBP solution
were observed at alkaline pH. This was attributed to the ionization
of the fluorescein moiety. In addition, by varying the solution pH,
the fluorescence of the BBPs was reversibly toggled on and off.

4.2.4. Mechanically responsive bottlebrush polymers

The intrinsic tension of the BBP can be precisely controlled by
manipulating its chemical structure. The external force can dom-
inate the conformation changes of the BBPs during their spread-
ing on a substrate via the LB method [308]. AFM has been applied
to trace the in-situ shape transformation in response to the force
induced by the substrates. Along the spread flow direction of the
drop on the substrates, the BBPs exhibited an extended worm-like
morphology [349]. In addition, the flow-induced scission of the in-
dividual BBP was confirmed by a decrease in its contour length
along the flow direction. When the fractured backbone was shorter
than the side chain, the mid-chain fracture of the backbone was
dominant [262]. Furthermore, an increase in the substrate surface
energy increased the scission rate, which led to the severe sponta-
neous breakage of the covalent BBP backbone [350].

Mechanochemistry induced by grinding or sonication with a
destructive force has been extensively investigated in recent years
[351]. It allows the management of bond tension on molecular
length scales, enabling a mechanical force to break specific bonds
[352]. Thus, an applied external force may effectively mediate the
BBP architectures. Sonication is the most convenient and simplest
dynamic force that can be applied to determine the mechanical
responsiveness of the BBPs [352]. Sheiko and coworkers synthe-
sized BBP, PHEMA-g-PBA, with identical backbones and different
side chain lengths, and investigated the backbone scission by ul-
trasonication [353]. Significant scission occurred on the backbone
because the drag force along the backbone was larger than that
along the side chain. Long BBPs underwent progressive fragmen-
tation into smaller species (short contour length) with an increase
in time (Fig. 37). An increase in the grafted brush length increased
the scission rate [353]. It is noteworthy that the radicals gener-
ated during backbone scission were spontaneously shielded by the
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side chains, preventing intermolecular coupling. Recently, Choi and
coworkers used BBPs, PNB-g-PCL and PNB-g-PS, as models to de-
termine the exact relationship between the chain-scission rate en-
hancement and side chain length [354]. The contour lengths of
the arms at the termini of the PNB backbone and extended poly-
mer conformation affected the degradation rates. The degradation
rates increased with an increase in the arm length when both
the backbone length and arm composition (PLA or PS) were con-
stant. Moreover, backbone scission exhibited first-order rate con-
stant, and the rate constant for backbone scission was significantly
higher than that for arm scission [354].

Mechanoresponsive polymers with bond scission can also
induce mechanophore responses. However, multimechanophore
polymers suffer from low percentages of activated mechanophores
in their backbone owing to the length dependency of
mechanochemical reaction rate [355]. BBPs with a drag force
on the backbones induced by the densely-grafted side chains and
elongated conformations underwent faster ultrasonic degradation
than their linear counterparts. Therefore, the BBPs, PNB-g-PS, were
synthesized by incorporating maleimide-anthracene cycloadducts
at the backbone-arm junctions to activate the mechanophores
[356]. Mechanophore activation was dependent on the arm or the
spanning length, and relatively independent of the initial backbone
length. This phenomenon was different for the BBPs without the
cycloadduct junctions in their side chains, affording a faster scis-
sion of the backbone, which was attributed to the weak dynamic
cycloadduct bonds [299] and spanning length dependency [356].
Furthermore, BBPs exhibited mechanoresponsiveness as indicated
by their fluorescence upon sonication in a solution or grinding in
the solid state [356].

4.2.5. Other responsive bottlebrush polymers

As discussed previously, the conformation of a BBP is highly de-
pendent upon the dispersed state of the grafted brushes. BBPs ex-
hibit longer backbone and side chain lengths in good solvents com-
pared to the poor solvents. Thus, any stimulus that can trigger the
side chain solubility can change the BBP conformation. By vary-
ing the ratio of good to poor solvents, BBPs can self-assemble into
spherical, cylindrical, lamellar, and other complex architectures. A
ungiue pear-necklace morphology was achieved for the core-shell
BBPs when the inner (solvophobic) and outer (solvophilic) blocks
showed different solubilities in selective solvents [357]. As the salt
ions can substantially change the phase behavior of a polyelec-
trolyte solution, salt concentration (ionic strength) is an effective
stimulus for polymer solutions. For a cationic polyelectrolyte, the
addition of monovalent salt induced a conformation change from
extended worm-like to collapsed form due to electrostatic screen-
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ing [358]. Similarly, anionic surfactant could trigger a worm-to-
sphere transition in the cationic BBPs due to the formation of in-
solubilized side chains [91]. Notably, the addition of di- or triva-
lent salt in the BBP solution, resulted in a helical conformation in
the intermediate state [359]. In addition, the BBPs bearing pep-
tide side chains underwent coil to helix transition with the ad-
dition of NaClO4 owing to the twist of the B-sheet side chains
[97]. The incorporation of other stimuli-responsive moieties into
BBPs has been shown to alter their external responsiveness with-
out changing their conformations. For instance, BBPs with a redox-
responsive poly(ferrocenylsilane) (PFS) backbone [360] or redox-
responsive nitroxide in the side chains have been prepared for MRI
and fluorescence imaging [361]. Multi-responsive BBPs were also
obtained and their conformation changes could be varied at multi-
scales [205,332]. The BBPs also exhibited solvent responses of the
cross-linking density during swelling and were more resistant to
swelling compared to their linear analogs [362].

4.3. Mechanical and rheological properties of bottlebrush polymers

Due to the sterically hindered conformations of the BBPs, their
side chains cannot pass through the occupied volume of the neigh-
boring side chains, which significantly hinders the chain packing
and prevents entanglement. Even though linear polymers of the
same composition encounter entanglement, it is prevented in BBPs
[1]. The mechanical and rheological properties of the BBPs can be
expressed in terms of viscoelastic characteristics, which depend
on the formation of entanglements as well as structures [21]. At
ultra-low grafting densities, BBPs form comb-like polymers with
unperturbed side chains in a random Gaussian conformation. In
this topology, the chains can easily overlap physically with each
other. This phenomenon is distinctly different from that observed
for densely grafted BBPs, in which the side chains are segregated
and penetrate weakly [21]. Therefore, the mechanical and rheolog-
ical properties of the BBPs can be manipulated by varying both the
grafting density and length of the backbone or side chains.

In an affine network model, the shear modulus of an elastomer
can be estimated by the equation, G ~ VRT = pRT/M, where p is
the density, M is the molar mass of a network strand, and R and
T are constants at room temperature [363]. Thus, softer materials
with low moduli can be readily prepared by increasing M. How-
ever, for linear polymer chains, an intrinsic entanglement in the
melt states is observed above the entanglement molecular weight,
Me ~ 103 ~ 10 g mol~!, which leads to an intrinsic plateau modu-
lus (entanglement modulus) G4~ 10° ~ 106 Pa. For the BBPs with
high grafting densities, no entanglement (i.e., MW should be very
large to achieve entanglement, > 107 g mol~') is observed. There-
fore, the entanglement moduli of the BBP melts decrease with an
increase in the DP of side chain. A BBP with a plateau modulus as
low as 102 ~ 103 Pa can be obtained even in the absence of sol-
vent [363]. Notably, the incorporation of the solvents or oligomers
in the melts can further increase the entangled MWs and conse-
quently decrease the plateau modulus of the system. Particularly,
the side chains of the BBPs relax faster than the backbones and
behave as solvents to dilute the tube diameter of the backbone
[21]. Therefore, the BBPs exhibit low mechanical and shear moduli
compared to those of the linear polymers owing to their unique
extended cylindrical shapes without intermolecular entanglement
[363-365].

Sheiko and coworkers systematically explored the mechanical
performances of the BBP materials. They synthesized a series of
bottlebrush elastomers bearing PDMS side chains with different
cross-linking densities [363,365]. With a decrease in the cross-
linking density, the consistent modulus of the bottlebrush elas-
tomers decreased to 520Pa, implying a significantly softer ma-
terial than the linear PDMS melts (Fig. 38a) [363]. The elonga-
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Fig. 38. (a) Rheological performances of PDMS-based BBP elastomer with variable
cross-linking density. (b) True stress compression of PDMS-based BBP elastomer
and PAM hydrogel with similar volume fractions of backbone and polymer chain,
respectively, and (c) corresponding compression behaviors. [363], Copyright 2016.
Reproduced with permission from the Nature Publishing Group.

tion -at -break (Amax) showed a different dependency on the poly-
mer volume fraction for the BBPs and conventional polymeric
materials. For the BBPs, Amax ~d)gé4, while for the conventional

polymers, Amax ~¢8/ 8 where ¢pp is the volume fraction of bot-
tlebrush backbone in the gel and ¢q is the polymer concen-
tration in an as-prepared gel [363]. With similar backbone vol-
ume fractions, solvent-free PDMS BBP elastomer exhibited signif-
icantly higher fracture energy and larger elongation than those of
the poly(acrylamide) (PAM) hydrogel in compression performance
(Fig. 38b). BBP elastomers exhibited inherent strain-stiffening be-
havior in the tensile performance because of the intrinsic extended
cylindrical shapes without entanglement. This behavior was simi-
lar to those of the conventional prestrained elastomers owing to
the finite extensibility of the network strands in the swelled state.
However, the performance was different from those of the conven-
tional elastomers, which exhibited linear elasticity over elongation
due to the coiled strands in the network but did not exhibit strain-
stiffening behavior (Fig. 38c) [365].

