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Nanofabrication within unimolecular nanoreactors
Youfu Wang @& * and Xinyuan Zhu ©

Nanoparticles (NPs) have been a research focus over the last three decades owing to their unique pro-
perties and extensive applications. It is crucial to precisely control the features of NPs including topology,
architecture, composition, size, surface and assembly because these features will affect their properties
and then applications. Ingenious nanofabrication strategies have been developed to precisely control
these features of NPs, especially for templated nanofabrication within predesigned nanoreactors.
Compared with conventional nanoreactors (hard templates and supramolecular nanoreactors), unimole-
cular nanoreactors exhibit (1) covalently stable nanostructures uninfluenced by environmental variations,
(2) extensively regulated features of the structure including topology, composition, size, surface and
valence due to the rapid development of polymer chemistry, and (3) effective encapsulation of abundant
guests with or without strong interaction to achieve the function of loading, delivery and conversion of
guests. Thus, unimolecular nanoreactors have shown fascinating prospects as templates for nanofabrica-
tion. Various NPs with expected topologies (sphere, rod, tube, branch, and ring), architectures (compact,
hollow, core-shell, and necklace-like), compositions (metal, metal oxide, semiconductor, doping, alloy,
silica, and composite), sizes (generally 1-100 nm), surface properties (hydrophilic, hydrophobic, reactivity,
valence and responsivity) and assemblies (oligomer, chain, and aggregate) can be fabricated easily within
reasonably designed unimolecular nanoreactors in a programmable way. In this review, we provide a brief
introduction of the properties and types of unimolecular nanoreactors, a condensed summary of repre-
sentative methodologies of nanofabrication within various unimolecular nanoreactors and a predicted
outlook of the potential further developments of this charming nanofabrication approach.

1. Introduction

Nanomaterials have attracted widespread attention owing to
their unique physical, chemical and biological properties dis-
tinguished from their bulk counterparts. Nanomaterials have
been used in broad applications and have exerted deep influ-
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ence on our daily life."* NPs with three dimensions at the
nanoscale are one of the most famous classes of nano-
materials. Their nanoscale effects lead to various properties
that can satisfy a variety of applications, such as catalysis,
photonics, electronics and biology. The basic features of NPs,
such as topology (sphere, rod, tube, branch, ring, polyhedron,
and plate),> architecture (compact, hollow, core-shell, yolk-
shell, and oligomer),"®"* composition (metal, metal oxide,
semiconductor, doping, alloy, silica, and composite),"”"’
size,"®° surface (hydrophilic, hydrophobic, reactivity, valence
and responsivity)*' ! and assembly (oligomer, chain, aggre-
gate, and superlattice),>>?° profoundly affect their properties
and then corresponding applications (Fig. 1). Therefore, it is
important to develop delicate nanofabrication strategies to
obtain high-quality NPs with good control over these basic fea-
tures. Generally, there are two strategies for the fabrication of
NPs, namely top-down and bottom-up strategies. For the top-
down strategy, NPs are broken off from bulk materials through
strong external forces in high price, making this method
incapable of precisely tailoring the topology, architecture, size
and surface of the resulting NPs.>” For the bottom-up strategy,
NPs build up via nucleation and growth of precursors with
good control over the above-mentioned features of NPs. The
bottom-up strategies such as the hydrothermal and solvo-
thermal method,*® interface-mediated synthesis,* sol-gel pro-
cesses,*® microwave-assisted synthesis,>® sonochemical syn-
thesis®® and template synthesis®® are all wet chemical pro-
cesses which can fabricate NPs in a much easier, better con-
trollable and more frugal way compared to the top-down
strategies.

The template synthesis method is a representative bottom
up strategy for the precisely controlled fabrication of NPs. With
this method, a pre-existing hard or soft template with desired
nanostructures was used to direct the production of NPs with
expected and novel features which are inherited from the tem-
plates and difficult to obtain with other methods. Using prede-
signed nano-structural carbon or silica as hard templates,
novel nanomaterials with unique nanostructures, various com-
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Fig. 1 The basic scientific features of nanoparticles.
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positions and highly thermal stabilities have been fabricated in
a controlled way.>* However, these finely tailored hard tem-
plates are usually fabricated from soft templates.*®> Soft tem-
plates such as surfactants and polymers are very powerful tools
for nanofabrication.>**” Compared with supramolecular nanor-
eactors assembled from multiple molecules or multiple macro-
molecules with dynamic stability affected by environmental
variations, unimolecular nanoreactors with covalently stable
and predesigned nanostructures are one of the most attractive
types of templates to fabricate NPs in a programmable way.*®
Due to the rapid development of polymer chemistry, various
types of unimolecular nanoreactors with diverse compositions
and nanostructures have been prepared and nanofabrication of
NPs with expected features within these unimolecular nanor-
eactors has shown charming prospects.

