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ABSTRACT: The past several decades have witnessed substantial advances in synthesis
and self-assembly of inorganic nanocrystals (NCs) due largely to their size- and shape-
dependent properties for use in optics, optoelectronics, catalysis, energy conversion and
storage, nanotechnology, and biomedical applications. Among various routes to NCs, the
nonlinear block copolymer (BCP) nanoreactor technique has recently emerged as a
general yet robust strategy for crafting a rich diversity of NCs of interest with precisely
controlled dimensions, compositions, architectures, and surface chemistry. It is notable
that nonlinear BCPs are unimolecular micelles, where each block copolymer arm of
nonlinear BCP is covalently connected to a central core or polymer backbone. As such,
their structures are static and stable, representing a class of functional polymers with
complex architecture for directing the synthesis of NCs. In this review, recent progress in
synthesizing NCs by capitalizing on two sets of nonlinear BCPs as nanoreactors are
discussed. They are star-shaped BCPs for producing 0D spherical nanoparticles, including
plain, hollow, and core−shell nanoparticles, and bottlebrush-like BCPs for creating 1D
plain and core/shell nanorods (and nanowires) as well as nanotubes. As the surface of these NCs is intimately tethered with
the outer blocks of nonlinear BCPs used, they can thus be regarded as polymer-ligated NCs (i.e., hairy NCs). First, the rational
design and synthesis of nonlinear BCPs via controlled/living radical polymerizations is introduced. Subsequently, their use as
the NC-directing nanoreactors to yield monodisperse nanoparticles and nanorods with judiciously engineered dimensions,
compositions, and surface chemistry is examined. Afterward, the intriguing properties of such polymer-ligated NCs, which are
found to depend sensitively on their sizes, architectures, and functionalities of surface polymer hairs, are highlighted. Some
practical applications of these polymer-ligated NCs for energy conversion and storage and drug delivery are then discussed.
Finally, challenges and opportunities in this rapidly evolving field are presented.
KEYWORDS: controlled/living radical polymerization, nonlinear block copolymers, nanoreactors, polymer-ligated nanocrystals,
controllable architectures, surface chemistry, dimension-dependent properties

During the last several decades, significant development
in synthesis approaches has provided access to a
myriad of nanocrystals (NCs) with different dimen-

sions, compositions, and surface functionalities of interest,
offering great promise for fundamental study of their appealing
size-dependent properties and as building blocks for various
exciting applications across nearly every technology sector,
including optics,1 electronics,2 catalysis,3 bioimaging,4 bio-
sensors,5 cancer therapy,6 and so forth. It is notable that many
conventional techniques (e.g., hydrothermal reaction,7 sol−gel
process,8 thermal decomposition,9 linear block copolymer
(BCP) micelle templating,10 etc.) experience limited flexibility
in synthesizing a large variety of NCs with good size, structural,
and compositional control. By contrast, the unimolecular
nonlinear BCP nanoreactor strategy has recently garnered

much attention as it renders the crafting of a library of NCs
with superior control over sizes, shapes, compositions,
architectures, and surface functionalities.
With tremendous progress made in polymer synthesis via

controlled/living radical polymerizations (e.g., atom transfer
radical polymerization (ATRP),11,12 reversible addition−
fragmentation chain transfer (RAFT) polymerization,13,14
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and nitroxide-mediated radical polymerization (NMP)15) over
the past several decades, a wide range of linear and nonlinear
(e.g., star-shaped, bottlebrush-like, hyperbranched, Janus, etc.)
BCPs with well-defined molecular weights (MWs), narrow
MW distribution of each block, desired compositions, and
specifically tailored properties could be conveniently achieved.
It is noteworthy that, despite the apparent analogies between
linear and nonlinear BCPs for templated-growth of NCs,
micelles formed via self-assembly of linear BCPs are
dynamically stable. Thus, the variation in experimental
conditions (e.g., changes in pH, temperature, solvent polarity,
etc.) could trigger the disassembly of micelles, thereby leading
to NCs of irregular size and shape. For example, at pH >5, the
self-assembly of linear poly(2-vinylpyridine)-block-poly-
(ethylene oxide) (P2VP-b-PEO) forms micelles composed of
a poly(2-vinylpyridine) (P2VP) core and a poly(ethylene
oxide) (PEO) corona; yet they are readily decomposed at low
pH.16 In stark contrast, due to the covalent linkage of each arm
to a central core (i.e., single junction) or each side chain/
branch to polymer backbone (i.e., numerous junctions),
nonlinear BCPs are complex yet stable unimolecular super-
structures. Such rationally designed and synthesized nonlinear
BCPs can be exploited as unimolecular nanoreactors for
precision synthesis of a large number of virtually unlimited
NCs possessing the appealing attributes noted above. These
NCs are highly stable and can be easily dispersed in solvents
due to the intimate and permanent capping of the outer blocks
of nonlinear BCP nanoreactors on the surface of NCs (i.e.,
forming polymer-ligated hairy NCs).
In this context, this review centers primarily on the synthesis,

properties, and applications of hairy NCs created using
nonlinear BCPs and explicitly unimolecular star-like and
bottlebrush-like BCPs as nanoreactors. First, the synthesis of
nonlinear BCPs via controlled/living radical polymerization is
reviewed by focusing on the synthetic methodologies for
nonlinear BCPs with well-controlled architectures concerning
MWs, polydispersity index (PDI), block sequence distribution,
and functional groups. These nonlinear BCPs are characterized
by the incorporation of heteroatoms (i.e., N and O) in their
side chains to provide reactive sites. Next, the crafting of
polymer-ligated NCs with good dimensional, compositional,
and architectural control by capitalizing on star-like and
bottlebrush-like BCPs as nanoreactors is discussed. Particular
attention is given to the parameters that affect the sizes,
architectures, and compositions of NCs. Subsequently, the
size-, architecture-, and surface-chemistry-dependent proper-

ties (e.g., optical, magnetic, and ferroelectric characteristics) of
a selected number of polymer-ligated NCs are elucidated.
Examples of NCs for practical applications in solar cells, light-
emitting diodes, catalysis, or nanocarriers for controlled release
are then highlighted. Finally, the challenges and opportunities
for understanding the growth of NCs, crafting NCs with more
complex architectures and tailored surface responsivities, and
developing self-assembled NC-based materials and devices
with engineered structures and multifunctionalities are out-
lined.

SYNTHESIS OF NONLINEAR BLOCK COPOLYMERS

There have been tremendous advances in the synthesis of
nonlinear polymers during the past decades. Star-like polymers,
first synthesized by living anionic polymerization in the
1950s,17 represent a class of widely studied nonlinear polymers
consisting of many linear polymer arms with the chain end
functionalities fused at a central core. On the basis of the
chemical composition and sequence distribution of polymer
arms, star-like polymers can be classified into a homoarm star-
like polymer with identical arm types (top and middle panels,
Figure 1a) and a miktoarm star-like polymer having dissimilar
arms (bottom panel; Figure 1a).18 There are two major
synthetic strategies for star-like polymers: the core-first (top
panel) and arm-first with (i) polymerizable and cross-linkable
monomers and (ii) multifunctional core (Figure 1b). We make
no attempt to highlight the synthesis of star-like homopol-
ymers via the core-first strategy and star-like polymers via the
arm-first strategy here but refer the reader to several
comprehensive reviews.19,20 In the following, our discussion
will be concentrated on the core-first strategy for the synthesis
of star-like BCPs as they could effectively template the growth
of polymer-ligated NCs.

Synthesis of Star-Shaped Block Copolymers. As noted
above, unimolecular star-like polymers have an architecture
similar to that of self-assembled linear BCP micelles, yet with
many arms tethered onto a central core and exhibiting
markedly improved stability and robustness against the
external stimuli such as pH, heat, solvent, salt, etc.21 To date,
various star-like BCPs with well-defined MWs, compositions,
sequence structures, and functionalities have been synthesized
by well-honed controlled/living radical polymerization techni-
ques (i.e., ATRP, RAFT, and NMP).22,23 In addition, click
chemistry is also a widely used method to produce star-like
polymers that cannot be achieved otherwise by general
controlled/living radical polymerization.24

Figure 1. (a) Schematic illustration of the star-like homoarm (both homopolymer and diblock copolymer) and miktoarm polymers. (b)
Core-first and arm-first strategies for the synthesis of star-like polymers.
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Particularly, in the core-first strategy, a multifunctional
initiator is synthesized first, and polymer arms are then grafted
sequentially via controlled/living radical polymerization to
yield star-like polymers. It is notable that the synthesis of a
multifunctional initiator represents the key step in the core-first
strategy. The initiator is often a multifunctional molecule, such
as cyclodextrins (CD),25 calixarene,26,27 polyhedral oligomeric
silsequioxane (POSS),28,29 and hyperbranched and/or den-
dritic polymers (i.e., hyperbranched polyester,30 hyperbranched
polyglycerol,31 and hyperbranched conjugated polymer32).
We choose β-CD as an example to demonstrate its use as a

functional core in synthesizing a series of star-like BCPs.
Starting from β-CD possessing 21 hydroxyl groups (−OH) for
functionalization (e.g., converting −OH into −Br functionality
and thus forming a 21Br-β-CD macroinitiator33−35) and
subsequent initiation, a star-like diblock copolymer of β-CD-
graf t-[polystyrene-block-poly(trimethoxysilyl)propyl methacry-
late] (denoted β-CD-g-[PS-b-PTMSPMA]) was synthesized
by sequential ATRP of styrene (St) and (trimethoxysilyl)-
propyl methacrylate (TMSPMA).36 Similarly, a star-like β-CD-
graf t-[poly(acrylic acid)-block-polystyrene] diblock copolymer
(denoted β-CD-g-[PAA-b-PS]) was prepared by sequential
ATRP of tert-butyl acrylate (tBA) and St, followed by the
hydrolysis of poly(tert-butyl acrylate) (PtBA) block to
PAA.37−40 Recently, thermoresponsive star-like β-CD-grafted
poly(acrylic acid)-block-poly(N-isopropylacrylamide) (denoted
β-CD-g-[PAA-b-PNIPAM])41 and photoresponsive star-like β-
CD-grafted poly(acrylic acid)-block-poly(7-methylacryloyloxy-
4-methylcoumarin) (β-CD-g-[PAA-b-PMAMC])42 diblock
copolymers were designed and synthesized by employing N-
isopropylacrylamide (NIPAM) and 7-methylacryloyloxy-4-
methylcoumarin (MAMC) as the second monomers, respec-
tively (Figure 2). The MW of each block (i.e., the arm length)
can be readily tuned by varying the polymerization time. On
the other hand, for β-CD-based star-like BCPs that cannot be
prepared by controlled/living radical polymerization, such as
β-CD-grafted poly(acrylic acid)-block-poly(3-hexylthiopene)
(β-CD-g-[PAA-b-P3HT]),43 poly(acrylic acid)-block-poly-
(ethylene oxide) (β-CD-g-[PAA-b-PEO]),44 poly(acrylic
acid)-block-poly(vinylidene fluoride) (β-CD-g-[PAA-b-
PVDF]),45 and poly(acrylic acid)-block-poly(3,4-ethylenediox-
ythiophene) (β-CD-g-[(PAA-b-PEDOT]),46 a combination of

ATRP and click reaction was then implemented. Star-like
diblock copolymers composed of hydrophilic inner blocks (e.g.,
PAA; via coordination interaction between carboxyl groups of
PAA and metal moieties of precursors) are often used as
nanoreactors for crafting plain polymer-ligated NCs.37−43

For preparation of polymer-ligated hollow and core/shell
NCs, the use of star-like triblock copolymers is required, which
can also be conveniently prepared by consecutive ATRP
polymerization of three monomers. For example, similarly, by
employing the 21Br-β-CD initiator, a series of star-like triblock
polymers of poly(4-vinylpyridine)-block-poly(acrylic acid)-
block-polystyrene (denoted β-CD-g-[P4VP-b-PAA-b-
PS]),33,34,47 poly(4-vinylpyridine)-block-poly(acrylic acid)-
block-poly(ethylene oxide) (β-CD-g-[P4VP-b-PAA-b-
PEO]),48 polystyrene-block-poly(acrylic acid)-block-polystyr-
ene (β-CD-g-[PS-b-PAA-b-PS]),49 and polystyrene-block-poly-
(acrylic acid)-block-poly(ethylene oxide) (β-CD-g-[PS-b-PAA-
b-PEO])50 could be designed and synthesized by sequential
ATRP of the corresponding monomers of interest. Likewise,
the MW of each block can be facilely controlled by changing
the polymerization time. As described above, the star-like
triblock copolymers composed of an inner hydrophilic block
(i.e., P4VP) and intermediate hydrophilic block (i.e., PAA)
render the crafting of polymer-ligated core/shell NCs, where
the outer block can be either hydrophobic (e.g., PS as in β-CD-
g-[P4VP-b-PAA-b-PS]) or hydrophilic (e.g., PEO as in β-CD-g-
[P4VP-b-PAA-b-PEO]) to impart the solubility of core/shell
NCs in either nonpolar solvents or polar solvents (e.g., H2O),
respectively. By contrast, the presence of a noncoordinating
hydrophobic inner block yet coordinating hydrophilic
intermediate block in star-like triblock copolymers enables
the preparation of polymer-ligated hollow NCs with tunable
surface solubility and wettability. For instance, nonpolar
solvent-soluble PS-ligated and polar solvent-soluble PEO-
ligated hollow NCs can be produced by exploiting β-CD-g-
[PS-b-PAA-b-PS] and β-CD-g-[PS-b-PAA-b-PEO] as nano-
reactors, respectively.
In addition, by coupling ATRP with click reaction, star-like

triblock copolymers with functional outer block (e.g.,
conjugated block) are also attainable. Recently, star-like
triblock copolymers of β-CD-grafted polystyrene-b-poly(acrylic
acid)-block-poly(3,4-ethylenedioxythiophene) (β-CD-g-[PS-b-