To quantify the viscoelastic behaviors of the BBPs, several inde-
pendent molecular characteristics for the cylindrical shape such as
ng and nsc are employed (Fig. 16a) [251]. The volume fraction of
the backbone monomers in a graft macromolecule is expressed as
Ppp =ng/(ng + nsc). The inverse, ¢|;bl* is equivalent to the “swelling
ratio” of the polymer gel [366]. Sheiko and co-workers determined
the influence of grafting density on the conformation through MD
simulations and experimental measurements [251]. They found
that increase in grafting density and side chain length resulted in
the extension of the backbone and long-range interactions among
the backbone monomers. With scaling analysis, they distinguished
the diagram of conformational states into four different regimes
based on the parameters of the grafted polymer (¢y,,, and nsc), i.e.,
comb regime, which is further divided into loosely-grafted comb-
like (LC) and densely-grafted comb-like (DC) polymers, stretched
backbone (SBB) regime, stretched side chain (SSC) regime, and rod-
like side chain (RSC) regime [251]. In the comb regime, the BBP
main chain and branches exhibit random Gaussian conformations
and the branches can interpenetrate the neighboring side chains,
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Fig. 39. Molecular conformations of comb-like and brush-like polymers and their
corresponding expressive equations with parameters, among which s=v/(b?) and
S =v/(blY*2. [21], Copyright 2019. Reproduced with permission from John Wiley
and Sons Inc.

indicating the presence of entanglements in these polymers. The
plateau modulus of the entangled comb-like polymer can be ex-
pressed as GN comb _GN lm¢bb' where GN \in IS the plateau modulus
for the corresponding linear side chain with entanglement [363].
Further increase in the grafting density with a constant side chain
length decreases the penetration among the BBPs. In the SBB sub-
regime, the backbone was stretched because of the steric repulsion
among side chains. However, the side chains in this regime still ex-
hibit unperturbed conformations. In the SSC and RSC subregimes,
both the main chain and branches were in stretched conforma-
tions, and the side chains cannot theoretically interpenetrate the
adjacent BBPs, indicating a lack of entanglement in the BBPs. The
corresponding rubber plateau moduli in each regime are shown in
Fig. 39 [21].

It is notable previous models for scaling analysis are based on
the BBPs with unentangled branches because the entanglement of
these side chain polymers requires very high MWs [367]. Bates and
coworkers systematically investigated the effects of the main chain
and side chain lengths on the linear rheological behaviors, partic-
ularly in the range where entanglement could occur among the
side chains [368]. The extensive understanding of the Rouse-like
dynamics was achieved by applying time-temperature superposi-
tion. They synthesized two sets of BBPs with different side chains
(Fig. 40a and 40b). In one case, the side chain, poly(ethylene-
alt-propylene) macromonomers (PEP-NB), had MW above the M.
of the linear PEP [368]. The BBPs showed sequential relaxation
which could be readily observed in the master curves with three
regimes (e.g. segmental regime, arm regime (intermediate region),
and terminal regime) (Fig. 40c). In the segmental regime, chain
segments relaxed with Zimm-like dynamics during the viscous re-
sponse and the glassy moduli were independent of the side chain
length [369,370]. In the arm regime, the side chains began to re-
lax and the addition of the rubbery plateau regions confirmed the
formation of side chain entanglements among the PEP branches
in the curve. Additionally, the plateau shoulder length increased
with an increase in the side chain length in this regime [367]. In
the terminal regime, the relaxation behavior of the whole brush
molecules (global chain relaxation) was observed and the relax-
ation time (dynamics are Rouse-like model) was significantly de-
pendent on the main chain length. In another case, the BBPs
bearing atactic polypropylene (aPP-NB) side chains with lengths
shorter than those necessary for side chain entanglement (lin-
ear aPP, My/M.~ 0.5) were prepared [368]. No rubbery plateau
was observed in the dynamic master curve, indicating that the
side chains remained unentangled even at high MWs for the BBP,
poly(aPP-NB) (Fig. 40d). This was attributed to steric crowding
among the densely-packed branches that suppressed the flexibil-
ity of the backbone and formed persistent brush molecules with
large cross-sectional areas. Furthermore, poly(aPP-NB) exhibited a
more pronounced Rouse-like relaxation in the arm region and the
breadth also increased with an increase in backbone length [368].
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Fig. 40. (a) Chemical structures of BBPs. (b) Dynamic relaxation behaviors for BBPs
with different side chain length. (c) Dynamic master curves of G’ (closed symbols),
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Curves vertically shifted using the indicated scale factors. [368], Copyright 2015.
Adapted with permission from the American Chemical Society.

Notably, thelinear viscoelastic properties of the BBPs were highly
dependent on the grafting density despite the side chain length.
The grafted branches in the loose bottlebrush topologies pene-
trated the side chains of the neighboring molecules during defor-
mation [371].

Zero-shear rate viscosity, ng, is another characteristic param-
eter for evaluating the linear viscoelastic properties of the BBPs,
and is defined as the complex viscosity (n*) at infinitesimal fre-
quency [372]. Bates and coworkers systematically determined the
effect of the backbone DP on zero-shear viscosity. They synthesized
two series of BBPs using norbornenyl-terminated macromonomers
with fixed side chain lengths via the “grafting-through” approach
[368,372]. Poly(aPP-NB) contained side chains with lower MWs
than the M. of the corresponding linear aPP, while poly(PEP-NB)
consisted of longer side chains (higher than the M. of the linear
PEP). These showed a Rouse relaxation mechanism for 1y, owing
to the backbone relaxation in the terminal regime, regardless of
the side chain length (with or without side chain entanglement).
The 5y of the polymer melt is correlated to the weight-average
molecular weight (M) by the expression: nyg ~ My%. Based on
the empirical studies, & ~ 1 for the polymer chains in the Rouse
model, and o 3.4 for polymers with MW above the critical
M. with side chain entanglement [372]. Linear aPP molecule ex-
hibited two distinct relaxation mechanisms based on the curves
of the reduced zero-shear viscosity as a function of M,y,, which
was attributed to the entanglement of the polymer chains at high
MWs. In contrast, &« was approximately 1 for BBPs, poly(aPP-NB)
and poly(PEP-NB), indicating that the viscosity was weakly de-
pendent on My (Fig. 41a) [372]. This was ascribed to the limited
penetration of the densely-grafted side chains and the extended
cylindrical shapes of the BBPs that relaxed with undisturbed con-
formations [368,372]. As mentioned above, the grafting density
significantly affects the conformations of the BBPs and apparent
Me, which can lower the viscosity and affect the processing of
BBPs. Bates and coworkers further investigated the dependency of
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zero-shear viscosity on grafting density. BBPs (PLA-r-DME-NB-SCB)
with variable grafting densities (0 < o < 1) were synthesized by
the ROMP of a macromonomer (NB-PLA with short length) and a
comonomer, dimethyl ester (DME), in a one-pot method [373]. At
a low grafting density, the BBPs showed similar relaxation behav-
iors as those of the linear polymers and exhibited typical repta-
tion scaling with an « value of 3. With ¢ =0.25, the BBPs un-
derwent an abrupt transition from the Rouse to reputation model
due to entanglement among the side chains. With a high graft-
ing density, the BBPs exhibited a Rouse relaxation mechanism with
an « value of 1 without side chain entanglement because of the
densely-packed branches even when their MWs exceeded the M.
of the corresponding linear polymers (Fig. 41b) [372]. In contrast,
the side chains could penetrate the neighboring side chains in
loosely grafted BBPs and show high side chain entanglement [373].
In addition, other viscoelastic properties of the BBPs were tuned by
varying the structural parameters of the synthesized BBPs [21,371].

5. Applications of bottlebrush polymers

Novel materials with excellent performances have been contin-
uously pursued by researchers in recent years. The BBPs with ac-
curate cylindrical structures are highly desirable for preparing ad-
vanced materials with new or improved properties. By precisely
crafting BBPs with well-designed architectures and chemical com-
ponents, excellent performances for an array of potential applica-
tions such as templates, elastomers, organic optoelectronic materi-
als, and energy storage can be achieved (Fig. 42).