2. Properties and types of
unimolecular nanoreactors

Unimolecular nanoreactors have drawn considerable attention
in recent years because of their unique properties.
Unimolecular nanoreactors are composed of covalent bonds
within one nanoscale macromolecule exhibiting low viscosity
and high solubility due to their rigid architectures avoiding
chain entanglements. The advantages of unimolecular nanor-
eactors for the fabrication of NPs are prominent: (1) the struc-
tural stability of unimolecular nanoreactors is remarkable
compared to that of supramolecular nanoreactors, which are
the assemblies of multiple molecules (such as surfactants,
amphiphilic polymers and so on) via weak interactions. The
structural stability of supramolecular nanoreactors could be
influenced seriously by environmental variations such as
solvent, concentration, pH, ionic strength, temperature and so
on. However, unimolecular nanoreactors, by contrast, can
maintain their original architectures regardless of the outside
changes (Fig. 2A).>° The soft but steady structures of unimole-
cular nanoreactors can interact with metal precursors at the
molecular level and direct the formation of NPs in a robust
way. (2) The structural features of unimolecular nanoreactors
could be extensively regulated including topology, architecture,
composition, size, surface and valence due to the rapid devel-
opment of polymer chemistry and vast types of available
monomers.*® All these delicately predesigned structural fea-
tures of unimolecular nanoreactors will be inherited to the
fabricated NPs with diverse topologies, various architectures,
multifarious compositions, aplenty but uniform sizes, abun-
dant guest interactions, and ample surface chemistry. (3)
What’s more, there are a variety of guests that can be effectively
encapsulated into the cavities of unimolecular nanoreactors
with or without strong interaction to achieve the function of
loading, delivery and conversion of the guests. After metal pre-
cursors enrichment through strong interaction and sub-
sequent reduction or pyrolysis, then NPs will form within
unimolecular nanoreactors. The outstanding features of unim-
olecular nanoreactors are summarized in Fig. 2B.
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Fig. 2 (A) Different behaviors of unimolecular nanoreactors and supra-
molecular nanoreactors under dilution. Reproduced with permission
from Elsevier,*® copyright 2015. (B) The structural advantages of unimo-
lecular nanoreactors. (C) The primary types of unimolecular nanoreac-
tors: dendrimers (including dendrons), hyperbranched polymers (HBPs),
single-chain nanoparticles (SCNPs), star polymers, bottlebrush polymers
and cyclic brush polymers.

The primary types of unimolecular nanoreactors are dendri-
mers (including dendrons), hyperbranched polymers (HBPs),
single-chain nanoparticles (SCNPs), star polymers, bottlebrush
polymers and cyclic brush polymers as shown in Fig. 2C. The
unique properties and various types of unimolecular nanoreac-
tors with finely structural regulations make them powerful
nanoreactors for templated nanofabrication of NPs.*' The syn-
thesis of NPs templated from various unimolecular nanoreac-
tors will be presented in the next section.

3. Nanoparticles templated from
various unimolecular nanoreactors

As mentioned above, the metal precursors occupied the
specific domain of the unimolecular nanoreactors via strong
interactions, such as coordination and electrostatic force, and
subsequent pyrolysis or reduction to form NPs inheriting the
nanostructures from the unimolecular nanoreactors in a con-
trolled way. If there is no strong interaction between metal pre-
cursors and unimolecular nanoreactors, NPs without expected
nanostructures will form. Notably, the outer domains of the
unimolecular nanoreactors intimately and permanently teth-
ered on the obtained NP surface to provide stability, solubility,
biocompatibility, responsivity, assembly, reactivity and
valences of the resulting nanohybrids. The integrated organic-
inorganic hybrid NPs exhibit varied properties and broad
applications.

3.1 Dendrimers and dendrons as nanoreactors

Dendrimers have highly regular structures, well-defined chemi-
cal formulae and near spherical architectures with three recog-
nizable areas: (1) the core, (2) branched layers radiating from
the core, and (3) terminal groups on the periphery. These
three structural regions can be widely regulated to satisfy
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various functions and applications. Dendrimers with unique
physical, photophysical, chemical and biological properties
have been broadly applied in sensing, electronics, photonics,
catalysis and nanomedicine.** As a structurally defined unimo-
lecular nanoreactor, dendrimers can be used as encapsulating,
stabilizing and directing agents for the fabrication of NPs with
controlled architecture, composition, size and surface.****
Metal precursors can occupy the cavity of dendrimers with or
without strong interactions and subsequently be chemically
reduced to yield NPs in a controlled or uncontrolled way with
dimensions of less than 3 nm.*>"’ The terminal groups of the
dendrimer can be further modified before or after the nano-
fabrication to provide the dispersity, stability, biocompatibility
and assembly of the obtained NPs.*® With dendrimers as
nanoreactors, various NPs and clusters (metal, metal oxide,
and semiconductor) with mono- and multi-metallic compo-
sitions, compact and core-shell architectures have been
fabricated.**”® This approach provides the ability to create
new materials integrating different metals together at the sub-
nanometer scale.