Figure 2. Synthetic routes to stimuli-responsive star-like diblock copolymers and polymer-ligated nanocrystals. (a) Synthesis of
thermoresponsive star-like β-CD-g-[PAA-b-PNIPAM] and PNIPAM-capped AuNPs. Reproduced with permission from ref 41. Copyright
2019 Wiley-VCH. (b) Synthesis of photoresponsive star-like β-CD-g-[PAA-b-PMAMC] and PMAMC-capped AuNPs. Reproduced with
permission from ref 42. Copyright 2018 National Academy of Sciences.
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PAA-b-PEDOT]) were synthesized.35 First, the star-like PS-b-
PtBA diblock copolymer was obtained by sequential ATRP of
St and tBA, followed by the conversion of the terminal
bromine functional groups at the PtBA blocks into azide
functionalities. Afterward, the click reaction between azide-
functionalized star-like PS-b-PtBA and ethynyl-terminated
poly(3,4-ethylenedioxythiophene) (PEDOT) synthesized by
the Grignard metathesis reaction yielded star-like β-CD-g-[PS-
b-PtBA-b-PEDOT] containing the outer conductive PEDOT
block (Figure 3).35

For biomedical application, the star-like triblock copolymer
of β-CD-grafted {poly(lactide)-block-poly(2-(dimethylamino)-
ethyl methacrylate)-block-poly[oligo(2-ethyl-2-oxazoline)
methacrylate]} (β-CD-g-[PLA-b-PDMAEMA-b-PEtOxMA])
with a biodegradable inner PLA block was recently prepared
via ring-opening polymerization (ROP) of lactide (LA)
together with activators regenerated by electron transfer
atom transfer radical polymerization (ARGET ATRP) of 2-
(dimethylamino)ethyl methacrylate (DMAEMA) and oligo(2-
ethyl-2-oxazoline)methacrylate (EtOxMA).51,52 A similar
synthetic approach was extended to synthesize a star-like
triblock copolymer of β-CD-grafted {poly(ε-caprolactone)-
block-poly(2-aminoethyl methacrylate)-block-poly[poly-

(ethylene glycol)methyl ether methacrylate]} (β-CD-g-[PCL-
b-PAEMA-b-PPEGMA] for tumor-targeted chemotherapy.53

The inner biocompatible, hydrophobic PCL block was
introduced to host the anticancer drug doxorubicin; the
intermediate PAEMA block is pH-responsive and concurrently
utilized to direct the formation of Au nanoparticles (NPs), and
the outer PPEGMA block functions as a protective hydrophilic
shell.53 Moreover, by sequential ARGET ATRP of 2-
(dimethylamino)ethyl methacrylate (DMA), 2-hydroxyethyl
methacrylate (HEMA), and poly(ethylene glycol)methyl ether
methacrylate (PEGMA) from the 21Br-β-CD initiator, a star-
like triblock copolymer of β-CD-g-[PDMA-b-PHEMA-b-
PPEGMA] was successfully synthesized (Figure 4), which
was employed as an effective computed tomography (CT)
imaging agent after in situ growth of AuNPs within the inner
PDMA block.54

In addition to the widely used β-CD core that confers the
growth of 21 polymer arms, star-like polymers with different
numbers of arms can also be prepared from other functional
cores, including resorcinarene (growth of four or eight arms),55

calix[8]arene (eight arms),26,27 POSS (eight arms),28,29,56

stilbeneamine (three arms),57 and 1,3,5-trivinylbenzene (three
arms).58 However, there have been no reports on controlled

Figure 3. Stepwise representation of synthesis of star-like triblock copolymers of β-CD-g-[PS-b-PAA-b-PEDOT] and PEDOT-ligated hollow
nanoparticles. Reproduced with permission from ref 35. Copyright 2017 Wiley-VCH.

Figure 4. Schematic representation of the synthesis of β-CD-g-[PDMA-b-PHEMA-b-PPEGMA]. Reproduced with permission from ref 54.
Copyright 2018 Elsevier.

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c06936
ACS Nano 2020, 14, 12491−12521

12494

https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c06936?ref=pdf


growth of NCs using these star-like BCPs, thus they will not be
discussed further.
The core-f irst strategy carries several advantageous attrib-

utes: (i) the ability to precisely control the number of arms by
judiciously choosing or selectively functionalizing the initiator
core, (ii) the capability of facilely tailoring the chemical
compositions of arms by identifying the monomer species of
interest, and (iii) the easy purification of the crude product by
precipitation. However, this approach also faces some
challenges, including the difficulties in precise characterization
of the arm structure (i.e., MW, PDI) as well as synthesis of
miktoarm star-like polymers. An alternative strategy to
overcome these issues is to implement the arm-f irst strategy,
where star-like polymers are yielded via the polymerization
reaction between a macroinitiator (i.e., premade polymer with
reactive end groups) and a polymerizable monomer or
coupling reaction between reactive linear polymer and
multifunctional core.59,60 For example, miktoarm star-like
copolymers with various arm numbers and molar ratios by
ATRP of two or more different species of premade linear
macroinitiators in the presence of divinyl cross-linker (e.g.,
divinylbenzene (DVB), ethylene glycol diacrylate (EGDA),
etc.) were developed.61−63 On the other hand, by coupling
linear polymer arms with reactive end groups to a multifunc-
tional coupling agent, star-like polymers can be derived.64−71

For instance, the 3-arm star-like diblock polymer of (PS-b-
PEO)3 was synthesized by click reaction between azide-
functionalized PS (PS-N3) and alkyne-terminated PEO chains
(PEO-), where PS-N3 was first synthesized via ATRP of St,
followed by converting the terminal Br functionalities into
azido groups (−N3) via the nucleophilic substitution with
NaN3.

72 Clearly, the integration of controlled/living radical
polymerization with click reaction represents a robust strategy
to develop star-like polymers with desired compositions and
functions that cannot be accessed solely by controlled/living
radical polymerization.73,74 Nonetheless, the synthetic strat-
egies briefly summarized here have their own advantages and
limitations. As noted above, star-like BCPs produced by the
core-first strategy stand out as favorable and reliable polymeric

nanoreactors for directing the growth of NCs, which will be
detailed later.

Synthesis of Bottlebrush-like Block Copolymers via a
Grafting-from Strategy. Bottlebrush-like polymers, also
known as “molecular bottlebrushes”, can be regarded as a
class of cylindrical unimolecular supermolecules consisting of a
long polymer backbone with densely grafted shorter side
chains.75 Owing to the steric hindrance of heavily tethered side
chains, the polymer backbone is forced to adopt a stretched,
worm-like conformation. Interestingly, the extent of backbone
stretching and the aspect ratio of the backbone/arm are
dictated by the backbone length and grafting density of side
chains. Such an architecture endows bottlebrush-like polymers
a set of peculiar properties (e.g., decreased chain entanglement,
relatively rigid backbone, tailorable side chains functionalities,
etc.) over their linear polymer counterparts.75−77 For example,
the greatly reduced chain entanglement of bottlebrush-like
polymers can be used as building blocks to self-assemble into
complex architecture with large domain size for use in
photonic crystals,78 lithographic patterning,79 etc. According
to the composition and distribution of side chains, they can be
categorized into bottlebrush-like homopolymer, bottlebrush-
like random polymer, block bottlebrush-like polymer, bottle-
brush-like diblock copolymers, and bottlebrush-like triblock
copolymers (Figure 5a).80 Bottlebrush-like polymers with well-
defined compositions and functionalities are generally
synthesized by grafting-from, grafting-onto, and grafting-
through strategies (Figure 5b).77

It is important to note that several excellent reviews in
literature have summarized the synthesis, characterization, self-
assembly, properties, and applications of bottlebrush-like
polymers.81−84 In this review, our focus is, however, set on
the synthesis of bottlebrush-like polymers by the grafting-from
strategy as the resulting unimolecular bottlebrushes function as
the appropriate nanoreactors for precision synthesis of 1D
nanorods (NRs) and nanowires (NWs).
In the grafting-from method, the shorter side chains are

directly grown from the polymer backbone with predesigned
and arranged initiator sites. Likewise, advanced polymerization

Figure 5. (a) Schematic illustration of a set of bottlebrush-like polymers with different compositions and architectures. (b) Three synthetic
routes to bottlebrush-like polymers.
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techniques, including living anionic polymerization, ring-
opening metathesis polymerization (ROMP), ATRP, RAFT,
and NMP have been employed to construct bottlebrush-like
polymers with good control over chemical compositions,
MWs, and PDIs for both backbone and side chains.85,86 The
synthesis of polymer backbone with multisites for initiation is
crucial for the grafting-from strategy. The key feature of the
polymer backbone lies in the presence of reactive groups along
the backbone, which can be further converted into initiator
sites. For example, poly(hydroxyethyl methacrylate)
(PHEMA) with numerous reactive hydroxyl groups tethered
to its main chain is a widely used backbone for constructing
unimolecular bottlebrushes.82 When hydroxyl groups of
PHEMA are transformed into ATRP initiators after the
esterification reaction with 2-bromoisobutyryl bromide
(BIBB), a commonly used macroinitiator poly(2-(2-
bromoisobutyryloxy)ethyl methacrylate) (PBIEM) is gener-
ated.87 It is notable that various bottlebrush-like polymers have
been synthesized via ATRP of different monomers based on
the PHEMA backbone, including a bottlebrush-like homopol-
ymer, diblock copolymers, and tribilock copolymers. For
example, a bottlebrush-like homopolymer of PHEMA-g-PGMA
was obtained by ATRP of glycidyl methacrylate (GMA) from
the PHEMA backbone, which was further evolved into single-
molecular hybrid nanocylinders after the reaction between a
monothiol-functionalized polyhedral silsesquioxane (POSS-
SH) and epoxy groups of PGMA.88 Likewise, a bottlebrush-
like homopolymer of PHEMA-g-qPDMAEMA was synthesized
by ATRP of 2-(dimethylamino)-ethyl methacrylate (DMAE-
MA), followed by sequential quaternization with iodomethane.
The positively charged qPDMAEMA brushes enabled the
formation of palladium nanoparticles due to the electrostatic
interaction; however, a Pd cluster was observed due to the
absence of polymer ligands.89

In contrast to bottlebrush-like homopolymers, bottlebrush-
like diblock copolymers are attractive when exploited as
nanoreactors for crafting 1D NRs and NWs. Recently, a variety
of bottlebrush-like diblock copolymers were synthesized via
the sequential ATRP of two different monomers grafted from
PHEMA backbone. For instance, PHEMA was first synthesized

by anionic polymerization of 2-(trimethysilyloxy)ethyl meth-
acrylate (TMS-HEMA) and then converted into PBIEM by
cleavage of trimethysilyl groups and esterification with BIBB.
Polymer side chains of PtBA-b-PnBA were anchored along the
PHEMA backbone through sequential ATRP of tBA and
nBA.90−92 Similarly, consecutively grafting the monomer pairs
of tert-butyl methacrylate (tBMA) and oligo(ethylene glycol)
methacrylate (OEGMA), tBA and DMAEMA, and HEMA and
OEGMA by ATRP from the PHEMA backbone yielded
bottlebrush-like diblock copolymers of PHEMA-g-[PtBMA-b-
POEGMA],93 PHEMA-g-[PtBA-b-PDMAEMA],94 and
PHEMA-g-[PHEMA-b-POEGMA],95 respectively. Further-
more, a stimuli-responsive bottlebrush-like diblock copolymer
of poly(hydroxyethyl methacrylate) grafted poly(3-acryloyl-
propyltrimethoxysilane)-b-poly(2-(dimethylamino)ethyl meth-
acrylate) (denoted PHEMA-g-[PAPTS-b-PDMAEMA]) was
synthesized by the similar method with a salt-sensitive outer
block of PDMAEMA.96 By combining ROP of ε-caprolactone
(CL) and ATRP of DMAEMA, bottlebrush-like PHEMA-g-
[PCL-b-PDMAEMA] diblock copolymers with degradable
inner PCL block was attained.97 Figure 6 depicts a
representative strategy to construct an intriguing bottlebrush-
like diblock copolymer. Specifically, the polyinitiator of PBIEM
with 3200 initiating sites was first synthesized by ATRP and
then employed to sequentially grow 3-acryloylpropyltrimethox-
ysilane (APTS) and oligo(ethylene glycol) methacrylate
(OEGMA) catalyzed by CuBr. The resulting bottlebrush-like
diblock copolymer of PHEMA-g-[PAPTS-b-POEGMA] was
used to produce a water-soluble silica nanowire by the
hydrolysis and condensation of the trimethoxysilyl groups in
the inner PAPTS block.98 It is interesting to note that, by
changing the ATRP initiator from one-site to four-site during
the synthesis of PHEMA backbone, a four-arm PHEMA
backbone was derived, rendering the creation of a four-arm
molecular bottlebrush with PAA-b-PS side chains.99

Furthermore, bottlebrush-like triblock copolymers based on
the PHEMA backbone can also be synthesized by consecutive
ATRP of three monomers. The following are two representa-
tive examples. PHEMA-grafted poly(tert-butyl acrylate)-block-
poly(3-acryloylpropyltrimethoxysilane)-block-poly(oligo-