5.1. Templates

High controllability of the dimensions can be achieved in
polymers, which allows the fabrication of different architec-
tures. Therefore, polymers show great potential applications in
the nanoreactor-directed synthesis of nanomaterials with different
structures and compositions. Linear polymers were first developed
and applied as nanoreactors to prepare nanocrystals (NCs) [374-
376]. In addition to the linear polymers, cyclodextrin-based star-
like polymers have served as nanoreactors to prepare nanoparticles
with various structures [198,377-379]. Different morphologies such
as solid nanoparticles with optical, [199,380] and plasmonic prop-
erties, [381,382] as well as upconversion, [383] and ferroelectric
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performances, [384,385] core-shell nanoparticles, [352,386-388]
and hollow nanoparticles, [200,381] have been obtained through
nanoreactor-directed methods. Although 0D inorganic nanomateri-
als with diverse morphologies have been prepared utilizing BCPs
or star-like polymers as nanoreactors, the preparation of 1D nano-
materials with BCPs as templates is challenging because of the lim-
ited formation of 1D morphology. One-dimensional nanomaterials
such as nanorods and nanowires afford a unique platform for tai-
loring and utilizing the properties of metals or metal oxides, which
have been applied in diverse applications [389]. Therefore, it is
highly desirable to develop straightforward methods for prepar-
ing 1D nanomaterials with variable compositions and morpholo-
gies. The conceptually intuitive 1D structures of the BBPs provide
unprecedented access to unimolecular and anisotropic nanoreac-
tors to allow straightforward preparation of 1D nanomaterials. A
1D cylindrical BBP with core-shell structure not only provides an
excellent compartmentalized domain in the inner block among the
side chains to load the precursors but also allows confinement
to grow nanomaterials along the backbone. The outer chains al-
low solubility of the resulting 1D nanomaterial and prevent ag-
glomeration and precipitation in solution. The obtained 1D hybrid
nanomaterials prepared via the nanoreactor-directed method ex-
hibit superior properties such as stability, flexibility, and lack of
physically absorbed ligands because of the use of organic com-
ponents, over other methods. In addition, the precise controllabil-
ity of the BBP parameters such as aspect ratio, side chain blocks,
and functionalities allows the BBPs to act as uniform nanoreac-
tors for the template-directed preparation of 1D nanomaterials. Al-
though the adsorption of pre-synthesized nanoparticles along 1D
micelle surfaces can allow the fabrication of the 1D hybrid ma-
terials, [390,391] this aspect is not discussed in this review. The
straightforward and versatile nanoreactor method for the prepa-
ration of 1D nanomaterials can be employed through two major
routes: (1) in-situ formation via the hydrolysis or pyrolyzation of
the precursor-containing side chain blocks, or (2) by loading the
precursors followed by reactions.

The in-situ build-up of 1D nanomaterials with BBPs is a
straightforward method, which can prevent the pre-loading of
metal precursors. Miillner and coworkers reported a proof-
of-concept demonstration of the formation of 1D nanomate-
rials using blocks that contained inorganic precursors [392-
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Fig. 42. Various types of BBPs, self-assembly morphologies, and their applications.
(a) spherical assembled morphology. [247], Copyright 2014. (1) Drug-delivery. [347],
Copyright 2020. All adapted with permission from the Royal Society of Chemistry.
(b) Cylindrical morphology. [265], Copyright 2018. (d) Disk-like morphology. [14],
Copyright 2013. (f) Hierarchically organized structures. [292], Copyright 2010. (g)
Hierarchical deformation of BBPs elastomer. [427], Copyright 2020. (i) Fluorescence
pattern from BBPs. [22], Copyright 2019. (k) Surfactants from Janus BBPs. [477],
Copyright 2017. All adapted with permission from the American Chemical Society.
(c) Rod-like morphology. [12], Copyright 2016. (h) Photonic crystals. [442], Copy-
right 2020. All adapted with permission from the American Association for the Ad-
vancement of Science. (e) Lamellar structures from Janus BBPs. [276], Copyright
2018. Adapted with permission from John Wiley and Sons Inc. (j) Electrocataly-
sis from BBP-based nanomaterials. [456], Copyright 2017. Adapted with permission
from Elsevier Science Ltd.

395]. They synthesized BBPs by the sequential ATRP of 3-
acryloxylpropyltrimethoxysilane (APTS) and OEGMA in the side
chains, which were used as the silsesquioxane precursors. Un-
der basic conditions, the inner condensation led to a cross-linked
silsesquioxane core, which was further pyrolyzed into inorganic sil-
ica nanowires. During condensation, the solubilized POEGMA shell
sufficiently prevented the intermediates from precipitation. With a
precise design and control of the backbone and side chain lengths,
the length and diameter of the worm-like nanowire were easily
tailored, and the variation in the dimensions was verified by AFM
and TEM. When a third block was introduced in the innermost
part, worm-like nanotubes were directly obtained after the con-
densation of the middle block [393]. However, this in-situ method
was hindered by the availability of limited monomers and easy hy-
drolysis of the precursor-containing block (e.g., APTS), which re-
stricted further applications.

The latter approach in which the precursors are pre-loaded
in the BBP templates is a general methodology for preparing 1D
nanomaterials. To provide a domain for precursors loading and
immobilization, the interior blocks are typically weak polyelec-
trolytes such as positively charged P4VP or PDMAEMA and neg-
atively charged PAA, which can coordinate to the metal precur-
sors. In the subsequent step, the precursors are reduced or sul-
fidated to form 1D nanomaterials exhibiting excellent stability in
solution owing to the exterior side chains. With the precise syn-
thesis of BBP templates, 1D nanomaterials with various composi-
tions including Au, [396,397] SiO,, [397] TiO,, [394,398,399] Fe304,
[400] ZnO, [401] CdS, [402] and CdSe [403] have been obtained. In
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a unique case, Miillner and coworkers grafted diblock copolymer,
PAA-b-PDMAEMA, in the BBPs and incorporated rare-earth metal
cations such as Ln3*, Gd3*, and Tb3* into the core. Thereafter,
tetramethyl orthosilicate (TMOS) was loaded on the outer shell do-
main, and subsequent condensation of the exterior shell resulted in
silica-coated 1D hybrid nanomaterial exhibiting visible photolumi-
nescence and magnetic resonance [404|. Notably, when the back-
bone length was approximately the same as the side chain lengths,
the BBP template adopted a star-like morphology and tended to
form spherical micelles [398]. Although various 1D nanomateri-
als have been prepared using BBPs as nanoreactors, the worm-like
structure of the BBP is difficult to employ in the preparation of
rigid rod-like 1D nanomaterials.

As mentioned previously, cellulose has a rigid 1D morphol-
ogy, and cellulose-based BBPs exhibit rigid rod-like morphology.
By capitalizing on functional unimolecular BBPs with well-defined
structures and low D as the nanoreactors, diverse 1D inorganic
plain or core-shell nanorods and nanotubes have been prepared
(Fig. 43a) [12]. With the core-shell cellulose-g-[PAA-b-PS] as the
unimolecular nanoreactor, various plain nanorods with different
various compositions including a single component (i.e., Au and
Ag), two components (e.g., CdSe, Fe;04, PbTe, and TiO, ), and multi-
components (e.g., BaTiO3, NaYF,:Yb/Tm, NaYF4:Yb/Er) have been
readily obtained after a sequential two-step process of loading and
the corresponding reduction or hydrolysis. Au nanotubes soluble in
organic solvents were prepared using cellulose-g-[PS-b-PAA-b-PS]
as a unimolecular nanoreactor under similar conditions (Fig. 43b).
For the cellulose-g-[PS-b-PAA-b-PS] BBP nanoreactor, the inner PS
block was used as the metal-free domain, which was unfavorable
for loading. The outer PS had the same functionality as discussed
above, and the PAA block provided a domain to load the precur-
sor. When a unimolecular template, e.g., cellulose-g-[P4VP-b-PtBA-
b-PS], containing two domains that could load precursors served
as a nanoreactor, core-shell nanorods were prepared (Fig. 43c).
In this case, Au precursors were first anchored to the P4VP do-
main and reduced using tert-butylamine borane to form core Au
nanorods. Subsequently, the middle PtBA block was hydrolyzed or
pyrolyzed into active PAA that loaded the second precursor such
as iron ions or titanium(IV) tetraisopropoxide, thus allowing the
formation of uniform Au@Fe;04 or Au@TiO, core-shell nanorods
capped by PS. The length and diameter of the nanorod or nanotube
were rationally tuned by varying the cellulose intrinsic backbone
and side lengths. The aspect ratio of the 1D Au nanomaterials was
highly dependent on the size, aspect ratio, and shape (e.g., hollow
and core-shell) [405]. Furthermore, when the outer PS block was
changed to hydrophilic PEG via a click reaction, water-soluble 1D
(core-shell) nanorods and nanotubes were readily synthesized.