Without a strong interaction, the metal precursor can be
loaded into the cavity of the dendrimer in a statistical way. So,
the obtained NPs are poorly controlled in topology, architec-
ture, surface, size and location (Fig. 3A).>> With a strong inter-
action, such as in poly(amidoamine) (PAMAM) and phenylazo-
methine dendrimer (DPA), the metal precursor can accumulate
in the cavity of the dendrimer in a precise coordination way.
The dendrimer has a gradient in branch density from the core
to the terminal groups, which cause an energy gradient that
directs the transfer of energy and charge from the periphery to
the core. Metal ions complex to the coordination sites within
those dendrimers in a stepwise way, which make it possible
for finely regulating the number and location of the occupied
metal ions.”* With this method, subnanoscale TiO, NPs in
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Fig. 3 (A) Scheme of the NP fabrication within dendrimers without
strong interaction. (B) Scheme of the formation of size-controlled TiO,
NPs within the G4 phenylazomethine dendrimer (DPA) with strong inter-
action. Reproduced with permission from Springer Nature,>® copyright
2008.
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anatase and rutile forms®” and Pt NPs> with very narrow size
distributions have been fabricated within DPA nanoreactors in
a controllable way (Fig. 3B). Multimetallic NPs containing 2-8
elements with compact®®*” and core-shell architectures®®*°
were also prepared in a controllable way using PAMAM or DPA
as the nanoreactor (Fig. 4). Structural rearrangement has been
investigated in experimental and theoretical aspects for the
ultrasmall core-shell NPs (<~2 nm). These obtained NPs
which were incapable of being prepared by other wet chemical
methods exhibited remarkable catalytic properties benefiting
from the ultrasmall size and multielemental composition.**

NPs templated from dendrimers are mostly applied in cata-
lysis benefiting from the ultrasmall sizes and multi-metal
features.*>*”°*51:3¢ pt NPs with diameters of 2-5 nm are
regarded as the ideal catalysts for the oxygen reduction reac-
tion but are limited to preparation by conventional methods.
Prof. Yamamoto fabricated ultrafine Pt clusters composed of
defined numbers of atoms (12, 28, and 60) templated from
DPA through stepwise complexation and reduction. As a result
of exceptionally small particle sizes (0.9, 1.0, and 1.2 nm), the
clusters exhibited very high catalytic activity for the four-elec-
tron reduction of oxygen molecules.”® The templated NPs
within the dendrimer were also applied in bioimaging, drug
delivery and sensing.**

As a branch of dendrimers, dendrons with highly structural
regularity, well-defined chemical formula and 3D branched
architecture radiating from one direction of the core can also
be used as a nanoreactor to fabricate NPs in a controlled way.
The functional groups in the core except those in the radiating
direction of dendrons can function as valences of the resulting
NPs. Interestingly, monofunctional Au NPs with a mean size of
1.3 nm were obtained within a benzylic thioether dendron
equipped with a protected acetylene group in the core. After

Metals

(B)

ot
»
>
1
"
o

-

s
<

Pd14s7@Cuss2 Pd1s7@Ptie2

Ptia7@Pd147Pt1s

Fig. 4 Dendrimer templated ultrasmall and multimetallic NPs with (A)
compact and (B) core—shell architectures. Reproduced with permission
from Springer Nature,>” copyright 2018 and ACS,*®° copyright 2013.
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applying the deprotection and oxidative coupling protocol, the
monofunctionalized Au NPs reacted with each other and exclu-
sively dimerized to form Au NP dimers bridged through a
diyne group.® The monofunctional NPs with the acetylene
group can also be covalently coupled to form oligomers
(dimers, trimers and tetramers) via click chemistry in a wet
chemical protocol (Fig. 5A).°> Different monofunctional
groups in the core of the dendrons exerted important influ-
ence on the nucleation and growth during the NP formation,
and also stabilized the obtained Au NPs in both experimental
and theoretical studies.®> A nitro monofunctional polyester
dendron and its assembly tethered on carbon nanotubes and
cellulose were also utilized as nanoreactors for the fabrication
of CdS quantum dots (QDs) and QD assemblies (Fig. 5B).°"%