Figure 6. Top: (a−c) Synthetic route to bottlebrush-like diblock copolymer of PHEMA-g-[PAPTS-b-POEGMA] by ATRP and (d) formation
of silica nanowires after hydrolysis and condensation of trimethoxysilyl groups in the PAPTS block. Bottom: Corresponding schematic
illustration of the synthetic route. Reprinted with permission from ref 98. Copyright 2008 Springer Nature.
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(ethylene glycol)methacrylate) (denoted PHEMA-g-[PtBA-b-
PAPTS-b-POEGMA]) was prepared by consecutive ATRP of
tBA, APTS, and OEGMA.100 The length of the outer
POEGMA block is the key to successful synthesis of this
bottlebrush triblock copolymer as the short POEGMA chain
resulted in intermolecular coupling and large agglomerates. By
integrating ROP with ATRP, bottlebrush-like triblock
copolymers PHEMA-g-[PCL-b-PDMAEMA-b-POEGMA]
consisting of the inner PCL block, intermediate polycationic
PDMAEMA block, and outer solubilizing POEGMA block
sequentially grafted from the PHEMA backbone were
synthesized.101

As a polymer backbone, the three substitutable hydroxyl
groups on each anhydroglucose unit (AGU) of cellulose render
the grafting of dense polymer side chains from the cellulose
backbone. As such, heavily grafted polymer brushes together
with the inherent rigidity of the cellulose backbone force the
formed bottlebrush polymers to adopt a well-defined, straight,
cylindrical conformation.102 Such architecture provides this
type of bottlebrush polymers with some properties not
accessible for flexible backbone analogues (e.g., PHEMA as
discussed above). Recently, brushes of PDMAEMA and PAA
were grown from the cellulose backbone via ATRP of
DMAEMA and tBA, respectively (i.e., bottlebrush-like
homopolymers).103,104 It is notable that a rich variety of
bottlebrush-like diblock and triblock copolymers based on the
cellulose backbone were recently rationally designed and
synthesized.102 The compositions and functionalities of the
resulting cylindrical unimolecular bottlebrushes can be readily
tuned by simply selecting the monomers of interest and
varying the sequence of each block grown.102 Specifically,
cellulose-based macroinitiators (i.e., cellulose-Br) of different
lengths were first synthesized by a two-step esterification and
purified by fractional precipitation.102 Subsequently, different
polymer side chains (i.e., brushes) including diblocks of PtBA-

b-PS and PtBA-b-PEG, triblocks of P4VP-b-PtBA-b-PS, P4VP-
b-PtBA-b-PEG, PS-b-PtBA-b-PS, and PS-b-PtBA-b-PEG were
then grafted from the cellulose backbone via sequential ATRP
of respective monomers. Finally, after hydrolysis of the PtBA
into PAA blocks, amphiphilic cellulose-g-[PAA-b-PS], cellu-
lose-g-[P4VP-b-PAA-b-PS], cellulose-g-[PS-b-PAA-b-PS], and
cellulose-g-[PS-b-PAA-b-PEG] were derived, and double-
hydrophilic cellulose-g-[PAA-b-PEG] and triple-hydrophilic
cellulose-g-[P4VP-b-PAA-b-PEG] can also be obtained.
These unimolecular bottblebrush-like micelles can be
employed as nanoreactors for crafting 1D NRs of different
architectures (plain, core/shell, and hollow), as depicted in
Figure 7.102

In addition to flexible PHEMA and rigid cellulose
backbones, amino-containing chitosan and epoxy-containing
PGMA were also exploited as backbones to graft dibolck
copolymer side chains.105,106 Although an organic hollow tube
was achieved using the PGMA backbone grafted with photo-
cross-linkable poly[styrene-rac-(7-(2-methacryloyloxyethoxy)-
4-methylcoumarin)], its utilization for the growth of inorganic
NCs was not explored.106

We note that similar to star-like polymers, the MWs and
compositions of polymer side chains in bottlebrush-like BCPs
can be readily controlled by varying the polymerization time
and use of disparate monomers of interest.
As discussed above, controlled/living radical polymerizations

and/or ROP are frequently used in the grafting-from strategy,
enabling the control over chemical compositions, MWs, PDI,
and functionalities of grown side chains. Nevertheless, owing
to the steric hindrance of massively grafted side chains along
the backbone, the density of the initiator sites to be grafted is
low. In contrast, in the grafting-onto approach, various efficient
coupling reactions (e.g., esterification reactions,107 thiol−epoxy
coupling,108 and copper-catalyzed azide−alkyne cycloaddition
reaction (CuAAC)109−112) are utilized to anchor presynthe-

Figure 7. (a) Synthetic route to cellulose-g-[PtBA-b-PS] by sequential ATRP of tBA and St, followed by its use as a nanoreactor for crafting a
PS-ligated nanorod. (b) Synthetic route to cellulose-g-[P4VP-b-PtBA-b-PS] by sequential ATRP of 4VP, tBA, and St, followed by its
implementation as a nanoreactor to produce a PS-ligated core/shell nanorod. (c) Synthetic route to cellulose-g-[PS-b-PtBA-b-PS] by
sequential ATRP of St, tBA, and St, followed by its utilization as a nanoreactor to yield PS-ligated nanotube. Reproduced with permission
from ref 102. Copyright 2016 American Association for the Advancement of Science (AAAS).
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sized side chains onto the backbone with higher grafting
density. Notable, it is also convenient to graft functional side
chains (e.g., conjugated polymers; PEDOT and P3HT) onto
the backbone via CuAAC.113,114 Finally, for the grafting-

through method, bottlebrush-like BCPs with different blocks in
the backbone and compartmentalized brushes attached to the
same backbone can be attained by ROMP, controlled/living
radical polymerization (i.e., ATRP), and ROP of the

Table 1. continued
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corresponding macromonomers.115−126 It is also feasible to
tune the length of side chains and the grafting density by
regulating the respective MWs of side chains and backbone,
respectively. As bottlebrush-like BCPs synthesized by grafting-
onto and grafting-through strategies are rarely implemented in
controlled growth of NCs, the examples of these polymers are
thus not presented.
Table 1 summarizes all nonlinear BCPs discussed in this

section including their full names, abbreviations, chemical
structures of arms (as in star-like BCPs) or side chains (as in
bottlebrush-like BCPs), and the corresponding template-grown
NCs.

CRAFTING OF MONODISPERSE POLYMER-LIGATED
NANOCRYSTALS VIA CAPITALIZING ON NONLINEAR
BLOCK COPOLYMERS AS NANOREACTORS

0D Nanoparticles Templated by Star-like BCP Nano-
reactors. As discussed above, star-like polymers, in essence,
are stable unimolecular micelles with linear arms covalently
fused at a central core, affording significant structural stability
against various environmental perturbations. Exercising star-
like BCPs as nanoreactors to direct the synthesis of polymer-
ligated NCs has garnered considerable interest due to the
following appealing features. First, it renders delicate control
over the sizes and architectures of NPs as star-like BCP
nanoreactors synthesized by controlled/living radical polymer-
izations possess well-defined MWs and low PDI. As such, plain,
hollow, and core/shell NPs with precisely tailored dimensions
(i.e., diameter of plain NPs, diameter of hollow interior and
shell thickness of hollow NPs, and core diameter and shell
thickness of core/shell NPs) can be created. Second, chemical
compositions of NPs can be readily altered by simply selecting
proper inorganic precursors. Third, surface chemistry (i.e., the
outer blocks of star-like BCP function as surface ligands) can
be easily tuned to yield polymer-ligated NPs with intriguing
polarity, conductivity, stimuli responsivity, dielectric property,
etc., endowed by the functional outer blocks. Fourth, the outer
blocks act as polymeric hairs that are intimately and
permanently capped on the surface of NPs as these polymer
chains are originally covalently connected to the inner and
intermediate blocks of star-like BCP, thereby effectively
preventing the aggregation of NPs and facilitating their
dispersion in both solvents (liquid state) and polymer
nanocomposites (solid state). Finally, a variety of virtually
unlimited core/shell NPs of interest with large lattice

mismatch between core and shell materials can be accessed
by capitalizing on a star-like triblock copolymer nanoreactor
strategy, which are otherwise challenging to be achieved by
conventional methods.

Hairy Plain NPs. Star-like diblock copolymers with a CD
core are regarded as a typical kind of nanoreactors for crafting
uniform NPs. These NPs are in situ grown in the compartment
occupied by hydrophilic inner blocks of star-like diblock
copolymer due to the coordination interaction between the
metal moieties of precursors and functional groups of the inner
blocks, whereas the outer blocks that directly tethered on the
surface of NPs (i.e., forming polymer-ligated NPs) act as a layer
of protective hairs to prohibit the aggregation of NPs and
render them with different surface functionality as noted above.
The size of these polymer-ligated NPs is dictated by the length
of the inner hydrophilic block which can be conveniently
regulated by controlling the polymerization time of this block.
Moreover, the synthetic conditions, including the solvent
polarity and the ratio of precursors to functional groups of the
inner blocks, also affect the uniformity of the formed NPs.52

We first discuss the ability of a star-like diblock copolymer
nanoreactor to enable the precise synthesis of polymer-ligated
NPs by taking the crafting of AuNPs as example. Recently, the
Au precursors (HAuCl4·3H2O) was introduced into the star-
like β-CD-g-[PAA-b-PS] (Table 1; No. 2 nanoreactor) solution
containing 90% N,N-dimethylformamide (DMF) and 10%
benzyl alcohol (BA) (by volume), within which the precursors
are selectively loaded inside the PAA block compartment
owing to coordination interaction between carboxyl groups
(−COOH) of PAA blocks and metal moieties of precursors,
leading to nucleation and growth into AuNPs permanently
ligated with PS hairs upon addition of the reductant of tert-
butylamine borane (Figure 8, left).39 As described above, the
diameter of AuNPs was largely determined by the length of
inner PAA. As the MW of PAA block increased from 3300 to
19100 g/mol, the calculated hydrodynamic diameter of PAA
extended from 3.2 ± 0.2 to 18.7 ± 1.0 nm. Consequently,
uniform AuNPs with increasing average diameters (i.e., from
3.2 ± 0.1 to 18.3 ± 0.4 nm) were crafted (Figure 8, right).39

It was found that the outer polymer chains also play a crucial
role in controlling the monodispersity of AuNPs.42 For
example, when star-like diblock copolymers of β-CD-g-[PAA-
b-PMAMC] (Table 1; No. 4 nanoreactor) with different
lengths of PMAMC were utilized as nanoreactors to prepare
PMAMC-ligated AuNPs, uniform AuNPs were only obtained
with an intermediate length of PMAMC (MW = 13800 g/

Figure 8. (Left) Synthesis of a PS-ligated AuNP using amphiphilic star-like diblock copolymer of β-CD-g-[PAA-b-PS] as a nanoreactor.
(Right) TEM images of different sizes of AuNPs permanently ligated with PS hairs: (a) 3.2 ± 0.1 nm, (b) 5.1 ± 0.2 nm, (c) 12.2 ± 0.5 nm,
and (d) 18.3 ± 0.4 nm. Reproduced with permission from ref 39. Copyright 2016 Wiley-VCH.
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mol). The irregular AuNPs were otherwise formed with short
(MW = 2700 g/mol) and long PMAMC chains (MW = 35100
g/mol) (Figure 9).42 This observation was closely related to
the solubility of star-like PAA-b-PMAMC in the mixed solvents
of DMF/BA. DMF is a good solvent for both PAA and
PMAMC blocks, and BA is a good solvent for PAA yet a poor
solvent for PMAMC. At a DMF/BA = 7/3 ratio, the outer
PMAMC chains are collapsed whereas the inner PAA chains
adopt the expanded conformation, leading to the formation of
a more compact and structurally stable spherical macro-
molecule as a nanoreactor33 and thus AuNPs with excellent
uniformity. By contrast, the short PMAMC chains could not
effectively encapsulate the entire inner PAA regime, producing
irregular AuNPs.42 On the other hand, the long PMAMC
chains densely covered the PAA regime, limiting the diffusion
of Au precursors, thus yielding cluster-like AuNCs.
The solvents for precursor loading and NP growth are also

key parameters for controlling the uniformity of as-synthesized
NPs. For example, nearly monodisperse BaTiO3 NPs were
achieved in the mixed solvents containing 90% DMF and 10%
BA (by volume) when star-like diblock copolymers of β-CD-g-
[PAA-b-PS] were utilized as nanoreactors.33 Irregular BaTiO3
NPs were obtained without BA or at DMF/BA = 1/1. This
phenomenon can also be rationalized by considering the
solubility of PAA-b-PS. Similar to the case of star-like PAA-b-
PMAMC, both PAA and PS are soluble in DMF. However,
PAA is soluble in BA, yet PS is not. In pure DMF, both PAA
and PS blocks are fully dissolved and extended. With the
addition of BA, a progressively compact and stable spherical
unimolecular micelle with the outer PS blocks collapsed on the
coil-like inner PAA blocks is formed. When more BA is added,
it results in heavily collapsed PS and thus prevents the diffusion
of precursors into the inner PAA compartment, thereby

leading to irregular NPs.33 It is important to note that the
optimum ratio of the mixed solvents for yielding well-
structured polymer-ligated NPs depends heavily on the
compositions of nanoreactors. For example, monodisperse
PMAMC-ligated AuNPs were found to form at a DMF/BA
ratio of 7/3,42 as discussed above. In contrast, uniform PVDF-
ligated BaTiO3 NPs were derived in a mixed solvent containing
50% DMF and 50% BA using the β-CD-g-[PAA-b-PVDF]
nanoreactor.45

In addition to noble metal (Au) and ferroelectric (BaTiO3)
NPs, star-like diblock copolymer nanoreactors enable the
crafting of a rich diversity of NPs, including other metal NPs
(Ag, Pt, etc.), semiconducting NPs (n-type ZnO and TiO2 and
p-type Cu2O),

33,127 hard and soft magnetic NPs (Fe3O4,
etc.),33 luminescent II−IV NPs (visible-emitting CdSe, IR-
emitting PbTe, etc.),33,35 upconversion NPs of different
emission colors (blue-emitting NaYF4:Yb/Tm, green-emitting
NaYF4:Yb/Er, etc.),

44 and halide perovskite NPs (MAPbI3,
CsPbBr3, etc.).