In addition to the preparation of hybrid 1D nanomaterials with
BBPs as the nanoreactors, these themselves can serve as templates
for fabricating functional materials without hybridization with in-
organic materials. In a literature report, organic nanotubes were
formed owing to their intrinsic structural diversity [236]. BBPs
bearing diblock side chains with cross-linkable corona and degrad-
able core segments self-assembled into cylindrical morphology. Af-
ter cross-linking the corona shell and removing the inner part, or-
ganic nanotubes were obtained [236,268,334]. These organic nan-
otubes showed significant application potential as selective carri-
ers for therapeutic agents and cellular uptake [406]. In an addi-
tional report, BBPs bearing PtBA-b-PS side chains were synthesized
via the “grafting-from” approach. Then, FeCls-catalyzed Friedel-
Crafts reaction was used to cross-link the outer PS blocks on cylin-
drical BBPs. After the in-situ hydrolysis of the resulting porous
functional nanonetwork-structured polymers, 3D porous carbon
materials with enhanced adsorption performance were obtained
[407,408]. In addition, the BBPs can serve as sacrificial domains to
fabricate ordered porous materials with tailored pore sizes [409].
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Linear BCPs can self-assemble into micelles with sizes of approxi- Additionally, the pore size followed a linear relationship with the
mately 2 and 35nm and polymer colloids with sizes of > 100 nm M,, of BBP, and therefore it could be readily manipulated by vary-
[238]. These structures serve as soft templates to fabricate porous ing the MW of the BBPs.

carbon materials. However, a wide gap in the accessible pore sizes

between 35 and 100 nm exists, which limits their widespread us- 5.2. Elastomers

age. BBPs can self-assemble into spherical morphology with uni-

form domain sizes between 15 and 150nm, and these are used BBPs have a major advantage of significantly reduced chain en-
to fill the gap, thereby effectively bridging the meso- and macro- tanglements due to the large volume of the bottlebrush strand,
pores. Watkins and coworkers synthesized block BBCPs, (PNB-g- which leads to a unique viscoelastic behavior compared to that of

PDMS)-b-(PNB-g-PEO), where PEO selectively interacted with the their linear analogs. Additionally, solvent-free BBP elastomers ex-
hydrogen bond donors and PDMS reduced the energy penalties to hibit low shear moduli of 102~103 Pa (discussed in Section 4). This
form high-curvature morphologies [409]. The BBPs formed uniform presents significant opportunities to control the macroscopic per-
spherical morphologies and then served as soft templates to form formances of BBP superelastomers with an unprecedented tenabil-
a hybrid with the phenol-formaldehyde resin. Porous carbons with ity by manipulating the chemical structures [363,410]. BBP-based
pore sizes of 16 -108 nm were readily obtained after carbonization. ultra-soft elastomers with low moduli and high deformability have
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been widely investigated and synthesized by cross-linking the side
chains with a cross-linker during polymerization [161,363,410] or
post-synthesis [411,412]. Even with a low cross-linking density in
the elastomer, it allows the accessibility of entanglements caused
by intermolecular or intramolecular cross-linking. This cross-linked
conformation was clearly verified by the appearance of a rubbery
plateau in the linear scaling of the middle-frequency plateau mod-
ulus [363]. The G’ value increased with an increase in the cross-
linker concentration, but the elastomer exhibited a large deforma-
tion during stretching [363]. To specifically target biomedical soft
materials, PDMS-based BBP elastomers without entanglement were
recently developed. Notably, linear PDMS showed entanglement at
M. of > 10% g mol~!, while the BBP has an M. value of > 107
¢ mol~!1. Thus, entanglement-free elastomer can be readily fab-
ricated by covalently cross-linking the difunctionality-terminated
PDMS cross-linker through hydrosilylation [413] or copolymeriza-
tion [216,414].

However, the cross-linking densities in these systems are dif-
ficult to control, and therefore, the development of a universal
synthetic platform is highly desirable. Beers and coworkers pre-
pared the BBP networks with PBA side chains via the ROMP of
NB-containing macromonomers and cross-linker. ROMP can quan-
titatively polymerize the monomers, and it is thus favorable to
tune the cross-linking density by controlling the feed ratio [415].
With precise control of the ratio, all networks yielded > 90% gel
fractions. The swelling ratio, Q, increased with an increase in the
cross-linking density. Contact adhesion testing demonstrated that
the BBP networks exhibited low shear moduli (G), in the dry state,
and a scaling relationship of G ~ Q17! was established [415].

Although in-situ cross-linking during polymerization with mul-
tifunctional cross-linkers can simultaneously construct a backbone
and connections in a BBP network, the necessity of air-free condi-
tions is unfavorable to analyze BBP molecules before cross-linking.
In addition, the tedious deoxygenation process limits this approach
[416]. Photo-cross-linking provides a possible ex-situ method to
cross-link the BBPs in the bulk state. Photo-cross-linkable bis-
benzophenone cross-linker with PDMS spacer was prepared by
esterification. The benzophenone moiety promoted the promiscu-
ous C-H abstraction to form active radicals and underwent cross-
linking reactions [417]. To extend the scope of telechelic polymers
(i.e., cross-linkers) with reactive benzophenone functionality, a li-
brary of cross-linkers bonded by small-molecule alkyl derivatives
or polymers was synthesized [418]|. Homogeneous BBP components
exhibited entanglement-free relaxation in the viscoelastic behav-
ior before UV irradiation. After UV cross-linking, all BBP networks
exhibited G’ > G”, suggesting a viscoelastic liquid-to-solid transi-
tion during UV exposure. Previous BBP elastomers prepared by in-
situ polymerization exhibited characteristics corresponding to the
phantom network model, where all added cross-linkers were elas-
tically effective. In contrast, the ex-situ photo-cross-linking led to
elastically effective and ineffective cross-links (cross-linked in in-
termolecular BBP) in the BBP elastomers, which showed charac-
teristics consistent with the affine network model [418]. A distinct
phenomenon was observed in the ex-situ photo-cross-linked elas-
tomers; the cross-linking density showed a limited effect on G”
because the pendant chain ends were intact during photo-cross-
linking [418].

The aforementioned BBP networks are cross-linked with nondy-
namic covalent bonds and thus, the traditional approaches do not
allow the self-healing of elastomers, which is vital to mitigate de-
vice damage [419]. Dynamic covalent adaptable networks (CANs)
have been applied in BBP elastomers to tailor their self-healing
performances [420,421]. CANs that maintain constant cross-linking
densities and desirable mechanical properties throughout the ex-
change process are also known as vitrimers [422]. Recently, dy-
namic bond exchange via transesterification catalyzed by Lewis
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acids was applied to the BBP elastomers to obtain soft self-
healing materials [423]. BBPs bearing poly(4-methylcaprolactone)
side chain were synthesized via the “grafting-through” approach
using ROMP. The resulting materials exhibited dynamic stress-
relaxation rates at elevated temperatures due to the transesteri-
fication of dynamic ester bonds with the residual hydroxyl groups
(Fig. 44). The G’ increased with a decrease in the backbone length
or increase in the side chain length. Furthermore, the BBP net-
works exhibited excellent self-healing performances with strains of
up to 350%.

Similar to the BBPs cross-linked via dynamic covalent bonding,
the networks formed by physical bonds in the BBPs typically result
in super-soft elastomers with low moduli, high stretchability, and
distinct strain-stiffening characteristics. Among the various BBP ar-
chitectures, linear-brush-linear triblock copolymers (ABA) with mi-
crophase separation that form physically cross-linked networks,
represent an emerging system for preparing ultrasoft elastomers
[305,364,424-426]. Sheiko and coworkers synthesized linear-brush-
linear copolymers bearing crystalline linear blocks [305]. With an
appropriate side chain length, the crystallization of the linear block
facilitated the formation of reversible physical networks, while the
bottlebrush segment served as a connecter to bridge the crys-
talline phase. The dependency of mechanical properties on the
branch length and grafting density was evaluated [364]. In ad-
dition, a three-step fitting, modeling, and synthesis process was
employed to mimic the biological stress-strain behavior of the
prototypical PDMS-based elastomers [364]. Recently, chameleon-
like elastomers with structural coloration were reported using
linear-brush-linear triblock copolymers (PMMA-bbPDMS-PMMA)
with microphase separation [424]. The rigid crystalline domains
formed by the linear block dispersed in the supersoft bottlebrush
matrix with a low modulus because of the absence of entangle-
ment (Fig. 45a). Characteristic coloration during solvent evapora-
tion originated from the periodic domain induced by microphase
separation (Fig. 45b). The domain was found to transform from
spherical to worm-like morphology with an increase in the PMMA
volume fraction (¢p) (Fig. 45c). The plastomers showed a low
initial moduli and intense strain stiffening with strain extension.
These performances were significantly affected by structural pa-
rameters, such as brush backbone length and ¢, (Figs. 45d and
45e) [424]. The deformation mechanism for the soft-to-firm tran-
sition in the BBP networks is shown in Fig. 45f, which consti-
tutes: (1) the unfolding of bottlebrush filaments, (2) stretching of
backbones inside the brush envelops, and (3) pulling of the linear
chains from the microdomains to create a new interface between
exposed linear block segments and the bottlebrush matrix [427]. In
addition, the elastomer film exhibited a blue shift of color during
stretching due to a decrease in the interdomain distance (d3) [424].
Owing to the initial softness and intrinsic intense strain-stiffening
at large deformations, free-standing and solvent-free elastomers
have been used in dielectric actuators that can prevent the occur-
rence of electrical breakdown [365,428].

5.3. Organic optoelectronic materials

5.3.1. Photonic crystals

PCs have periodic structures with periodicity on the same
length scale as the wavelength of light that forbids light propa-
gation [429]. The simplest structure is periodic alternating layers
with domain sizes larger than 100 nm, where some of the inci-
dent light is reflected. The thickness of each layer dominates the
reflected light peak position. The wavelength of the reflected light
(A) can be predicted from the equation: A =2(ding +dyn,), where
d and n are the domain size and refractive index of each layer, re-
spectively [15]. The self-assembly of linear BCPs provides a promis-
ing approach to fabricate the PCs due to their cost but is lim-
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Fig. 46. (a) Chemical structure of BBCP. (b) The dependency of the wavelength of light on MW of BBCPs. (c) Reflection spectra and (d-g) corresponding cross-sectional SEM
images for the BBCP films under different processing conditions, insets are photographs of the samples. [431], Copyright 2012. Adapted with permission from the National

Academy of Sciences.

ited by the domain size because of relatively low MWs. High-MW
BCPs exhibit high polymer chain entanglements, which severely
impede the generation of ordered morphologies with large sizes.
The BBCPs with ultrahigh MWs can be readily synthesized using
advanced polymerization techniques. In addition, no backbone and
side chain entanglements are observed in the BBCPs even with
ultrahigh MWs, benefiting from the intrinsic cylindrical morphol-
ogy with densely-grafted side chains [15]. Both these virtues pro-
mote the rapid self-assembly of the BBCPs into large ordered struc-
tures that strongly reflects in the visible spectrum without suffer-
ing from kinetic barriers during the reorganization.