Due to the definite composition and structure of dendri-
mers and dendrons, they can template the nanofabrication of
NPs in a programmable way if there are strong interactions
between metal precursors and internal regions of dendrimers
and dendrons. Ultrasmall NPs with uniform size less than
3 nm, especially for well-defined clusters, alloys and mono-
functional NPs, can be obtained within dendrimers or den-
drons and are hard to prepare with other methods. However,
the sizes of dendrimers and dendrons are limited because of
the steric hindrance which also restricts the dimensions of the
templated NPs. The huge cavities within dendrimers can also
increase the difficulty for the NP formation during the
reduction process for the low contact probability between
metal precursors.

3.2 Hyperbranched polymers as nanoreactors

As analogues to dendrimers, hyperbranched polymers (HBPs)
have nearly spherical architecture yet lower structural regu-
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Fig. 5 (A) Monofunctional Au NPs templated from monofunctional
dendrons and then oligomerization to form dimers, trimers and tetra-
mers via click chemistry. Reproduced with permission from ACS,%! copy-
right 2012 and Wiley-VCH,%? copyright 2014. (B) Dendron and its assem-
bly tethered on carbon nanotubes as nanoreactors for the preparation
of the CdS QD and QD assembly. Reproduced with permission from
ACS,%® copyright 2006.
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larity compared to dendrimers. The globular and dendritic
structures of HBPs exhibit unique properties such as plentiful
internal and terminal groups, vast components, intra-
molecular cavities, high solubility and low viscosity. HBPs are
generally prepared through simple one-pot polymerization of
small molecular monomers or functional macromolecules.’*°”
Due to the easy synthesis, tunable structures, and unique pro-
perties, HBPs have found their excellent performance in
various fields such as supramolecular chemistry, nanotechno-
logy, optoelectronics materials, biomaterials, adhesives, modi-
fiers and coatings.®®®® The NPs fabricated within HBPs can
not only obtain multifunctionality, uniform dispersibility, and
splendid solubility but also can acquire extra properties. There
are three strategies for the nanofabrication of NPs within
HBPs, that is HBPs first, NPs first, and ligand exchange
(Fig. 6).7°

Although being easy to synthesize, the controllability of
HBP synthesis is poor resulting in indefinite molecular struc-
ture and large polymer dispersity index. Even with specifically
strong interaction, HBPs cannot template the synthesis of NPs
in a precisely controlled way, especially in topology, architec-
ture and size. Prof. Xinyuan Zhu and colleagues have focused
on hydrophilic hyperbranched PAMAM, HPAMAM, as unimole-
cular nanoreactors for nanofabrication. As analogues to
PAMAM dendrimers, HPAMAM also exhibits strong coordi-
nation capacity with metal precursors and can effectively
direct the templated formation of NPs. PEG grafted HPAMAM
through pH responsive acylhydrazone bonds, HPAMAM-g-PEG,
as a double-hydrophilic HBP was utilized as a unimolecular
nanoreactor for the fabrication of CdS QDs in aqueous solu-
tion through metal precursor enrichment and reduction.
When PEG arms withdrew from the HPAMAM core under pH <
5.5, the obtained CdS QDs within HPAMAM-g-PEG HBPs
exhibited significantly enhanced fluorescence. Such a pH-
responsive feature of these nanocomposites has been demon-
strated in a novel biosensor in acidic lysosomes (Fig. 7).”" An
amphiphilic HBP with HPAMAM core and aliphatic chain
arms formed stable unimolecular nanoreactors in chloroform
and was employed to accumulate Cd*>" ions from the aqueous
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Fig. 6 Three strategies for the nanofabrication of NPs within HBPs: (a)
HBPs first, (b) NPs first, and (c) ligand exchange. Reproduced with per-
mission from Springer,”® copyright 2011.
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Fig. 7 (A) Scheme for PEG grafted hyperbranched PAMAM (HPAMAM-
g-PEG) through the pH sensitive acylhydrazone bond as the nanoreactor
for fabricating CdS QDs. Reproduced with permission from ACS,”* copy-
right 2010.