40,49,128 In the following, we will discuss the
synthesis of several functional NPs listed above. For example,
star-like diblock copolymers of PDVB-g-[PtBA-b-PSAN]
(Table 1; No. 18 nanoreactor) were synthesized using a
poly(styrene-co-acrylonitrile)-Br (PSAN-Br) as a macroinitia-
tor to chain-expand with tBA to yield PSAN-b-PtBA-Br, where
the PDVB core was concurrently formed by chain extension
and cross-linking with DVB.127 Subsequently, the precursors of
zinc(2-ethylhexanoate) (Zn(EH)2) were partitioned with
PDVB-g-[PAA-b-PSAN] via a strong coordination between
Zn2+ and −COOH groups of PAA blocks produced from the
hydrolysis of PtBA. Finally, PSAN-ligated ZnO NPs were
derived after thorough hydrolysis of Zn(EH)2 in DMF under
refluxing at 180 °C.127 Recently, PEDOT-ligated PbTe NPs
with a diameter approximately of 10.8 ± 0.5 nm were crafted

Figure 9. Effect of molecular weight of PMAMC chains on the morphology of in situ formed AuNPs synthesized by capitalizing on β-CD-g-
[PAA-b-PMAMC] as a nanoreactor. TEM images of PMAMC-ligated AuNPs with the MWs of PMAMC: (a) 2700 g/mol, (b) 13800 g/mol,
and (c) 35100 g/mol. (d) Mechanism of formation of AuNPs with different MWs of PMAMC. Reproduced with permission from ref 42.
Copyright 2018 PNAS.

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c06936
ACS Nano 2020, 14, 12491−12521

12503

https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig9&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c06936?ref=pdf


by employing star-like β-CD-g-[PAA-b-PEDOT] as the
nanoreactor, which was synthesized by ATRP and azide−
alkyne cycloaddition between azide-functionalized PtBA and
ethynyl-terminated PEDOT.46 More interestingly, PS-ligated
perovskite CsPbBr3 NPs were recently in situ grown using a
star-like β-CD-g-[PAA-b-PS] nanoreactor due to strong
coordination interaction between −COOH of PAA blocks
and metal ions (Cs+ and Pb2+) of precursors (Figure 10a).40

The diameter of CsPbBr3 NPs can be tailored by controlling
the length (i.e., MW) of the PAA block during ATRP, thereby
leading to size-dependent emission when iodine ions were
introduced to the NP (Figure 10b,c). Strikingly, these PS-
ligated CsPbBr3 NPs manifested a 20-fold improvement of
stability against water owing to hydrophobic PS chains densely
situated on the surface of CsPbBr3 NPs.

40

Additionally, a star-like triblock copolymer was also reported
for the construction of polymer-ligated plain NPs. Recently,
star-like β-CD-g-[PDMA-b-PHEMA-b-PPEGMA)] (Table 1;
No. 16 nanoreactor) was used to template the formation of
PHEMA-b-PPEGMA-ligated AuNPs via the coordination
interaction between N of PDMA and Au precursors.54 Clearly,
the size of AuNPs was dependent on the length of PDMA
block. Such PHEMA-b-PPEGMA-ligated AuNPs were em-
ployed for efficient CT imaging (Figure 4).54 In addition to the
creation plain NPs, star-like triblock copolymers have also been
widely used for preparing more interesting hollow and core/
shell NPs, as discussed below.
Hairy Hollow NPs. Hollow-structured nanomaterials have

high surface area and low material density, showing potential
applications in various areas such as drug delivery, photo-
thermal therapy, bioimaging, and electrocatalysis.129−131 It is
important to note that a set of physical properties (e.g.,

plasmonic, catalytic) of hollow nanomaterials depends
sensitively on the diameter of the hollow interior and thickness
of the shell.34,48 Thus, the ability to precisely control these
parameters enables one to systematically tailor the properties
of hollow nanomaterials and compare them with those of solid
nanomaterial counterparts. However, the commonly used
methods such as sacrificial templates, Kirkendall effect, and
Ostwald ripening experience issues in achieving hollow NPs
with small size (<100 nm) and lack of good cavity size and
shell thickness control.132−134 In sharp contrast, star-like BCPs
have recently emerged as a robust route to craft a large variety
of small polymer-ligated hollow NPs with precisely tunable
inner cavity, shell thickness, and surface functionality.
Two representative hollow NPs crafted using amphiphilic

star-like triblock copolymers are discussed below. The first
example is plasmonic hollow AuNPs and AgNPs templated by
star-like β-CD-[PS-b-PAA-b-PS] triblock copolymer (Table 1;
No. 10 nanoreactor) (Figure 11a).34 Au (or Ag) precursors of
HAuCl4 (or AgNO3) were selectively partitioned in the
compartment occupied by the intermediate PAA blocks and
ultimately reduced to hollow Au (or Ag) NPs ligated by
hydrophobic PS chains situated on both inner and outer
surfaces of Au (or Ag).34 The cavity diameter and shell
thickness of hollow Au (or Ag) NPs can be conveniently
controlled by regulating the length (i.e., MW) of inner PS
blocks and the intermediate PAA blocks, respectively, during
their polymerizations (Figure 11b). It is interesting to note that
the surface chemistry of hollow AuNPs is tunable. For instance,
instead of PS-ligated hollow AuNPs, water-soluble PEO-ligated
hollow AuNPs can be crafted by capitalizing on star-like β-CD-
[PS-b-PAA-b-PEO] triblock copolymer nanoreactor (Table 1;
No. 11 nanoreactor).33

Figure 10. (a) Schematic illustration of crafting PS-ligated CsPbBr3 NPs by capitalizing on an amphiphilic star-like β-CD-g-[PAA-b-PS]
diblock copolymer as a nanoreactor. (b) TEM images of different-sized PS-ligated CsPbBr3 NPs. (c) PL peak position as a function of NP
size. Reproduced with permission from ref 40. Copyright 2019 Wiley-VCH.
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The second example involves the synthesis of semi-
conducting hollow PbTe NPs (Figure 11c).35 Specifically,
PbTe precursors (Pb(NO3)2 and Te power) were introduced
into a DMF/BA (9/1, by volume) solution containing β-CD-g-
[PS-b-PAA-b-PS] (Table 1; No. 10 nanoreactor)35 and
selectively loaded within the hydrophilic PAA compartment.
The strong coordination interaction between −COOH groups
of PAA blocks and PbTe precursors yielded hollow PbTe NPs

with PS chains tethered on its inner and outer surfaces. Hollow
PbTe NPs with different diameters of hollow interior (Dhollow =
3.5 ± 0.2 and 1.8 ± 0.2 nm) and shell thicknesses (tshell = 2.8 ±
0.2 and 4.6 ± 0.4 nm) were attained using β-CD-g-[PS-b-PAA-
b-PS] nanoreactors with different MWs of inner PS and
intermediate PAA blocks (Figure 11d). The same nanoreactor
was found to be applicable to craft hollow PbS NPs using
Pb(NO3)2 and hexamethyldisilathiane as precursors.35 Fur-

Figure 11. (a) Synthetic route to PS-ligated hollow metal NPs using star-like β-CD-g-[PS-b-PAA-b-PS] triblock copolymer as a nanoreactor.
(b) TEM (left) and HRTEM (right) images of PS-ligated AuNPs of different sizes with the external diameter and shell thickness of 12 ± 0.4
nm and 4.7 ± 0.3 nm (top panels); 12 ± 0.5 nm and 2.7 ± 0.2 nm (middle panels); and 11.6 ± 0.4 nm and 2.7 ± 0.3 nm (bottom panels).
Reproduced from ref 34. Copyright 2017 American Chemical Society. (c) Synthetic route to PS-ligated hollow PbTe NPs by employing star-
like β-CD-g-[PS-b-PAA-b-PS] as a nanoreactor. (d) TEM images of PS-ligated hollow PbTe NPs with the hollow interior diameter Dhollow
and shell thickness tshell of Dhollow = 3.5 ± 0.2 nm and tshell = 2.8 ± 0.2 nm (left) and Dhollow = 1.8 ± 0.2 nm and tshell = 4.6 ± 0.4 nm (right)
(inset: HRTEM of hollow PbTe NPs). Reproduced with permission from ref 35. Copyright 2017 Wiley-VCH.

Figure 12. (a) Synthetic route to β-CD-[PLA-b-PDMAEMA-b-PEtOxMA]21. Reproduced with permission from ref 51. Copyright 2016
Wiley-VCH. (b−d) TEM images of hollow AuNPs in situ crystallized in β-CD-[PLA-b-PDMAEMA-b-PEtOxMA]21 with different molar ratios
of DMAEMA to HAuCl4 at (b) 16, (c) 8, and (d) 3. (e) UV−vis absorption spectra of hollow AuNPs synthesized using a β-CD-[PLA-b-
PDMAEMA-b-PEtOxMA]21 nanoreactor with different molar ratios of DMAEMA/HAuCl4. We note that the hollow interior of AuNPs
cannot be seen, which may be due likely to the low-magnification TEM imaging. Reproduced with permission from ref 52. Copyright 2017
Elsevier.
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thermore, conjugated polymer PEDOT-ligated hollow PbTe
NPs were also prepared by utilizing β-CD-g-[PS-b-PAA-b-
PEDOT] as a nanoreactor (Table 1; No. 13 nanoreactor).35

Clearly, by rationally designing the outer polymer chains, a set
of functional hollow NPs with tailorable surface functionalities
can be readily crafted.
Recently, an intriguing star-like triblock copolymer of β-CD-

g-[PCL-b-PAEMA-b-PPEGMA21] (Table 1; No. 15 nano-
reactor) grown from 21Br-β-CD initiator by the core-first
strategy was exploited as a nanoreactor for crafting uniform
hollow AuNPs formed within the intermediate PAEMA
compartment as a result of complexation between Au
precursors and N of PAEMA blocks. Doxorubicin (DOX)
was further encapsulated within the inner PCL regime. The
resulting DOX-loaded, PPEGMA-ligated hollow AuNPs were
used for tumor-targeted chemotherapy and computed
tomography imaging.53 Similarly, in another example, star-
like β-CD-[PLA-b-PDMAEMA-b-PEtOxMA21] triblock co-
polymer (Table 1; No. 14 nanoreactor) was employed as a
nanoreactor to create PEtOxMA-ligated hollow AuNPs via the
complexation between Au precursors (HAuCl4) and N of
PDMAEMA, and the reduction of the Au precursor to AuNPs
was catalyzed by PDMAEMA.51,52 The size of AuNPs can be
adjusted by changing the molar ratio of DMAEMA to
HAuCl4.

52 When the molar ratio of DMAEMA to HAuCl4
increased from 3 to 8 and 16, the average external diameter of
hollow AuNPs decreased from 16.2 to 5.2 and 2.1 nm, and
accordingly, the characteristic plasmonic absorption peak
shifted from 549 to 535 and 525 nm (Figure 12). This
observation could be attributed to the thermodynamic balance
between steric stabilization of AuNPs by unimolecular
template and intrinsic aggregation of small AuNPs.51,52 With
decreasing concentration of Au precursors, the amount of
AuNPs was low and the presence of polymer ligands was
enough to prevent the AuNPs from aggregating. In stark
contrast, the steric stabilization of a unimolecular nanoreactor
decreased when more AuNPs formed in the solution. The
insufficiently protected AuNPs were intercollided, resulting in
large-sized AuNPs.

Hairy Core/Shell NPs. Core/shell NPs that integrate two
dissimilar materials into one object with a distinct interface
represent an important class of multifunctional nanomaterials
as they facilitate the synergistic coupling of two constituents to
yield different properties. It is important to note that in order
to prepare high-quality core/shell NPs, a moderate lattice
mismatch (<2%) between two disparate materials is required
for the epitaxial growth of shell material over the highly curved
surface of a spherical core. Such a prerequisite largely limits the
attainable core/shell NPs of interest.135 In this context, the use
of star-like triblock copolymers as a nanoreactor offers a non-
epitaxial growth strategy to produce a myriad of core/shell
NPs with precisely controlled core diameter and shell
thickness, dispensing with the need for lattice match as
noted above. This is because the core and shell materials are
independently template-grown within the inner and inter-
mediate hydrophilic blocks of star-like triblock copolymer,
respectively.
As an interesting example, magnetic Fe3O4/ferroelectric

PbTiO3 core/shell NPs with a large lattice mismatch (>40%)
were successfully crafted using a star-like β-CD-g-[P4VP-b-
PtBA-b-PS] triblock copolymer as a nanoreactor (Table 1; No.
9 nanoreactor).33 First, the preferential partition of Fe3O4
precursors (i.e., FeCl2·4H2O/FeCl3·6H2O) within the space
occupied by the inner hydrophilic P4VP blocks and the
coordination interaction between the metal moieties of
precursors and pyridal groups of P4VP blocks yielded a
PtBA-b-PS-ligated Fe3O4 core. Sequentially, PtBA blocks were
hydrolyzed into PAA, which further directed the formation of
the PbTiO3 shell via coordination interaction between PbTiO3
(i.e., PbTi[OCH(CH3)2]6) and −COOH groups of PAA
blocks, thereby resulting in PS-ligated Fe3O4/PbTiO3 core/
shell NPs (Figure 13a). The outer PS hairs rendered good
usability of Fe3O4/PbTiO3 NPs in nonpolar solvents. In
addition to nonpolar solvent-soluble core/shell NPs, polar-
solvent-soluble core/shell NPs were also engineered using the
similar strategy. For example, an array of uniform magnetic
Fe3O4/plasmonic Au core/shell NPs with precisely controlled
Fe3O4 core diameters and Au shell thicknesses were crafted
using a series of star-like triblock copolymers of β-CD-g-