Bowden and coworkers first demonstrated the fabrication of
large domain sizes and ordered films that exhibited visible color
using comb-like BCPs [430]. Thereafter, Grubbs and coworkers sys-
tematically investigated the effects of chemical structure, compo-
nent, solvent quality, and processing conditions on the photonic
properties of the assembled BBCPs [278,279,431-433]. They syn-
thesized a set of PNB-based BBCPs bearing PS and PLA brushes
with identical side chain lengths via the “grafting-through” ap-
proach (Fig. 46a) [431]. The peak wavelength of reflection is pro-
portional to the M, of the BBCP owing to an increase in the
thickness. A broad range from visible light across ultraviolet (UV)
to near-infrared (NIR) was readily achieved with increasing MWs
(Fig. 46b). Therefore, the main chain and side chain lengths of the
BBCPs have been used to manipulate the wavelength of the re-
flected light [230,283]. This was consistent with the redshift ob-
served in the solvent-swollen BBCP films [430]. By employing dif-
ferent solvents for film casting, different reflection colors from blue
(dichloromethane, DCM) to green (THF) were observed. THF shows
good solubility for the BBPs and low volatility, which can afford
larger and better ordered domains than those obtained with DCM
(Figs. 46¢-46g). Thermal annealing and direct hot pressing of the
polymer powders under compression promoted the formation of
well-ordered lamellae with long-wavelength reflection [431,434].
Moreover, the rigid-rod, helical polyisocyanate side chain was also

2

incorporated to facilitate the rapid self-assembly of the BBCPs with
uniform lamellar structures, and these exhibited a controllable re-
flecting light with fast self-assembly [278]. Notably, the introduc-
tion of dendronized side chains significantly narrowed bandwidths
of the PCs [432]. Recently, BBCPs bearing the crystalline polyhedral
oligomeric silsesquioxane (POSS) moiety in one side chain were
synthesized via the “grafting-through” approach. The POSS pen-
dants in the BBCPs played a critical role in microphase separation.
In addition, these promoted the formation of structural colors with
extremely narrow bandwidths of high intensities [435].

Although BBCP has been extensively used to prepare the PCs,
BBCPs with specific MWs are needed to reflect the target wave-
lengths of light. Similar to the linear BCPs, the blends of BBCPs
with different MWs can adopt similar conforming morphologies
with large domain sizes. Tuning of the weight fractions of two
the BBCPs with high and low MWs facilitated the formation of
uniform self-assembled domains that could reflect the light wave-
lengths ranging from the visible spectrum to NIR [279]. In addition,
the peak reflection showed a linear relationship with the composi-
tion content. To manipulate the photonic bandgap in the telecom-
munication regime (A ~ 1200-1650 nm), low-MW linear polymers
were blended with the block BBCPs. The result was consistent with
that of blending two different BBCPs because of the swelling of
the lamellar periodicity. The linear polymers dispersed in the side-
chain domain of the BBCPs with identical compositions and ex-
panded the domain size [433]. Wavelengths of up to ~1410nm
were readily achieved by increasing the linear polymer amount.
Additionally, the functional groups on linear polymers have been
used to dynamically manipulate the optical properties of the BBCP
films, [433] but the functional groups (hydrogen bonding) nega-
tively affect the ability of the BBCPs to form ordered arrays [436].
Furthermore, inorganic nanoparticles (NPs) such as gold, ZrO,, and
CdSe NPs have been introduced into the ordered domains of the
BBCP films. The optical performances were tuned by regulating the
loading [437-439] or refractive index contrast [437,440] of the NPs.
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The film geometry has been extensively investigated to deter-
mine the photonic properties of the BBCPs in prior researches. Re-
cently, the preparation of photonic pigment particles was achieved
by the self-assembly of BBCPs in confined emulsion micro-
droplets using a flow-focusing microfluidic device [287,441]. In the
monodisperse monochromatic microdroplets suspended in water,
poly(vinyl alcohol) acted as the aqueous surfactant and BBCPs in
chloroform as the droplets. The structural coloration was attributed
to the formation of highly ordered concentric lamellae upon sol-
vent evaporation [441]. Additionally, the bright colors of the indi-
vidual microspheres showed a structural change from blue to red
upon varying the backbone lengths of the BBCPs. The color reflec-
tion was further varied by changing the weight ratio between the
two different BBCPs in the microdroplets [441]. Dendronized bot-
tlebrush block copolymers (den-BBCPs) assembled into striped el-
lipsoids by the precise modulation of interfacial properties [287].
The highly ordered axially stacked lamellae within an ellipsoid
afforded near-perfect PCs with reflection wavelength across the
entire visible spectrum. Moreover, when Fe304 NPs were incor-
porated into the ellipsoid, these exhibited particle orientation-
dependent photonic behavior [287]. To expand the industrial rel-
evance of the PCs, a rapid, scalable, and highly customizable 3D
printing technology was used to print complex BBCP PC patterns
with tunable structural colors [442].

5.3.2. Organic electronic materials

To mimic the energy- and electron-transfer processes in the
light-harvesting systems, chromophores were incorporated into
cylinder-shaped BBPs [443,444]. Long-range exciton transport
along the 1D objects played a critical role in light-harvesting and
optoelectronic devices [445,446]. P3HT is among the most exten-
sively used organic semiconducting polymers in the organic field-
effect transistor (OFET) and organic photovoltaic devices [447-449].
The charge carrier mobility in OFET is highly dependent on the
MW of linear P3HT [449]. Thelakkat and coworkers synthesized a
BBP, PS-g-P3HT, with variable side chain lengths via the “grafting-
to” approach [450]. BBPs with short side chain lengths exhibited
an amorphous phase and poor electronic properties. Charge carrier
mobility increased by five orders of magnitude with an increase in
the side chain length because of the crystalline lamellar structure
formations. Furthermore, conjugated side chains in the BBPs have
also been used to manipulate the dielectric response [451].

To construct 1D nanoobjects with the structures of phospho-
rescent OLEDs on single macromolecules, Hudson and coworkers
synthesized block BBCPs bearing organic semiconductor moieties.
The segments in the BBCPs acted as emissive layer (EML), hole-
transport layer (HTL), and electron-transport layer (ETL), which
were typically observed in the OLEDs [265,452]. In addition, the
BBCP bearing discrete p- and n-type semiconductor side chains
was used to mimic the structure of the diode structures, and these
could achieve ambipolar charge transport [265]. Thereafter, triblock
BBCP was synthesized as an optoelectronic material with each
block containing the representative materials used in the OLEDs:
HTL, ETL, and a two-component EML (e.g., IrPPY) (Figs. 47a-47c).
This material showed bright green phosphorescence and reversible
reduction and oxidation. In addition, the matched energy levels of
each block in the BBCP promoted the charge transport of donors
(D) and acceptors (A) along a non-conjugated backbone to the cen-
tral active block [265]. To further investigate charge transfer at
the nanoscopic interface between the D and A segments in the
BBCPs, i.e., through-space charge transfer (TSCT) effect, homopoly-
mer BBP ACRTRZ150-BB, miktoarm BBP ACR75-co-TRZ75-BB, and
diblock BBCP ACR75-b-TRZ75-BB were synthesized (Fig. 20) [10].
Miktoarm BBP, ACR75-co-TRZ75-BB, showed fluorescent emission
in both the monodispersed and powder states due to the blocking
of TSCT. Conversely, ACRTRZ150-BB and ACR75-b-TRZ75-BB exhib-
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Fig. 47. (a) Schematic illustration, (b) energy level diagram and (c) cyclic voltam-
mogram for triblock BBCPs. [265], Copyright 2018. (d) Aggregation-induced space
charge transfer mechanism and corresponding fluorescence emission of miktoarm
BBP ACR75-co-TRZ75-BB. [10], Copyright 2019. (e) Aggregation-induced energy
transfer processes and fluorescence emission of diblock BBCP. [22], Copyright 2019.
All adapted with permission from the American Chemical Society.

ited no fluorescence in solution and red-shifting fluorescent emis-
sion in the solid state because of the TSCT effect (Fig. 47e). Addi-
tionally, thermally activated delayed fluorescence was further en-
hanced by activating the TSCT effect induced by the aggregation of
the nanofibers into a globular form in the solution [10,453].

Recently, multiple organic semiconductors have been intro-
duced into the BBPs to tune the fluorescence resonance energy
transfer (FRET) by varying the distance between the donor and ac-
ceptor segments via a variation of the chain length [50]. Thereafter,
to regulate the energy transfer processes in the BBCP nanofibers,
chromophores with red, green, and blue luminescence were in-
corporated into the discrete blocks along the BBCP backbones
(Fig. 47e) [22]. In a good solvent, the BBCP solution exhibited a
strong blue fluorescence. By increasing the nonsolvent in the sys-
tem, BBCPs began to collapse, initiating the formation of small
aggregates and the color change due to an increase in the FRET
rate. Energy transfer among the intermolecular and intramolecular
side chains was significantly enhanced during the self-assembly of
the BBCP. The aggregation induced the fluorescence transition from
blue to red in a solution, and this phenomenon was used for fluo-
rescent sensing. Furthermore, the pentablock BBCP containing ETL,
HTL, and red-, green-, and blue-emissive segments was prepared
to mimic the white OLED device [22].