Figure 13. (a) TEM images of Fe3O4/PbTiO3 core/shell NPs crafted using a β-CD-g-[P4VP-b-PAA-b-PS] nanoreactor. Reproduced with
permission from ref 33. Copyright 2013 Springer Nature. (b) TEM images of Fe3O4/Au core/shell NPs prepared by employing a β-CD-g-
[P4VP-b-PAA-b-PEO] nanoreactor. From left to right, the diameters of the Fe3O4 core are 6, 10, and 20 nm at the fixed Au shell thickness of
5 nm. Reproduced with permission from ref 50. Copyright 2015 Wiley-VCH.
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[P4VP-b-PtBA-b-PEO] with varied MWs of P4VP and PAA as
nanoreactors (Table 1; No. 12 nanoreactor).50 In the mixed
solvents containing DMF and diphenyl ether (DPE) (DMF/
DPE = 9/1; by volume), a tight and spherical unimolecular
micelle with coil-like inner P4VP blocks and collapsed PtBA-b-
PEO outer blocks was formed due to their different solubilities
in the mixed solvents. The precursors of FeCl2·4H2O and
FeCl3·6H2O were preferentially entered into the P4VP regime
and reduced into Fe3O4 NPs upon the addition of ammonium
hydroxide, forming PtBA-b-PEO-ligated Fe3O4 NPs. Similar to
the synthesis of Fe3O4/PbTiO3 NPs discussed above, the PtBA
blocks were then hydrolyzed into PAA blocks, followed by the
loading and coordination reaction of HAuCl4 precursors within
the PAA regime, producing PEO-ligated Fe3O4/Au core/shell
NPs. By varying the ATRP times of 4VP and tBA monomers,
we achieved Fe3O4/AuNPs with different Fe3O4 core
diameters at fixed Au shell thickness and vice versa (i.e., at
constant Fe3O4 core diameter and varied Au shell thicknesses)
(Figure 13b). As such, their core-diameter- and shell-thickness-
dependent optical properties can be scrutinized.50

Intriguingly, it is also feasible to transform the outer polymer
hairs on the surface of core−shell NPs into functional materials
such as a conductive carbon layer. For instance, uniform PS-
ligated plasmonic Au/semiconducting TiO2 core/shell NPs
were created by capitalizing on the star-like β-CD-g-[P4VP-b-
PtBA-b-PS] triblock copolymer as a nanoreactor (Table 1; No.
9 nanoreactor).47 PS hairs on the surface of Au/TiO2 NP can
be calcined in an inert atmosphere to yield carbon-coated Au/
TiO2 NPs for use in dye-sensitized solar cells.47 Recently,
organolead halide perovskite/silica (i.e., MAPbBr3/SiO2) core/
shell NPs were produced using β-CD-g-[P4VP-b-PtBA-b-PS]
as a nanoreactor.49 In this study, PbBr2 was preferentially
loaded within the P4VP regime, followed by the hydrolysis of
PtBA and the addition of another precursor MABr, yielding
PAA-b-PS-ligated MAPbBr3. Finally, PS-ligated MAPbBr3/
SiO2 core/shell NPs were created via hydrolysis of tetramethyl
orthosilicate (TMOS) within the space occupied by PAA
chains. Likewise, PEO-ligated MAPbBr3/SiO2 NPs can also be
prepared using β-CD-g-[P4VP-b-PtBA-b-PEO] as a nano-
reactor (Table 1; No. 12 nanoreactor).49 It is worth noting
that such dual-shelled perovskite MAPbBr3 NPs (i.e., inorganic
SiO2 as an inner shell and polymer hairs (PS and PEO) as an
outer shell) carry a stellar set of largely improved stabilities
(i.e., colloidal stability, chemical composition stability, water
stability, photostability) as well as appealing solution
processability.49

Based on the few representative examples discussed above, it
is clear that the core and shell materials are template-grown
independently within the inner and intermediate compartment
of star-like triblock copolymers. Moreover, the surface
chemistry of polymer-ligated core/shell NPs could be
judiciously designed and enabled by advanced synthetic
techniques, thereby offering this class of nanomaterials with
additional engineered functionality for many applications.
1D Nanorods, Nanowires, and Nanotubes Directed

by Bottlebrush-like Polymer Nanoreactors. As discussed
above, the cylindrical architecture of bottlebrush-like polymers
gives them unusual properties and promising applications in
photonic crystals,79,136 biomedicine,137,138 hybrid nanostruc-
tures,139,140 and self-assembled superstructures.141,142 It is
important to note that bottlebrush-like polymers are stable
unimolecular cylindrical micelles against external stimuli. This
contrasts sharply with cylindrical micellar analogues formed via

self-assembly of linear BCPs, which are dynamically stable.
Thus, in what follows, we review the implementation of
unimolecular bottlebrush-like diblock and triblock copolymers
to construct polymer-ligated 1D nanorods, nanowires, and
nanotubes (NTs).

Hairy Plain Nanorods and Nanowires. We note that the
length and diameter of polymer-ligated plain NRs and NWs
can be readily controlled by adjusting the lengths of the
polymer backbone and inner block of diblock side chains
(brushes), respectively. By coordinating different kinds of
precursors of interest, the composition of 1D NRs and NWs
can also be easily tuned.
To date, a collection of 1D NWs have been reported using

bottlebrush-like diblock copolymers as nanoreactors, including
metal NWs, metal oxide NWs, nonmetal oxide NWs, and
semiconducting NWs. For example, using a polymerizable
silane (e.g., 3-acryloylpropyltrimethoxysilane (3-APTS)) as
monomer, the bottlebrush-like PHEMA-g-[PAPTS-b-PDMAE-
MA] diblock copolymer (Table 1; No. 23 nanoreactor) was
synthesized.96 Then, SiO2 NWs were in situ grown through an
alkali-catalyzed condensation reaction of the inner PAPTS
blocks. PDMAEMA-ligated SiO2 can be further functionalized
by PtNPs as a result of coordination reaction between the
quaternized PDMAEMA shell and Pt precursors.96 Similarly, a
soluble organo-silica NW was formed using the bottlebrush-
like PHEMA-g-[PAPTS-b-POEGMA] diblock copolymer
(Table 1; No. 25 nanoreactor) to enable in situ formation of
SiO2 within the inner PAPTS blocks.98 Recently, rare-earth
metal cation (Ln3+)-decorated hybrid SiO2 NWs possessing
photoluminescence and paramagnetic properties were pro-
duced using bottlebrush-like PHEMA-g-[PAA-b-PDMAEMA]
diblock copolymers (Table 1; No. 21 nanoreactor).94 More-
over, bottlebrush-like diblock copolymer nanoreactors can also
be exploited to synthesize TiO2 and ZnO NWs during which
titanium(IV) 2-ethylhexanoate (Ti(EH)4) and Zn precursors
were selectively loaded, respectively, in the inner PAA blocks
of PHEMA-g-[PAA-b-PS] (Table 1; No. 26 nanoreactor).99,127

The length and diameter of the resulting hybrid NWs were
controlled by the MWs of PHEMA backbone and PAA block,
respectively.99,127 Likewise, the use of a PHEMA-g-[PHEMA-
b-POEGMA] nanoreactor (Table 1; No. 22 nanoreactor)
enabled the synthesis of TiO2 NWs using Ti(OC4H9)4 as the
TiO2 precursor, and Ti(OC4H9)4 was mainly positioned in the
brush core (i.e., PHEMA) via a transalcoholysis reaction.95 It is
interesting to note that the amphiphilic PHEMA-g-[PAA-b-
PnBA] diblock copolymer (Table 1; No. 19 nanoreactor)
directed the growth of cadmium sulfide (CdS) and cadmium
selenide (CdSe) NWs via the absorption of Cd2+ by −COOH
in the PAA block, followed by the introduction of H2S and
H2Se, respectively.

91,92 Moreover, superparamagnetic hybrid
nanocylinders were also prepared using the same PHEMA-g-
[PAA-b-PnBA] nanoreactor.90 To improve the magnetic
response of the paramagnetic nanocylinders, presynthesized
Fe3O4 NPs (∼10 nm in diameter) were incorporated into
PHEMA-g-[PMAA-b-POEGMA] (Table 1; No. 20 nano-
reactor) to yield excellent magnetic-responsive hybrid
magnetic NWs.93

It is noteworthy that the use of PHEMA and other
backbones cannot afford a high level of stiffness to yield
rigid NRs or NWs. On many occasions, it is highly desirable to
use the rigid backbone that enables the synthesis of high-
quality NRs and NWs for exploring their aspect ratio-
dependent physical properties. Recently, a general method-
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ology for the preparation of a rich variety of NRs including
noble metallic (e.g., Au, Pt), ferroelectric (e.g., BaTiO3),
upconversion (e.g., green-emitting NaYF4:Yb/Er and blue-
emitting NaYF4:Yb/Tm), semiconducting (e.g., CdSe), ther-
moelectric (e.g., PbTe), and magnetic (e.g., Fe3O4) have been
crafted using bottlebrush-like cellulose-g-[PAA-b-PS] as a
nanoreactor (Table 1; No. 30 nanoreactor) that contains a
rigid cellulose backbone (Figure 14).102 Likewise, owing to

strong coordination interaction between −COOH groups of
PAA blocks and metal moieties of precursors, these precursors
were preferentially loaded in the cylinder-shaped PAA block
compartment, leading to the nucleation and growth of
inorganic NCs. The surface chemistry of NRs can be readily
tuned. For example, water-soluble AuNRs ligated with
hydrophilic poly(ethylene glycol) (PEG) hairs can be prepared
by capitalizing on double-hydrophilic cellulose-g-[PAA-b-PEG]
as a nanoreactor (Table 1; No. 31 nanoreactor), whereas
organic solvent-soluble AuNRs ligated with hydrophobic PS
can be synthesized using cellulose-g-[PAA-b-PS] as discussed
above.102 The length and diameter of NRs can be easily
tailored by judiciously varying the length of the cellulose-Br
macroinitiator and MW of inner PAA blocks, respectively.

Hairy Nanotubes (i.e., Hollow Nanorods). It is also
possible to create a polymer-ligated hollow 1D NR (i.e.,
nanotube) by employing bottlebrush-like triblock copolymers
as nanoreactors in which the intermediate hydrophilic blocks
direct the synthesis of the NT. A pioneering work on the
synthesis of hydrophilic organo-silica hybrid NTs involves the
use of triblock polymer brushes consisting of a PHEMA
backbone, a PtBA core, a PAPTS shell, and a POEGMA
corona (i.e., PHEMA-g-[PtBA-b-PAPTS-b-POEGMA]) (Table
1; No. 27 nanoreactor).100 The SiO2 shell was formed by the
condensation of the trimethoxysilyl groups in PAPTS in
aqueous solution. The length and thickness of the SiO2 shell
are tunable by varying the MW of PAPTS. Strictly speaking,
these POEGMA-ligated SiO2 NTs are not exactly hollow
owing to the existence of inner PtBA blocks.100 Likewise, by
employing PHEMA-g-[PCL-b-PDMAEMA-b-POEGMA] as a
nanoreator (Table 1; No. 28 nanoreactor),101 anatase TiO2
was formed in the PDMAEDA regime due to the interaction
between the precursors (i.e., titanium(IV) bis(ammonium
lactate) dihydroxide; TALH) and PDMAEMA, yielding
POEGMA-ligated TiO2 NTs. The length and diameter of
TiO2 NTs can be adjusted by varying the lengths of PHEMA

Figure 14. TEM and HRTEM images of various plain NRs
synthesized using cellulose-g-[PAA-b-PS] as nanoreactor. Repro-
duced with permission from ref 102. Copyright 2016 American
Association for the Advancement of Science (AAAS).

Figure 15. (a) Synthetic route to PHEMA-g-[PCL-b-PDAEMA] and subsequent SiO2 NT formed using PHEMA-g-[PCL-b-PDAEMA] as a
nanoreactor. (b) TEM image of a SiO2 NT. Reproduced from ref 97. Copyright 2012 American Chemical Society. (c) Synthetic route to
cellulose-g-[PS-b-PAA-b-PS] and their use as a nanoreactor for PS-ligated NTs. (d) TEM images of AuNTs templated by cellulose-g-[PS-b-
PAA-b-PS]. Reproduced with permission from ref 102. Copyright 2016 American Association for the Advancement of Science (AAAS).
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and PDMAEMA blocks, respectively.101 Moreover, using a
bottlebrush-like diblock copolymer of PHEMA-g-[PCL-b-
PDMAEMA] as a nanoreactor, a hollow SiO2 NT was derived
by depositing TMOS on quaternized PDMAEMA blocks,
followed by sintering or reacting with an acid to remove the
inner PCL core (Figure 15a,b).97 We note the hollow SiO2 NT
formed in this study was not ligated by polymers.
As discussed above, it is not surprising that the SiO2 NW can

also be crafted using a bottlebrush-like PHEMA-g-[PCL-b-
PDMAEMA] diblock copolymer with a long HEMA backbone
as nanoreactor (i.e., 1250 ± 200 nm, whereas 265 ± 20 nm for
the NT).97 Intriguingly, when Pt or AuNPs were first loaded in
the PDMAEMA regime, followed by the formation of SiO2
upon the addition of TMOS, the metal NP-containing hybrid
SiO2 NW can be obtained as a result of the coordination
interactions between both metal precursors and TMOS with
PDMAEMA.97

Quite interestingly, the implementation of cellulose-back-
bone-based bottlebrush-like triblock copolymers is also feasible
for the construction of high-quality 1D NTs. Recently, by
exploiting amphiphilic cellulose-g-[PS-b-PAA-b-PS] as a nano-
reactor (Table 1; No. 34 nanoreactor), organic solvent-soluble

PS-ligated AuNTs were synthesized as Au precursors were
preferentially partitioned in the intermediate PAA blocks
(Figure 15c,d).102 The dimension of AuNTs including the
diameter of the inner cavity and the thickness of the AuNT
shell can be readily controlled by regulating ATRP reaction
times of the inner PS blocks and the intermediate PtBA blocks
(hydrolyzed into PAA blocks later), respectively. This strategy
is greatly reliable to produce other PS-ligated NTs of different
compositions and water-soluble PEG-ligated NTs by varying
the precursors and employing the cellulose-g-[PS-b-PAA-b-
PEG] nanoreactor.102

Hairy Core/Shell Nanorods. Recently, core/shell NRs with
adjustable dimensions (core diameter, shell thickness, and
length), chemical compositions, and solubility were achieved
by exploiting amphiphilic bottlebrush-like cellulose-backbone-
containing triblock copolymers as nanoreactors.102 For
example, PS-ligated plasmonic Au/magnetic Fe3O4 core/shell
NRs were formed by employing cellulose-g-[P4VP-b-PtBA-b-
PS] as a nanoreactor (Table 1; No. 32 nanoreactor), in which
Au was first formed within the inner P4VP compartment,
followed by the growth of the Fe3O4 shell templated by the
PAA blocks obtained via hydrolyzing the intermediate PtBA

Figure 16. TEM and HRTEM images of Au/Fe3O4 core/shell NRs with a AuNR diameter of 10.5 ± 0.6 nm and a Fe3O4 shell thickness of 4.6
± 0.4 nm, template-grown from the cellulose-g-[P4VP-b-PtBA-b-PS] nanoreactor. Reproduced with permission from ref 102. Copyright
2016 American Association for the Advancement of Science (AAAS).

Figure 17. UV−vis spectra of (a) PS-ligated AuNPs of various sizes (prepared using β-CD-g-[PtBA-b-PS] as a nanoreactor). Reproduced with
permission from ref 39. Copyright 2016 Wiley-CVH. (b) Solid AuNPs as well as hollow AuNPs 1 and 2 permanently ligated by PS
(synthesized by employing β-CD-g-[PS-b-PtBA-b-PS] as a nanoreactor). Reproduced from ref 34. Copyright 2017 American Chemical
Society. (c) Fe3O4/Au core/shell NPs with a Fe3O4 core of 6, 10, and 20 nm at a fixed Au shell of 5 nm (templated by β-CD-g-[PS-b-PtBA-b-
PEO] as a nanoreactor). (d) Fe3O4/Au core/shell NPs with a Au shell thicknesses of 5, 10, and 18 nm at a constant Fe3O4 core of 6 nm.
Reproduced with permission from ref 50. Copyright 2015 Wiley-CVH. (e) Photoresponsive PMAMC-ligated AuNPs when illuminated with a
365 nm UV lamp (crafted by utilizing β-CD-g-[PtBA-b-PMAMC] as a nanoreactor). (f) PMAMC-ligated AuNPs upon subsequent exposure
to 254 nm UV lamp after irradiation by a 365 nm UV lamp for 3 h. Reproduced with permission from ref 42. Copyright, 2018 National
Academy of Sciences.
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blocks (Figure 16).102 By combining ATRP with the click
reaction, cellulose-g-[P4VP-b-PtBA-b-PEG] was synthesized,
with which hydrophilic core/shell nanorods ligated with water-
soluble PEG hairs can be crafted, such as plasmonic Au/
semiconducting TiO2 as well as plasmonic Au/upconversion
NaYF4:Yb/Er core/shell NRs.102 It is notable that such an
amphiphilic bottlebrush-like triblock copolymer strategy
renders precise tailoring of the core diameter and shell
thickness of NRs by varying the MWs of the inner P4VP
blocks and intermediate PtBA blocks, respectively. By
extension, polymer-ligated core/shell NWs may be achieved
by extending the length of the cellulose backbone used in the
synthesis of these bottlebrush-like triblock copolymers.

SIZE-, ARCHITECTURE-, AND
SURFACE-CHEMISTRY-DEPENDENT PROPERTIES OF
POLYMER-LIGATED NANOCRYSTALS
The physical properties of NCs depend heavily on their sizes
and shapes (e.g., core diameter and shell thickness as in core/
shell NPs and diameter and length as in NRs), compositions,
architecture (e.g., plain, hollow, and core/shell), and surface
chemistry. Thus, the ability to produce NCs with controlled
structural characteristics noted above is the key to interrogate
their fundamental structure−property relationship that occurs
only at the nanoscale. It is notable that NCs prepared by
conventional methods (e.g., ligand-capped NCs) often possess
limited long-term stability due to the dynamic association and
dissociation of surface ligands.143 In contrast, the unimolecular
nonlinear block copolymer nanoreactor strategy described
above imparts precise crafting of NCs that are intimately and
stably tethered with polymers (i.e., polymer-ligated NCs), thus
facilitating investigation into the correlation of the properties
with structures of this class of nanomaterials, as highlighted in
several studies discussed below.
Modulating Optical Properties via Size, Architecture,

and Surface Polymer Functionality Control. Precious
metal NPs (i.e., Ag and Au) exhibit appealing optical properties
due to strong surface plasmon resonance (SPR) that originated
from the interaction of an electromagnetic wave and the
conduction electrons in metal nanostructures. Figure 17a
shows the UV−vis absorption spectra of PS-ligated AuNPs
with different diameters prepared using star-like diblock
copolymers of β-CD-g-[PAA-b-PS] as a nanoreactor (Table
1; No. 2 nanoreactor).39 Clearly, the characteristic SPR peak
position was slightly red-shifted and accompanied by an
obviously increased absorption intensity and decreased full
width at half-maximum (fwhm) with increasing Au size,
correlating well with the results in the literature.144 The
architecture of AuNPs (i.e., hollow versus solid) was found to
exert a significant effect on their SPR properties. As shown in
Figure 17b, solid AuNPs with a diameter of 12.2 ± 0.5 nm
demonstrated a SPR peak at 525 nm, whereas the characteristic
SPR peak of hollow AuNPs 1 (i.e., external diameter of 12 ±
0.4 nm and shell thickness of 4.7 ± 0.3 nm) with the same
external diameter yet possessing an interior cavity was shifted
to 545 nm. Moreover, a larger red shift (67 nm) was observed
for hollow AuNPs 2 (i.e., external diameter of 12 ± 0.5 nm and
shell thickness of 2.7 ± 0.2 nm) with an increased cavity over
that of AuNPs 1.34

In addition, polymer-ligated Au-containing core/shell NPs
displayed a more intriguing SPR property. For example, the
absorption peak of the PEO-ligated Fe3O4/Au core/shell NPs
prepared by employing star-like β-CD-g-[P4VP-b-PAA-b-PEO]

as a nanoreactor (Table 1; No. 12 nanoreactor) was red-shifted
with increasing Fe3O4 core diameter at a fixed Au shell
thickness (Figure 17c) due to the electron deficiency on Au
caused by the electron trapping or charge compensation at the
Fe3O4/Au interface.50,145−147 In contrast, a blue shift was seen
for PEO-ligated Fe3O4/AuNPs of increasing Au shell thickness
at a fixed Fe3O4 core diameter (i.e., 6 nm) (Figure 17d) as the
increased Au content can decrease the effect of the Fe3O4 core
diameter on the plasmonic absorption, thus blue-shifting
toward the plasmonic absorption of pure AuNPs.148 Similarly,
PS-ligated Au/TiO2 core/shell NPs with a fixed diameter of
the Au core prepared by star-like β-CD-g-[P4VP-b-PtBA-b-
PS]47 (Table 1; No. 9 nanoreactor) showed a red-shifted SPR
band as the TiO2 shell thickness increased owing to the change
of local dielectric environment of Au as a result of the presence
of a high dielectric TiO2 shell.

144

In addition to the architecture, the functionalities of surface
polymers were also found to influence on the SPR property of
AuNPs. Recently, thermoresponsive PNIPAM-ligated AuNPs
prepared by employing star-like β-CD-g-[PAA-b-PNIPAM] as
a nanoreactor (Table 1; No. 3 nanoreactor) experienced
progressive red shifts and improved SPR peak intensities as the
temperature increased from 10 to 50 °C.41 Interestingly, the
optical property of PNIPAM-ligated AuNPs can be tailored by
manipulating the thermoresponsiveness of ligated PNIPAM
hairs which experienced a transition from well-dispersed to
collapsed chain conformation upon heating. Thus, the local
refractive index of AuNPs was increased, leading to a red-
shifted and enhanced SPR band.149 In another study, the SPR
peak position of light-responsive PMAMC-ligated AuNPs
showed a 59 nm red shift in conjunction with reduced
absorbance and increased fwhm after being irradiated with a
365 nm UV lamp (Figure 17e).42 Quite intriguingly, such
largely changed SPR properties can be fully recovered to their
original state by subsequently exposing them to a 254 nm UV
light (Figure 17f). This phenomenon can be rationalized by
the photoinduced reversible self-assembly of PMAMC-capped
AuNPs.42

Recently, uniform CsPbX3 perovskite QDs were crafted by
exploiting judiciously designed amphiphilic star-like β-CD-g-
[PAA-b-PS] as a nanoreactor (Table 1; No. 2 nanoreactor).40

Owing to the readily tunable MW of PAA and PS blocks by
controlling their respective polymerization times, CsPbX3
perovskite QDs with precisely size-tunable optical properties
were rendered. As depicted in Figure 10c, PS-ligated CsPbBr3
QDs with a diameter of 8.6 ± 0.3, 10.1 ± 0.6, and 13.9 ± 0.7
nm exhibited photoluminescence (PL) peaks at 514, 515, and
516 nm, respectively. In addition to the size-dependent optical
properties, the composition of PS-capped CsPbBr3 QDs can
also be effectively altered to regulate their optical properties.
For example, by employing ZnCl2 and ZnI2 as Cl− and I−

sources, blue-emitting CsPbCl3 and red-emitting CsPbI3 QDs
were formed via anion change with Br− of PS-capped CsPbBr3
QDs. Taken together, optical properties of PS-capped CsPbX3
QDs can be conveniently and precisely tuned by varying their
sizes and compositions.40

Tailoring Superparamagnetic Properties via Control
over Size. When the size of magnetic nanostructures
decreases to a critical radius rc, where a single domain is
formed instead of multiple domains, superparamagnetism
appears.150 The superparamagnetism refers to magnetic NPs
that have a large and fixed magnetic moment, which display a
rapid response to the external magnetic field without residual
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magnetism (Mr = 0) and coercivity.151 The saturation
magnetization of superparamagnetic NPs such as Fe3O4 is
size-dependent. For example, different sizes of PS-ligated
Fe3O4 NPs (6, 10, and 16 nm) prepared from the nanoreactor
of β-CD-g-[(PAA-b-PS] were superparamagnetic at 300 K, and
the saturation magnetization increased accordingly with
increasing Fe3O4 NP size.33 Starting from the bifunctional
ligands with ATRP activity and iron precursors, PMMA-ligated
Fe3O4 NPs were obtained by ATRP of MMA on the surface of
Fe3O4 NPs.

152 There was no hysteresis loop for PMMA-ligated
Fe3O4 NPs of different sizes, suggesting their superparamag-
netic property. Accordingly, the saturation magnetization
increased with increasing NP size.153 A similar phenomenon
was observed in Fe3O4 NCs created using star-like β-CD-g-
[(PEO-g-PAA)-b-PEO]18 as a nanoreactor (Table 1; No. 17
nanoreactor).153 The diblock polymer arm of (PEO-g-PAA)-b-
PEO was composed of PAA-grafted PEO as the first block and
a pure PEO block as the second block. Likewise, Fe3O4 NCs
were formed within the compartment occupied by PAA
subunits due to coordination interaction between precursors
and −COOH groups of PAA. The dimension of Fe3O4 NCs
can be controlled by adjusting the length of the first PEO block
as well as the grafting density of PAA subunits, thereby
affording a changeable superparamagnetic behavior of Fe3O4
NCs. With increasing grafting density of PAA subunits, a larger
saturation magnetization was seen, which can be attributed to
the formation of larger-sized Fe3O4 as more precursors were
loaded in the PAA compartment.153

Investigation into Size-Dependent Dielectric and
Ferroelectric Properties. Ferroelectric materials manifest
spontaneous electric polarization. Their polarization direction
can be manipulated by the externally applied fields such as
electric field, mechanical force, etc.154 BaTiO3 NPs represent
one of the most widely studied ferroelectric nanomaterials
because of their high dielectric constant and ferroelectric
properties.155,156 The ferroelectric properties of BaTiO3 are
closely related to its crystal phase, particle size, and surface
chemistry.157 The size-dependent dielectric and ferroelectric
properties of BaTiO3 are particularly interesting for applica-
tions in miniaturized electronic devices.158 Therefore, it is
highly desirable to synthesize BaTiO3 NPs of controllable sizes
with better ferroelectricity, higher permittivity, and lower
dielectric loss.
As poly(vinylidene fluoride) (PVDF) is a promising polymer

for dielectric nanocomposites, PVDF-ligated BaTiO3 NPs were
crafted using star-like β-CD-g-[PAA-b-PVDF] as a nanoreactor
(Table 1; No. 7 nanoreactor).45 The dielectric properties of

PVDF-ligated BaTiO3 NPs, referred to as PVDF-BaTiO3
nanocomposites in this study,45 were calculated by examining
the capacitance and dissipation factor of parallel-plate
capacitors prepared by hot-pressing the nanocomposite
powders. As shown in Figure 18, the dielectric constants of
PVDF-BaTiO3 nanocomposites are much higher than those of
pure PVDF, and PVDF-BaTiO3 nanocomposites containing
larger-sized BaTiO3 NPs (D = 16.1 ± 0.8 nm) possessed
dielectric constants higher than those of smaller-sized ones (D
= 10.2 ± 0.6 nm). On the other hand, the dissipation factor of
PVDF-BaTiO3 nanocomposites is much lower than that of
pure PVDF, offering promising applications in various energy
storage devices.159 Moreover, the ferroelectric properties of
these PVDF-BaTiO3 nanocomposites were also scrutinized.45

We note that, in addition to optical, magnetic, dielectric, and
ferroelectric properties, other physical properties of polymer-
ligated uniform NCs, including catalytic (e.g., Pt, TiO2, and
Cu2O NPs;33,127 both photocatalysis and electrocatalysis),
luminescent (e.g., II−IV QDs as well as organic−inorganic and
all-inorganic perovskite QDs),33 upconverting (e.g., NaYF4:Yb/
Tm and NaYF4:Yb/Er),

102 multiferroic (e.g., BiFeO3), thermo-
electric (as in PbTe NPs),46 and magnetoelectric coupling (e.g.,
MFe2O4/BaTiO3), can also be explored to provide insight into
their strong dependence to size, shape, and architecture of
NPs.