5.4. Energy storage

As previously mentioned, BBPs can act as templates to prepare
organic 1D nanomaterials. The cross-linking of the outer shells
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of the BBPs can enhance the cylindrical shape during the trans-
fer process for characterization [454]. PAN is a widely used poly-
meric precursor for the preparation of carbon fibers and has been
used as a nitrogen-doping source to increase electrocatalysis per-
formances [455]. Recently, BBPs bearing PBA-b-PAN brushes were
prepared by ATRP. Thereafter, porous nitrogen-doped carbon mate-
rial was obtained after two-step carbonization at elevated temper-
ature [456]. With an increase in the outer PAN lengths, the specific
surface area gradually increased and accompanied by an increase
in the mesopore size from 4.3 to 6.8 nm. Nitrogen-doped carbon
materials have been extensively used for electrocatalysis such as
oxygen reduction reaction (ORR) in alkaline and acid electrolytes
[457]. The N-doped carbon exhibits excellent ORR performance
with an onset over potential at 0.87V via efficient 4e-transfer pro-
cess [456]. As discussed above, the BBPs can self-assemble into a
spherical morphology and have been used to fabricate porous car-
bons with hierarchical pores generated through template degrada-
tion. The interconnectivity of the porous structure with enhanced
SSA makes these promising candidates for supercapacitor appli-
cations. These exhibited excellent performances as supercapacitor
electrodes with capacitances of up to 254 F/g [409]. The porous
nanonetwork-structured carbons obtained via the carbonization of
porous functional nanonetwork-structured polymers, demonstrated
excellent electrochemical performances in lithium-sulfur batteries
[24].

Recently, our research group synthesized a hydrophilic brush-
like polymer, HPC-g-PAA, with hydroxypropyl cellulose (HPC) as
the backbone via ATRP [458]. Then, the precursors were loaded on
PAA blocks owing to the strong coordinative interaction of the acid
groups [459]. The SnO, nanoparticles were formed in-situ after the
hydrothermal reaction. As PAA compartments were discretely an-
chored along the cellulose backbone, the corn-on-the-cob nanos-
tructures were obtained with loosely grafted BBPs. Thereafter, the
polydopamine (PDA) layer was covered on the SnO, nanoparticles
by a simple polymerization of dopamine, which could suppress the
formation of solid-electrolyte interphase layer. PDA-coated SnO,
in lithium-ion batteries afforded a better long-term stability and
higher capacity in the entire cycle life.

Solid polymer electrolyte (SPE) has promising potential in re-
placing liquid electrolytes as it can suppress the growth of lithium
dendrite [460]. Ideal polymer electrolytes should have a high frac-
tion of heteroatoms (such as oxygen) to promote salt dissociation,
and a low T; to increase the segment mobility and ion transport
[461]. PEO has been extensively studied because of its excellent
ability to form complexes with alkali metal salts [462,463]. No-
tably, high-MW PEO increases the coordinated Li™ content and
ionic conductivity. However, high MW increases the crystallinity,
which has a negative effect on the conductivity [463,464]. Dur-
ing the breaking/forming of Li-O bonds in the Li-PEO complex, the
transportation of Li* occurs in intrachain and/or interchain hop-
ping [462]. Interchain hopping is difficult to achieve because of
the severe entanglement of long PEO chains. The BBPs can at-
tain high MWs without entanglement, which afford high ion con-
ductivity due to the facilitation of intrachain Li* hopping. Short
PEO side chains can afford high Li* mobility as the avoidance of
the center-of-mass motion can be prevented [463]. Recently, BBPs
grafted with PEO side chains were synthesized and coordinated to
the lithium salt to fabricate polymer electrolytes [464-467]. BBP-
based polymer electrolytes displayed excellent ionic conductivities
and higher thermal stabilities. However, PEO crystallinity remained
an issue in these polymer electrolytes. Recently, well-defined BBPs
bearing densely-grafted PEO side chains were synthesized via the
ATRP of PEGMA. After hydrolysis with TFA, the exposed acid
groups anchored on the backbone reacted with Li* to yield brush
polymer electrolytes with single-ion structures (Fig. 48a) [23]. In
addition, this single-ion polymer electrolyte could prevent the se-
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vere concentration polarization and capacity loss arising from the
accumulation of anions. Therefore, the acid groups anchored on the
BBP backbone promoted the transport of Li+ and improved the Li*-
ion transference number. The resulting SPE displayed high poten-
tial for application in lithium-ion batteries with high capacities and
excellent cycle performances (Figs. 48b and 48c).

5.5. Other applications

5.5.1. Biomedical applications

Various micelles of different sizes have been obtained dur-
ing the self-assembly of the BBPs. In addition, the sizes of the
spherical micelles are larger than those of their linear amphiphilic
analogs, and functionalities can be anchored on the side chains.
BBPs have been extensively used in the biological fields (e.g., drug
delivery, fluorescence imaging, and biodetection). Recently, acid
activatable supramolecular nanodrugs (DOM@DOX) based on the
polysaccharide-containing BBPs were prepared through a two-step
polymerization (Fig. 49) [347]. BBP contained diblock copolymer
side chain, in which the hydrophobic anticancer drug doxoru-
bicin (DOX) was conjugated with the hydrazine bonds. The hy-
drophilic POEGMA block in combination with hydrophilic dextran
endowed the BBPs with amphipathicity, resulting in self-assembly
in aqueous solution. In addition, BBPs-based micelles provided
steric shielding for the loaded drugs because of the densely-grafted
side chains. Furthermore, the shielding POEGMA layer enhanced
the solubility and stability of prodrugs in blood. The DOM@DOX
micelles were then entered into the cells via the enhanced per-
meability and retention (EPR) effect. In the acidic tumor cells, the
nanodrugs are released from the brush-based spherical micelles
due to the pH-sensitive decomposition of hydrazine bonds in the
acidic endo/lysosomal microenvironment (Fig. 49). The DOM@DOX
prodrug exhibited excellent intratumoral permeability and signifi-
cant tumor suppression efficiency.

The cylindrical nanostructures exhibited longer residence times
in the body than those of the spherical micelles of equivalent MWs
[468]. The polymer chains adopted random-coil conformations that
rendered bioactive moieties inaccessible toward the biologically ac-
tive sites. The effect of shape anisotropy on drug delivery capa-
bility was recently explored using BBPs with different topologies,
which were easily obtained by varying the backbone lengths of the
BBPs with identical side chains [469]. Rod-like micelles exhibited
preferential association and penetration into the multicellular tu-
mor spheroids. Thus, the performance of the drug carrier systems
was readily manipulated by controlling the structural parameters
[469]. Core-shell worm-like BBPs with carriers loaded into their
cores through hydrophobic interactions were employed for drug
delivery [470,471]. Moreover, the BBPs were used for magnetic res-
onance imaging (MRI) and fluorescence imaging, [361,472] as well
as electrochemiluminescence detection of proteins with high sen-
sitivity [211,473]. Notably, paramagnetic nitroxides have been ex-
tensively explored as “organic radical contrast agents” (ORCAs) for
MRI due to their minimal toxicity and diamagnetic property in-
duced by physiological reducing agents [474]. However, they suf-
fer from low relaxivity and fast reduction. BBP-based ORCAs could
overcome these limitations because they have dense side chains
that could carry multiple nitroxides and impede the diffusion
of reducant to the reactive sites. For instance, redox-responsive
branched-bottlebrush copolymer NPs (ORCAFluors) were synthe-
sized via ROMP of NB-terminated branched macromonomers bear-
ing reduction-resistant spirocyclohexyl nitroxide and Cy5.5. These
materials showed enhanced MRI and NIR fluorophore for optical
imaging [361]. Furthermore, DNA can be readily grafted onto BBPs
via click reactions under mild conditions. The dense array of DNA
on BBPs could prevent the dissociation of the intercalating dyes.
Nonetheless, the DNA duplex bristles on the BBP simultaneously
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maintained their intrinsic ability to undergo strand hybridization
and enzymatic degradation owing to the stretched side chain con-
formations [122,212].

5.5.2. Surfactants

Macromolecules bearing both hydrophilic and hydrophobic
parts resemble small molecular surfactants and are generally
known as polymeric surfactants [475]. Amphiphilic double-brush
diblock and symmetrical triblock copolymers containing hy-
drophilic PEO and hydrophobic PS side chains have been used
as “giant surfactants” [475]. Janus BBPs bearing a hydrophilic
PEO branch and hydrophobic PLA or PS branch on each repeat-
ing unit could stabilize the biphasic emulsion droplet [185,476].
This was because numerous amphiphilic segments were covalently
bonded together to form a robust individual macromolecular sur-
factant that withstood high interfacial tension. When it was added
into a water-oil (W/0) system, the resulting miniemulsions exhib-
ited remarkably enhanced stability [185]. The surfactants on the
miniemulsion surfaces were further used for crosslinking or poly-
merization [158,476]. Recently, it was reported that random BBPs
containing hydrophilic PEO and hydrophobic PBA grafts with con-
trolled dimensions could serve as surfactants to stabilize the emul-
sions at extremely low concentrations (0.005wt %) [477]. Further-
more, the heterografted BBP surfactants showed enhanced adsorp-
tion on the interfaces and higher emulsifying efficiency compared
to those of the diblock analogs [477].

5.5.3. Antifouling

Healthcare-associated infection is a major public health is-
sue. This situation is more severe in 2020 because of the world-
wide outbreak of coronavirus disease (COVID-19). The COVID-19 is
caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and affects the immune system of the body [478]. In addi-
tion, the virus is stable for several hours to days in aerosols and on
surfaces such as plastic, stainless steel, and cardboard [478]. There-
fore, it is urgent to prevent nonspecific microorganism absorp-
tion on surfaces. Protein-repelling polymers such as PEG, polysar-
cosine, and zwitterionic polymers have been extensively used to
decrease bacterial adhesion owing to their excellent antifouling
properties [479]. BBPs bearing poly(2-oxazoline) [480] and antimi-
crobial peptide [479,481] side chains have been anchored on dif-
ferent substrates with excellent antimicrobial activities. However,
the BBPs are covalently grafted onto the surfaces with their back-
bones, which limit the antifouling events due to the limited load-
ing of the BBPs. Spin-coating an amphiphilic polymer film onto a
substrate is the most convenient and scalable strategy to enhance
the antifouling efficiency of the surface. Amphiphilic BBPs can in-
crease the biofouling efficiency, because the hydrophilic side chains
prevent the proteins from penetrating the substrate surface and
the hydrophobic side chains show low interfacial energy with pro-
teins and excellent fouling release properties [482]. Furthermore,
the side chains were densely grafted onto the backbone, which
assisted in resisting the protein adsorption. Janus-like asymmetric
BBPs bearing PS and PEO side chains with low protein adsorption
and excellent HaCaT cell inhibition were prepared, and BBPs with
long PEO and short PS side chains showed better antifouling prop-
erties [482]. Fluorinated polymers have low surface energies and
have been incorporated into the BBPs to replace the hydropho-
bic PS side chains via a facile one-pot strategy [110,483-485]. The
fluorinated Janus BBP film showed significantly better antifouling
properties in comparison to those of the non-fluoropolymers. Ad-
ditionally, consistent with the prior report, long PEO side chains af-
forded enhanced antifouling property [484]. Notably, the introduc-
tion of organic cations into the side chains endowed the BBP films
with antimicrobial properties [481,486-488]. Inspired by lubricin
(LUB), linear-brush-linear BBCPs bearing quaternized PDMAEMA
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coil blocks and polyzwitterionic branches were prepared [488]. The
charged coil blocks were used to increase the adsorption and sta-
bility via electrostatic interactions, while the neutral middle brush
improved their antiadhesive properties and biocompatibility. The
LUB-inspired BBPs exhibited superior antifouling properties and
slow adsorption rates for proteins and bacteria [488].

6. Conclusion and outlook

Bottlebrush polymers are an appealing class of polymers
with nonlinear architectures. They are high-MW polymers be-
cause of the densely-grafted branches along the linear backbone.
With the development of advanced polymerization techniques,
researchers have synthesized cylindrical BBPs with diverse sub-
architectures (e.g., block, random, double-brush, Janus, core-shell,
brush-linear, linear-brush-linear, and brush-on-brush BBPs) us-
ing different strategies (i.e., grafting-from, grafting-through, and
grafting-to methods). Such unique architectures render the BBPs
to adopt extended cylindrical shape due to the steric repulsions
among the adjacent densely-grafted branches. The steric repul-
sion also imparts a peculiar nonoverlapping characteristic of the
side chains, thus governing the viscoelastic properties and align-
ment of BBPs in both the solution and bulk states. By manipu-
lating the chemical structures, compositions, and solvent quality,
the resulting BBPs can self-assemble into diverse hierarchical archi-
tectures (i.e., spherical, worm- or rod-like, lamellar structure, etc.)
with rapid self-assembly behaviors, particularly, in the bulk state.
In addition, the BBPs exhibit high crystal nucleation but retarded
crystal growth ability due to the external backbone constraint. Fur-
thermore, BBPs demonstrate excellent rheological and mechanical
performances with low shear moduli because of the absence of
entanglements. The ability to tune self-assembled structures and
length scales over a wide range while maintaining their excellent
melt processability affords BBPs with an array of applications, in-
cluding as supersoft elastomers, organic optoelectronic materials,
templates for preparing 1D nanomaterials, and energy storage and
biomedical materials. It is also notable that the conformation of
BBPs can be readily tailored by tuning the backbone and side chain
lengths, grafting density, and the number of side chains per repeat-
ing unit. Furthermore, smart materials triggered by external stimuli
(e.g. temperature, light, pH, etc.) have been achieved by introduc-
ing stimuli-responsive moieties in the backbones or side chains.

Despite many effective strategies (particularly CRPs and ROMP
methods) have been extensively developed to synthesize BBPs of
interest, some challenges remain in the synthesis of BBPs with
completely controlled architectures. Accomplishing these objectives
can afford state-of-the-art BBP-based materials with hierarchical
structures.

(a) Controllability of grafting density in BBPs. “Grafting-from”
and “grafting-to” approaches afford limited control over
the grafting density due to the steric hindrance from the
densely-grafted side chains. Some strategies have been ex-
ploited to increase the grafting densities (its value is the
same as initiation efficiency in the “grafting-from” approach)
of the BBPs, which are listed as follows. The first strat-
egy includes an increase in the concentration of CullX or
a decrease in the monomer concentration during ATRP in
the “grafting-from” approach. Second, the addition of CTA-
shuttles (i.e., free CTAs) to tune the radical concentration
in the RAFT polymerization with the “grafting-from” ap-
proach. Third, grafting alkynyl-terminated side chain with
multi brushes (e.g., dendrons) and performing several graft-
ing reactions in the “grafting-to” approach. Fourth, employ-
ing brush-on-brush BBPs with densely-grafted side chains
that introduce secondary conformations. However, achieving
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100% grafting density for all types of polymeric side chains
remains challenging, leading to loosely packed conforma-
tions that may affect the rheological and mechanical proper-
ties of the BBPs. A preferred method to increase the grafting
density is increasing the spacing among the adjacent side
chains with suitable backbone repeating unit length.

(b) Preparation of BBPs with long backbones via the “grafting-

through” method. The backbone length of a BBP plays
a critical role in forming a cylindrical shape. It is chal-
lenging to prepare BBPs with long backbones via the
“grafting-through” approach because of severe steric hin-
drance around the propagating sites. To obtain backbones
via the “grafting-through” approach, introducing long and
flexible spacers between the side chains and polymerizable
end groups or using highly active catalysts are the pre-
ferred strategies. In addition, applying high pressure can in-
crease the propagation rate coefficient and ATRP equilibrium
constant, which increases the backbone length. Further-
more, by increasing the solubilities of the macromonomers
and BBPs, forming micelles for macromonomers, and using
macromonomer pairs with electron-donating (vinyl benzyl-
based macromonomers) and electron-accepting polymeriz-
able end-groups, the backbone length can be increased by
enhancing the local propagation ability. It is necessary to de-
velop a universal methodology to prepare BBPs with high DP
via the “grafting-through” approach.

(c) Simplicity of the synthetic method. Most previous strate-

gies involve tedious multistep synthesis (e.g., purifying
intermediate macromonomers and macroinitiators) and/or
post-processing of metal catalysts with chromatographic
column. Newly emerging strategies that are simple as
well as time- and cost-effective should be widely em-
ployed in the BBPs synthesis in the future. Potential meth-
ods include (i) photo-mediated RAFT polymerizations, (ii)
electrochemically-mediated CRP, (iii) enzyme-catalyzed poly-
merization or click reactions, and (IV) programmable flow
chemistry methodologies. These emerging reactions can be
implemented under mild conditions with ppm-level cata-
lysts (e.g., electrochemically-mediated CRP) or without any
catalyst (e.g., photo-mediated RAFT polymerization). In ad-
dition, enzyme catalysts are biocompatible and easy to
be removed by filtration after polymerization. Furthermore,
photo-mediated RAFT polymerization and programmable
flow reaction have been applied to synthesize BBPs with
well-controlled structures in one pot without separation
processes of intermediates. The fourth methodology is a
scalable synthetic strategy to manipulate polymer synthe-
sis via a computer-controlled flow reactor system without
involving any tedious separation process. This method is
also superior for preparing new materials in both academia
and industry because it can allow the control of the poly-
mer architecture (e.g., shape and size controlled by the se-
quence of macromonomers) and is compatible with various
chemistries.

(d) Preparation of BBPs with aerobic radical polymerization.