APPLICATION OF POLYMER-LIGATED
NANOCRYSTALS

Crafting a large variety of uniform NCs by capitalizing on
judiciously designed nonlinear BCPs with well-defined MW
and narrow MW distribution as nanoreactors represents a
versatile strategy that offers a high level of tailorability in
dimension, composition, architecture, surface chemistry, and
stability of NCs with engineered functionalities for use in
energy conversion and storage, electronics, photonics,
optoelectronics, catalysis, nanotechnology, biotechnology, etc.
In this section, we will exemplify several promising applications
of polymer-ligated NCs.

Solar Energy Conversion. The implementation of
upconversion NPs (UCNPs) in perovskite solar cells (PSCs)
to capture near-infrared (NIR) solar photons for increased
photocurrent may stand out as an appealing strategy to
improve the power conversion efficiency (PCE) of PSCs.
Recently, NIR organolead halide PSCs enabled by mono-
disperse dual-functional NaYF4:Yb/Er UCNPs were re-
ported.44 The NaYF4:Yb/Er UCNPs were synthesized by
employing the double-hydrophilic star-like diblock copolymer

Figure 18. Dielectric constants and loss tangents of PVDF and PVDF-BaTiO3 nanocomposites containing BaTiO3 NPs (i.e., PVDF-ligated
BaTiO3 NPs) with a diameter of 10.2 ± 0.6 and 16.1 ± 0.8 nm, respectively, prepared using star-like β-CD-g-[PAA-b-PVDF] as a
nanoreactor. Reproduced from ref 45. Copyright 2015 American Chemical Society.
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of β-CD-g-[PAA-b-PEO] as a nanoreactor.44 The exterior PEO
chains not only offer the solubility and high stability of as-
prepared NaYF4:Yb/Er UCNPs in aqueous solution but also
have the capability of regulating porosity of the electrode by
adding a PEO homopolymer. A high PCE of 17.8% was
obtained in CH3NH3PbI3 PSC with a NaYF4:Yb/Er UCNP-
containing mesoporous electrode sandwiched between the
compact TiO2 film and CH3NH3PbI3. The PCE was further
increased to 18.1% under the irradiation of a 980 nm laser
(Figure 19a).44

Recently, carbonized Au/TiO2 core/shell NPs (i.e., carbon-
coated Au/TiO2) were incorporated in dye-sensitized solar
cells (DSSCs) by depositing a thin layer of PS-ligated Au/TiO2
NPs on the top of P25 film (i.e., TiO2 as photoanode),
followed by thermal annealing at 500 °C in argon to convert
PS-ligated Au/TiO2 NPs into carbon-coated Au/TiO2 NPs
(Figure 19b). The PS-ligated Au/TiO2 NPs were prepared
using star-like β-CD-g-[P4VP-PtBA-b-PS] as a nanoreactor.
Owing to the synergetic effect of surface-plasmon-enabled
light-harvesting enhancement of the Au core and fast electron
transport promoted by the conductive carbon layer coating on
Au/TiO2 NPs, the short-circuit current density and PCE of the
resulting DSSCs were increased by 18.4 and 13.6%,
respectively, compared to a pure P25-based device.47

Light-Emitting Diodes. Recent impressive development
in the synthesis of perovskite QDs (ABX3; both organic−
inorganic and all-inorganic) as building blocks for miniaturized
materials and devices has emerged as an important research
activity. They have found promising applications in photo-
voltaics, light-emitting dioxides (LEDs), scintillators, lasers,
etc.160 The practical applications of ABX3 QDs have been

primarily limited by the long-term stability due to their ionic
crystal nature and tendency to decompose under external
stimuli (e.g., UV, water, oxygen, polar solvents, heat, etc.).161 In
this context, recently, uniform all-inorganic perovskite CsPbBr3
QDs were prepared using a judiciously designed amphiphilic
star-like diblock copolymer of β-CD-g-[PAA-b-PS] as a
molecularly engineered nanoreactor.40 The resulting CsPbBr3
QDs were permanently ligated with hydrophobic PS chains,
offering outstanding colloidal stability against water. Owing to
their good optical properties, a white-light-emitting diode
(WLED) device consisting of blue-emitting GaN blue chip,
green-emitting PS-ligated CsPbBr3 QDs, and red-emitting
CdSe/Cd1−xZnxSe1−ySy/ZnS QDs was fabricated (Figure 20).
The PS-capped CsPbBr3 QD-based WLED had a color
coordinate of (0.31, 0.32), very close to the white color
coordinate of (0.33, 0.33), and a color gamut broader than that
of NTSC and sRGB standards. Most importantly, the PS-
ligated CsPbBr3 QD-based WLED demonstrated excellent
long-term stability under ambient conditions and high thermal
cycling stability between 25 and 100 °C owing to the
permanently ligated PS hairs.40

Catalysis. Nanosized catalytic materials have seen signifi-
cant progress during the last few decades owing to their
considerable increased surface area compared to that of their
bulk counterpart. It is notable that catalytic NPs prepared by
conventional methods often have the issue of the aggregation
of NPs, thus leading to reduced catalytic activity. Polymer-
ligated NPs template-grown from nonlinear BCPs possess
robust polymer chains permanently tethered on the NP
surface, providing them with good colloidal stability and
dispersity during various catalytic reactions.

Figure 19. (a) Energy level diagram of CH3NH3PbI3 solar cell containing the NaYF4:Yb/Er mesoporous electrode. Reproduced with
permission from ref 44. Copyright 2016 Wiley-VCH. (b) Scheme of DSSC where a TiO2 photoanode is deposited with carbon-coated Au/
TiO2 core/shell NPs. Reproduced from ref 47. Copyright 2015 American Chemical Society.

Figure 20. (a) Photoluminescence spectra of PS-ligated CsPbBr3 QD-based white-light-emitting diode. Inset: Digital image of as-prepared
WLED device. (b) CIE color diagram of the WLED device. Reprinted with permission from ref 40. Copyright 2019 Wiley-VCH.
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Cylindrical diblock polymer brushes consisting of the inner
silsesquioxane blocks (formed by the interaction between
PAPTS and TMOS) and the outer PDMAEMA blocks along
the PHEMA backbone were employed to template the growth
of PtNPs via the coordination interaction between PDMAE-
MA and H2PtCl6·6H2O.

96 The resulting Pt-decorated hybrid
NW displayed exceptional catalytic activity toward the
reduction of 4-nitrophenol by NaBH4, and the rate constant
(k1 = 0.31 s−1m−2 L) was larger than that of PtNPs stabilized in
dendrimers (k1 = 0.16 s−1m−2 L).162 Similarly, using PHEMA-
g-[PCL-b-PDMAEMA], a hybrid SiO2 NW containing AuNPs
(∼3.5 nm) was obtained via sequential Au precursor loading,
SiO2 deposition, and metal ion reduction in the PDMAEMA
regime.97 The accessibility of AuNPs and their catalytic activity
by converting 4-nitrophenol into 4-aminophenol were then
elucidated. It is noteworthy that such in situ growth of catalytic
noble metal NPs in the polymer template effectively avoids the
aggregation of NPs owing to the dual protection of SiO2 and
polymer hairs.97

The ability to regulate the catalytic reaction of NCs in a
controllable manner remains challenging, where tethering
stimuli-responsive polymers on the catalytic NC surface may
offer an appealing means of accomplishing it. Recently,
thermoresponsive PNIPAM-ligated AuNPs with nonmono-
tonic or switchable on/off catalytic activities were crafted by
utilizing star-like β-CD-g-[PAA-b-PNIPAM] as a nanoreac-
tor.41 By selecting the reduction of 4-nitrophenol as a model
reaction, the catalytic activity of PNIPAM-ligated AuNPs was
scrutinized. These NPs maintained good colloidal dispersity
when the NP aqueous solution was heated over lower critical
solution temperature (LCST) of thermoreposinve PNIPAM.41

Accordingly, PNIPAM-capped AuNPs manifested a non-
monotonic (i.e., non-Arrhenius) catalytic activity. Intriguingly,
the addition of free linear PNIPAM chains into PNIPAM-
capped AuNP aqueous solution led to the aggregation of
AuNPs as temperature increased above the LCST. As a result,
a switchable on/off catalytic reactivity of PNIPAM-ligated
AuNPs was yielded (Figure 21). In sharp contrast to small-
molecule-stabilized AuNPs, the size and shape of PNIPAM-
ligated AuNPs were well retained after the catalytic reaction,
signifying an improved stability of AuNPs due to permanent
ligation with PNIPAM chains.41

Compared to the plain NPs described above, core/shell NPs
may enable the further tailoring of catalytic property of NPs.
To this end, recently a series of uniform Au/TiO2 NPs with
precisely controlled Au core diameter and TiO2 shell thickness
were crafted by exploiting the amphiphilic star-like triblock
copolymer of β-CD-g-[P4VP-b-PtBA-b-PEO] as a nano-
reactor.48 The dimension-dependent photocatalytic activity of
these Au/TiO2 NPs was closely examined via the photo-
degradation of RhB under visible light irradiation. Compared
with homemade TiO2 NPs and P25, Au/TiO2 core/shell NPs
exhibited significantly enhanced degradation constants as a
result of improved light harvesting enabled by localized surface
plasmon resonance of the Au core and effective transfer of
carriers at the Au/TiO2 interface.

163 The influence of the Au
core diameter and TiO2 shell thickness on photocatalytic
activity were also investigated. With a fixed Au core diameter
of 15 nm, Au/TiO2 NPs with a 5 nm TiO2 shell thickness
manifested the highest photocatalytic performance due to the
delicate interplay of the surface area of TiO2, the amount of
TiO2, and the extent of suppressed charge recombina-
tion.164,165 Likewise, at a constant TiO2 shell thickness of 5

nm, the photocatalytic performance of Au/TiO2 NPs with a 10
nm Au core emerged as the best photocatalyst, which can be
attributed largely to the appropriate amount of photoinduced
electron−hole pairs and surface area. Clearly, the controlled
synthesis of catalytic NPs by capitalizing on nonlinear BCPs as
a nanoreactor offers a particularly promising approach to tailor
the dimensions, compositions, and activities of nanocatalysts.

Nanocarrier for Biomedicine. In recent years, self-
assembled micelles and unimolecular micelles have attracted
substantial attention as drug delivery vehicles in the biomedical
fields. However, in this subsection, we concentrate on the
biomedical applications of polymer-ligated NCs templated
from nonlinear block polymers. Recently, a stable dual-
functional nanovector was designed and prepared for tumor
therapy and CT imaging, as depicted in Figure 22.53 The star-
like triblock copolymers of β-CD-g-[PCL-b-PAEMA-b-PPEG-
MA]21 were exploited as the spherical nanocarrier for loading
AuNPs and DOX. First, AuNPs were in situ grown in the
intermediate PAEMA regime, and the anticancer drug DOX
was then situated in the inner PCL compartment resulting
from the hydrophobic interaction between DOX and PCL.
The imaging capability of as-prepared β-CD-g-[PCL-b-
PAEMA-b-PPEGMA]21/AuNP/DOX composites was then
investigated. The results revealed that AuNPs in the nano-
carrier had an X-ray attenuation intensity higher than that of
Omnipaque (i.e., controlled sample) under the same
conditions, demonstrating a higher CT contrast ability and a
higher sensitive CT imaging. In addition, both in vitro and in
vivo experiments suggested that the nanocarrier displayed an
antitumor performance similar to that of free DOX. The
integration of anticancer drug delivery with CT imaging
represents a promising potential for future cancer theranostics.
This synthetic approach for the preparation of AuNPs was
further extended to β-CD-g-[PDMA-b-PHEMA-b-PPEGMA]
that produced AuNPs without the addition of a reductant.54

When incubated with HepG2 cells, β-CD-g-[PDMA-b-
PHEMA-b-PPEGMA]/AuNPs showed highly intensive X-ray

Figure 21. (a) Nonmonotonic catalytic activity and (b)
corresponding Arrhenius plot of the apparent kinetic rate constant
(kapp) in the reduction reaction of 4-nitrophenol catalyzed by
PNIPAM-ligated AuNPs without the addition of free linear
PNIPAM chains. (c) On/off catalytic activity and (d) correspond-
ing Arrhenius plot of kapp for the catalytic reduction reaction of 4-
nitrophenol by PNIPAM-ligated AuNPs with the addition of a
large amount of linear PNIPAM chains (0.182 mM). Reproduced
with permission from ref 41. Copyright 2019 Wiley-VCH.
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attenuation property (>37%) compared with that of the
controlled sample of Omnipaque, suggesting a useful method
for increasing CT values of polymer carriers in cancer cells.54