Current advanced polymerization techniques (e.g., CRPs and
living anionic/cationic polymerization) for preparing BBPs
require strict anoxic and thermal conditions prior to initi-
ation because of the oxygen sensitivity of the living end
groups. External purging steps (e.g., bubbling with N, or
degassing via freeze-pump-thaw cycle) are needed for de-
oxygenation before polymerization. This significantly limits
their widespread implementation on large scales. Therefore,
it is highly desirable to develop a versatile technique for the
preparation of BBPs with high oxygen tolerance. Recently,
oxidation using glucose oxidase (GOx) [489] and microbial
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metabolism [490] have been applied in ATRP and/or RAFT
polymerization to rapidly deplete the dissolved oxygen for
preparing linear polymers at room temperature. These in-
situ oxygen scrubbing techniques can also be used to pre-
pare BBPs and address deoxygenation issues in the BBP syn-
thesis. Such a breakthrough can expand the implementation
of BBPs to other fields, and render the development of mi-
crobial metabolism-mediated radical polymerization.

(e) Metal-free synthesis of BBPs. Most of the current techniques
for synthesizing BBPs necessitate the use of metal cata-
lysts to promote the reaction. The metal contamination of
the polymers hinders their application in bio-related areas
and optoelectronic devices. Therefore, metal-free CRPs and
click reactions are highly desirable to synthesize BBPs with
controlled architectures and MWs. This can eliminate metal
contamination in the traditional systems and expand the ap-
plications of BBPs in biomedical fields.

(f) Sustainable BBPs. The most widely studied BBPs are based
on the PNB or polyacrylate backbone obtained from petro-
chemical resources. The backbone containing the C-C cova-
lent bond is difficult to degrade under natural conditions. In
addition, the usage of petrochemical resources increases car-
bon emissions and deteriorates the petroleum crisis. From
the standpoint of a sustainable economy, biodegradable and
biocompatible polypeptide-, PLA-, and cellulose-based BBPs
should be developed to expand the diversity of the proper-
ties of BBPs.

The structure-property relationship of the BBPs has been sum-
marized to guide the molecular design for various applications.
Highly tunable properties and widespread applications of BBPs
with different sub-architectures should be explored in the follow-
ing emerging areas.

(i) Nanoreactor-directed fabrication of nanomaterials with
other 1D morphologies and functionalities. Inspired by the
nanoreactor functionality and diverse architectures of the
BBPs, different inorganic compositions should be introduced
into one molecular brush. Suitable Janus BBPs or diblock
BBCPs can provide two different compartmentalized do-
mains on the opposite sides or opposite directions (back-
bone parts) of the backbone, respectively [491]. Such an
asymmetric architecture can be used to sequentially grow
two different compositions within one structure, for exam-
ple, one composition for the hydrogen evolution reaction
and the other composition for the oxygen evolution reac-
tion. Thus, 1D hybrid nanomaterial as an electrocatalyst for
the overall water splitting can be achieved within one ma-
terial [492]. In addition, stimuli-responsive inorganic nano-
materials can be readily prepared using BBP templates that
bear responsive-polymer chains on their outer blocks and
the properties of the obtained nanomaterials can be tuned
by environmental triggers (e.g., temperature, pH, light, etc.).
Furthermore, the surfaces of the 1D nanomaterials are per-
manently ligated by polymer chains, which can direct the
formation of the colloidal assembly into monolayers with
superlattice structures on the solution surfaces. Notably,
cylindrical micelles have been used as sacrificial templates
for the preparation of mesoporous 2D conducting polymer
monolayer nanosheets, where the micelles are prepared us-
ing linear BCPs [493]. However, the micelle size is difficult
to control. BBPs have intrinsic cylindrical shapes that allow
these to be readily assembled on the nanosheet surfaces and
used as sacrificial templates for preparing mesoporous 2D
conductive polymer nanosheets or mesoporous 2D carbon
nanosheets. Chiral functional materials, particularly, the chi-
ral perovskite materials with optoelectronic performances,
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have emerged as promising materials for high-performance
optoelectronic devices [494]. When chiral BBPs (such as chi-
ral polypeptide-based BBPs) act as templates, hybrid chiral
perovskite nanocrystals can be readily obtained via a facile
and rapid coprecipitation reaction. The hairy polymer chains
on the perovskite nanocrystal surface can enhance its stabil-
ity to moisture and light [380].

(ii) Self-assembly of BBCPs in confined geometries. A confined
geometry affords good controllability for the self-assembly
of polymers with well-ordered structures. Self-assembly of
BBCPs in confined emulsified microdroplets can result in
concentric lamellae PCs, yet the self-assembly of BBPs in
other confined geometries has not been investigated. The
self-assembly of brush-linear BBPs confined in a cylinder-
on-flat or wedge-on-flat geometry with CESA resulted in the
formation of lamellar nanodomains within the thin stripes
[292,293]. However, the size of the nanodomain in the stripe
was < 100 nm. When thick stripes were prepared with con-
centrated BBCP solution, a lamellar structure with a domain
size > 100nm was formed within the stripes and color-
ful reflected light could be observed in the stripes [495].
Meniscus-assisted self-assembly (MASA) is another confined
geometry that can be used to tune the self-assembly of the
BBPs. The MASA approach is implemented by constraining
the evaporation of the polymer solution between two al-
most parallel plates. The upper blade is fixed, while the
lower movable substrate is controlled by a computer pro-
gram in the stop-and-move mode motion [326,496,497].
Thick stripes will show different colors when their domain
sizes (> 100nm) are altered. When printing the stripes in
different directions for the multilayers, the patterns with
structural color will be achieved via the MASA approach
with the BBCPs, which is similar to the recently reported 3D
printing PCs [442].

(iii) Quantification of the rheological properties of BBPs. BBPs
have distinct rheological properties compared to those of
the linear polymers. The equations used to quantify their
rheological properties vary based on different models (such
as the dependency of plateau modulus on the MWs of the
BBPs). The quantification of the effects of chemical compo-
sition and structure parameters on the conformation as well
as rheological and mechanical performances of BBPs using
common methods such as the scaling analysis of relaxation
times remains challenging. It is highly desirable to develop a
universal model to quantify the rheological properties based
on the experimental data obtained from the BBPs prepared
via the “grafting-through” approach. In addition, most of
the rheological studies are based on the polyacrylate-based
BBPs, while polyolefin materials are commercially viable and
used in society. Therefore, quantifying the rheological prop-
erties of polyolefin-based bottlebrush polymeric materials
can be beneficial in diverse applications such as self-healing
wearable devices.

(iv) Energy and electron transport in 1D nanomaterials. Pre-
vious studies on the charge or electron transfer are based
on the BBPs with worm-like or star-like (short backbone
length) morphologies. Long-range energy and electron trans-
port along with the rigid 1D or all conjugated BBPs (both
backbone and side chains are conjugated) can be examined
using precisely designed BBPs. Understanding the mecha-
nism of energy and charge transport in the BBPs can be ben-
eficial for the rational design of BBPs with desirable optical
and electronic properties. In addition, the BBP-based poly-
mer electrolytes described in prior studies have short back-
bones because of the intrinsic steric effects of the inimers.
Therefore, additional studies are needed to scrutinize the
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transport of Li* ions in BBP-based polymer electrolytes with
long backbone.

Other potential applications of Janus BBPs. To date, Janus
BBPs have only been used in a limited number of appli-
cations (e.g. surfactants and coatings); however, as most of
the coatings are physically adsorbed on the substrates, the
coating layer is not stable and easily rinsed away, which
severely limits their potential applications. Therefore, ad-
ditional potential applications of Janus BBPs remain to be
explored. Janus BBPs possess two different properties (e.g.,
hydrophilicity/hydrophobicity and positive/negative charges)
in one object. For example, silsesquioxane precursors incor-
porated in one side block of the Janus BBPs can be co-
valently grafted onto the substrates. The other block can
be judiciously selected to provide the desired functionality.
For instance, pH-, thermal-, light-, or salt-responsive poly-
meric brushes can be transferred from hydrophobic into hy-
drophilic coating under external triggers. When fluorinated
polymers are located on the opposite side, anti-fog and oil-
repellent coating can be achieved, while the incorporation
of positive charges in the opposite side chains can afford
antifouling and antibacterial properties. In addition, Janus
membranes have been used as an emerging class of mate-
rials for oil/water separation, and have been fabricated by
the sequential casting of two composites, followed by the
cross-linking of the two layers or asymmetric decoration of
the surfaces; however, these two methods are tedious [498].
Cross-linked Janus BBPs with hydrophilicity/hydrophobicity
or positive/negative charges on the opposite side chains can
be readily utilized to construct a Janus membrane due to
the phase separation among the opposite side chains. Fur-
thermore, Janus BBPs bearing immiscible side chains can
serve as compatibilizers to bind the immiscible phases in
the polymer composites and enhance the performances of
the blends. This strategy of using Janus BBP as a binder can
be extended to other multiphasic devices/mixtures such as
solar cells, LEDs, and OFET. Janus BBPs bearing PDMS side
chains can serve as excellent matrices for fabricating ther-
mal and electrical conducting materials because of their ex-
cellent resistance against air and moisture arising from the
densely-grafted side chains.

v)

The recent advances in BBPs in terms of their controlled syn-
thesis, self-assembly, and beneficial properties for various appli-
cations have been highlighted in this review. Despite the remain-
ing challenges, BBPs are unique nonlinear polymers that have been
widely studied and exhibit many remarkable properties that are
different from those of the other polymers. As BBPs are in their
initial stages of development, these are expected to have untapped
potential applications and opportunities considering their diverse
sub-architectures.
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