GENERAL CONCLUSIONS AND FUTURE OUTLOOK
In summary, we reviewed recent progress in preparation of
NCs templated by nonlinear BCP nanoreactors that afford
access to a wide array of NPs and NRs with controlled size,
shape, architectures, and surface characteristics. We first
discussed the synthesis of nonlinear BCPs with well-defined
MW of each block by controlled/living radical polymerization
techniques in conjunction with the click reaction, where the
core-first strategy for star-like BCPs and the grafting-from
route to bottlebrush-like polymers were highlighted. Special
attention was given to nonlinear BCPs with a β-CD core for
star-like BCPs and a PHEMA backbone as well as a rigid
cellulose backbone for bottlebrush-like BCPs. The MWs and
PDI of nonlinear BCPs can be simply regulated by varying the
polymerization time. The compositions and functionalities of
nonlinear BCPs are dependent on the types of monomers used
and their synthesis sequences.
As the universal and robust strategy, we detailed the

precision and targeted synthesis of polymer-ligated NCs by
exercising nonlinear BCPs as nanoreactors. Various architec-
tures of NPs including plain, hollow, and core/shell
nanostructures with tunable dimensions are formed using
logically designed star-like BCP nanoreactors. The influence of
polymer chemical compositions (i.e., MW, monomer types,
sequence of functional blocks, ratio of functional blocks to
precursors, etc.) and solvents for precursor loading on the
formation of NPs was discussed. With precise structural and
compositional control of bottlebrush-like BCPs, 1D inorganic
NRs, NWs, and NTs can be created. The length and diameter
of these 1D NCs depend on the MWs of polymer backbone
and brushes (i.e., side chains), respectively. The NCs templated
by nonlinear BCPs carry a number of advantages, including (a)
precisely engineered dimensions and compositions of NCs, (b)

excellent colloidal stability against various external perturba-
tions due to intimately and permanently tethered polymer
chains on the NC surface, (c) good dispersity and
compatibility with a polymer matrix for preparation of
functional nanocomposites, and (d) readily tunable solubility
(e.g., hydrophilic polymer ligating rendering water-soluble, and
hydrophobic polymer ligating imparting organic-solvent-
soluble) and surface functionality (e.g., pH-, light-, and
thermal-responsive, insulating, ferroelectric, conducting, etc.)
by varying the outer polymer blocks.
Subsequently, some physical properties of polymer-ligated

NCs were described, and their structure−property relationship
was examined. Particularly, the size-dependent surface plasmon
resonance of AuNPs, tunable emission of perovskite CsPbBr3
QDs, superparamagnetic Fe3O4 NPs, and ferroelectric BaTiO3
NPs were exemplified. Clearly, it is highly feasible to achieve
targeted properties by adjusting the architectures of NCs
through deliberately designing nonlinear BCP nanoreactors.
Finally, the applications of polymer-ligated NCs in solar cells,
WLEDs, catalysis, and CT imaging were outlined.
Despite recent advances in synthesis, properties, and

applications of this class of NCs, questions and challenges
remain to be addressed in order to realize the full potential of
the nonlinear BCP nanoreactor strategy. The future oppor-
tunities in this extraordinarily rich field are also presented.
First, it is of key importance to controllably synthesize star-

like block copolymers with a precise number of arms and
uniform arm length, so the grafting density of polymer hairs on
the surface of NPs can be tailored and the uniformity of NPs
can be further strictly controlled. With the development in
advanced polymerization techniques, it is feasible to synthesize
star-like polymers with predetermined arm numbers and well-
controlled MWs of each arm. Using the cyclodextrin initiator
as an example, there are three commonly known CDs, namely,
α-CD, β-CD, and γ-CD, containing 6, 7, and 8 glucose
repeating units, respectively.166 It is notable that there are 18,
21, and 24 hydroxyl groups (−OH) in α-CD, β-CD, and γ-CD,
which can be converted into ATRP sites by reacting with
BIBB, thus enabling the synthesis of star-like BCPs with 18, 21,
and 24 BCP arms, respectively, that radiate from the CD core.
Moreover, by replacing BIBB with 3-bromo-2-(bromomethyl)-
propanoyl chloride during the esterification reaction, one
hydroxyl can be transformed into two bromine groups (i.e., two
ATRP initiator sites) for growing two polymer chains. Thus,
doubling or even tripling the number of ATRP initiator sites
on the CD core can be easily achieved by rationally choosing
reagents for bromination of hydroxyl groups, thereby resulting
in polymer arms with multifold yet predictable numbers.
In addition, hydroxyl groups on these CDs can be

categorized into primary hydroxyls and secondary hydroxyls
and can thus be selectively modified. For instance, seven
primary hydroxyls at position 6 of β-CD can be substituted by
iodine (I2) and then converted into an azide group (−N3). On
the other hand, 14 secondary hydroxyls may react with BIBB
and further generate 14 arms of polymer side chains by
ATRP.167 Thus, by controlling the reaction condition of CDs,
it is possible to accurately tune the arm numbers and arm
composition of star-like BCPs. With the combination of click
reaction and arm-first strategy, polymer arms with well-
controlled MWs are accessible. Consequently, polymer-ligated
NPs with a deliberate number of polymer hairs situated on the
surface of NP can be crafted.

Figure 22. Schematic illustration of dual-functional β-CD-g-[PCL-
b-PAEMA-b-PPEGMA]21/AuNPs/DOX nanocarrier for cancer
theranostics. Reprinted from ref 53. Copyright 2017 American
Chemical Society.

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c06936
ACS Nano 2020, 14, 12491−12521

12514

https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c06936?fig=fig22&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c06936?ref=pdf


Second, due to multistep synthesis and purification, it is
challenging to obtain nonlinear BCPs with a scalable yield. The
ability to scale up the synthesis of nonlinear BCPs will facilitate
the large-scale production of NCs. To this end, a large-sized
reaction vessel with a built-in heating and stirring system and
with increased concentration of monomers and initiators may
be used while maintaining the optimized reaction conditions
derived from the small batch production.
Third, with regard to polymer-ligated NCs, the mechanism

that underpins the nucleation and growth of NC within the
compartment held by hydrophilic blocks of nonlinear BCPs
has yet to be largely explored. This merits a detailed
investigation. In situ TEM measurement may provide insight
into the coordination reaction between precursors and
functional hydrophilic blocks. Yet, due to significant electron
density contrast of the polymer and NC in conjunction with
the instability of polymers under high energy electron beam
due to their organic nature, such in situ TEM study to elucidate
the growth mechanism of NCs may be challenging. In addition
to possible degradation of nonlinear BCPs, organic solvents
used in the NC growth, directed by nonlinear BCP
nanoreactor, may also be decomposed or carbonized under
an electron beam, thus interfering with in situ imaging of the
nucleation and growth process of NCs.
Nonetheless, computational modeling of NCs can also be

performed, aiming at better understanding complex NC
synthesis templated by nonlinear BCPs.168 It is important to
note that the loading of precursors and their coordination
interaction with hydrophilic polymer blocks is a rather
complicated phenomenon as it depends sensitively on a set
of factors such as polymer architectures, precursor functional
group interactions, and polymer chain length for precursors to
diffuse to, access, and interact (i.e., polymer chain spatial
distribution which could restrict the mobility of precursors),
etc.168

Fourth, related to the growth mechanism study discussed
above, hydrophilic blocks of nonlinear BCPs that template the
formation of NCs are believed to be encapsulated within the
NC. As a result, as-prepared polymer-ligated NCs are not
single crystals. Although polymer-ligated monodisperse NCs
(e.g., PS-ligated AuNPs) has been the focus of nanomaterials
crafted from the BCP nanoreactors (e.g., β-CD-g-[PAA-b-PS]),
the ability to pinpoint the location and integrity of embedded
hydrophilic polymers (e.g., PAA chains) inside the NCs may
provide fundamental and practical insights into the role that
such polymer chains play in physical properties of NCs (e.g.,
electrocatalysis) and materials and devices derived using these
NCs as building blocks. In this context, high-resolution TEM
on microtomed NCs before and after staining enclosed
hydrophilic polymers can be conducted to scrutinize the
position and unity of these polymers. Conversely, to
substantiate the structural integrity of polymers (e.g., PAA)
confined within NCs, as-synthesized NCs can be selectively
dissolved using acid or alkali of proper concentration or via
metathesis reaction to release the NC confinement, thereby
regenerating nonlinear BCPs. Subsequently, the recovered
nonlinear BCPs can be applied for crafting NCs of different
compositions. If successful, this would signify that the integrity
of nonlinear BCPs restricted inside NCs is retained.
Fifth, the ability to expand the architectures and structural

complexity of NCs will provide a platform for the exploration
of emerging properties and construction of miniaturized
materials and devices. The structures that have been attained

by nonlinear BCP nanoreactor to date include plain, hollow,
and core/shell NPs and NRs as well as nanonecklaces. The
latter was composed of uniform inorganic nanodisks periodi-
cally assembled along a stretched flexible polymer chain
templated by an amphiphilic worm-like diblock copolymer
synthesized from a polyrotaxane-based macroinitiator.169

Although rational design and synthesis of other complex
nonlinear BCPs (e.g., nanosheet-like BCPs, helical BCPs, etc.)
will certainly render the creation of intriguing polymer-ligated
nanomaterials (e.g., 2D nanomaterials, inorganic helices, etc.),
self-assembly of polymer-ligated NCs may represent another
important endeavor toward constructing superstructures that
may possess attractive and collective properties. The formation
of superstructures via self-assembly of NCs capped by small
molecules and noncovalently bonded polymer chains have
been demonstrated.170,171 However, the superstructures may,
to some extent, aggregate due to unavoidable dissociation of
surface ligands over a long period of time.172 In contrast, as
polymer hairs are permanently ligated on the NC surface, the
superstructures assembled from polymer-ligated NCs will likely
be stable, without the aggregation of adjacent NCs. Recent
success in self-assembling of AuNPs covalently capped by
polymer ligands suggests the feasibility of creating self-
assembled superstructures using polymer-ligated NCs.173

With the appropriate conditions for self-assembly, polymer-
ligated NCs may be directed into zero-, one-, two-, and three-
dimensional superstructures. As a multitude of polymer-ligated
NCs with well-controlled yet varied dimensions, compositions,
architectures, and surface chemistry can be readily crafted
using a nonlinear BCP nanoreactor strategy, an assortment of
superstructures may be yielded from the self-assembly of
polymer-ligated NC building blocks. For example, these
superstructures may comprise NCs of the same size and
composition yet different (or same) surface chemistry (i.e.,
polymer hairs), NCs of same surface chemistry yet different
compositions and different (or same) sizes, NCs of same (or
different) composition and surface chemistry yet different
shapes, etc. Clearly, physical properties of such superstructures
rely heavily on not only the characteristics of NC constituents
themselves as noted above but also the close proximity of
adjacent NCs within the superstructure. This can be the
subject of a future study.
Sixth, it is of great interest in synthesizing biodegradable and

biocompatible nonlinear BCP nanoreactors for biomedical
applications, for instance, the synthesis of nonlinear BCPs
containing biodegradable PCL and PLA blocks. It is appealing
to encapsulate enzymes within a special regime of BCP
nanoreactors to yield well-maintained activity of enzymes in
physiological conditions. Furthermore, responsive polymer
nanoreactors with preloaded drugs in conjunction with CT
imaging NCs are also enticing, which enables the controlled
release of drugs at targeted sites via changing the external
environment. To this end, a star-like triblock copolymer
composed of hydrophobic poly(ethyl methacrylate-co-poly-
(methacrylic acid) (pH-responsive) as the inner block for both
hydropobic drug loading and pH-responsive release, poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) as the
intermediate block for magnetic NP formation, and PPEGMA
as the outer block for solubility and protective ligand may be
rationally designed to render multifunctional properties, that is,
as a drug carrier, pH-enabled drug release, and CT imaging.174

Finally, as discussed above, creating NCs with more complex
morphology and architecture may facilitate investigation into
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their intriguing properties. In this regard, Janus NCs with good
intimacy between two constituents (e.g., metals, metal oxides
(sulfides), metal carbides, metal nitrides (phosphides), etc.)
have garnered considerable attention over the past several
decades. The noncentrosymmetric architecture of Janus NCs
gives them peculiar properties that are inaccessible to
homogeneous counterparts. Similar to star-like and bottle-
brush-like BCPs, the use of Janus BCPs as nanoreactors,
synthesized via controlled/living radical polymerization
techniques, will yield polymer-ligated Janus NCs. For example,
by selectively modifying β-CD, the Janus β-CD is obtained.167

Thus, Janus star-like BCPs could be synthesized and employed
for directing the formation of Janus NPs. A similar strategy can
be extended to bottlebrush-like BCPs by compartmentalizing
the polymer backbone and brushes along the backbone, where
it is conceivable to craft left−right-type Janus NRs and NTs
along their long axis. These 0D and 1D Janus NCs carry
advantages over conventional NCs by concurrently exposing
the surface of two constituents and rendering the concerted
effect between them for use in switchable display devices,
smart nanomotors, (electro)catalysis, energy conversion,
sensors, bioimaging, drug delivery, etc. This will be an active
area of exploration.
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VOCABULARY

Nanocrystals (NCs): crystals with dimensions at the
nanometer scale, including nanoparticles (plain, hollow,
core−shell), nanowires, nanorods and nanotubes
Star-like polymers: a class of nonlinear polymer with
polymer arms radiating from a central core
bottlebrush-like polymers: a class of grafted polymers
consisting of a long polymer backbone and polymer side
chains densely tethered to the backbone
Nanoreactor: a nanoscopic reactor that is exploited to
template the growth of NCs
Hairy NCs: nanocrystals with polymers covalently con-
nected on the surface, also referred to as polymer-ligated
NCs
Surface chemistry: different chemical compositions and
properties of polymers on the surface of NCs
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