phase. After the reaction with aqueous S>~ ions, monodisperse
CdS QDs stabilized by HBP were obtained. This amphiphilic
HBP nanoreactor provided a new two-phase route to fabricate
uniform CdS QDs.”* Polystyrene grafted hyperbranched poly-
glycerol, denoted as HPG-b-PS, was prepared and used as a
unimolecular nanoreactor for fabricating colloidal Au NPs.
The accumulation of Au precursors via coordination with the
internal HPG core and following chemical reduction allowed
the construction of well-dispersed and stable Au NPs with
broad diameters of 10-30 nm.”* The length and density of the
PS chain on HPG affect not only the solubility of HPG-b-PS
during nanofabrication but also the dispersity and stability of
the resulting Au NPs. Various NPs with metal, metal oxide and
semiconductor compositions have also been synthesized and
applied in catalysis and biology.”*”””

The HBPs with less structural regularity can fabricate NPs
in a less controlled way especially for size and surface.
However, for some practical applications, HBPs are still poten-
tial candidates for nanofabrication benefiting from easy syn-
thesis and commercial availability in low cost.

3.3 Single-chain nanoparticles as nanoreactors

Single-chain nanoparticles (SCNPs) prepared by intramolecular
chain collapse of precisely defined linear polymers containing
crosslinkable components.”® Due to the development of
polymer chemistry, components, sizes and valences of SCNPs
can be tailored systematically. Advances in this technology
have been applied in catalysis, sensing, nanoreactors, nano-
medicine, etc.”®

SCNPs can also be used as unimolecular nanoreactors for
the synthesis of NPs especially if there is strong interaction
between their scaffold and metal precursors.*”®' Poly(N,N-di-
methylaminoethyl methacrylate) containing 7% or 13%
monomer hanging coumarin units can undergo intra-
molecular chain collapse to obtain SCNPs with controllable
cross-linking densities triggered by photo-induced dimeriza-
tion of coumarin. AuNPs can be fabricated via strong coordi-
nation interaction between Au precursors and tertiary amine
groups in the SCPNs and subsequent reduction. The formation
speed of the colloidal AuNP was subjected to the cross-linking

This journal is © The Royal Society of Chemistry 2020
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density of SCNPs, which was faster with higher cross-linking
density. This phenomenon was due to the fact that more
dense tertiary amine groups in SCNPs can coordinate more Au
precursors effectively converting to the final AuNPs.** Poly
(acrylic acid) (PAA) based SCNPs with tunable sizes were col-
lapsed from poly(benzyl acrylate) containing enediyne units
triggered by Bergman cyclization followed by hydrogenolysis.
Because of the extensive coordination capability of PAA with
various metal ions, ZnS and CdS QDs can be prepared and
encapsulated within these SCNPs in one-pot and show high
solubility in aqueous solution.®> With similar nanofabrication
processes mentioned above, NPs with metal, metal oxide and
semiconductor compositions have been fabricated within
SCNPs.*278

Interestingly, monofunctional SCNPs were prepared
through ring-opening metathesis polymerization of three nor-
bornene dicarboximide monomers equipped with fluorescein
diacetate, tri-O-allyl-Tris and protected diol, and then ring-
closing metathesis induced intramolecular chain collapse.
Before and after deprotection, the organic- and aqueous-
soluble SCNPs with narrow molecular weight (MW) distri-
butions, MW of about 50 kDa and size of about 15-20 nm were
prepared in a controlled manner.’® These monofunctional
SCNPs can also be used as nanoreactors for the fabrication of
Au NPs via the strong occupation of metal precursors with
hydroxyl groups in their scaffolds of deprotected SCNPs. After
DNA grafting onto the monofunctional group, the DNA strand
on the formed Au NPs functions as the valence (Fig. 8).*° With
a similar protocol, NPs with different valences (mono-valence
or two different multi-valences), different sizes (6-10 nm,
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Fig. 8 (A) Scheme of the fabrication of monofunctional Au NPs using
monofunctional SCNPs as nanoreactors. (B) TEM image of heterodimers
from monofunctional SCNPs and commercial 10 nm Au NPs. (C) TEM
images of the obtained monofunctional Au NPs templated within
SCNPs. (D) TEM images of the heterodimer from the mono-DNA Au NPs
and commercial 10 nm AuNPs with complementary DNA strands.
Reproduced with permission from ACS,%° copyright 2017.
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15-20 nm or 30-40 nm), and different compositions (organic,
Au, Pt or Pd) were fabricated within this type of SCNP. These
obtained NPs with controlled valences, sizes, and compo-
sitions have demonstrated their potential applications in accu-
rate assembly, ratiometric sensing, and targeted biomedicine.®”

3.4 Star polymers as nanoreactors

Star polymers containing linear “arms” radiating from a “core”
exhibit highly regular structures and unique properties owing
to the spatially defined while compact architecture and con-
trolled components and sizes.®® The synthetic approaches of
star polymers could be roughly categorised as core-first, arm-
first, and grafting-onto approaches. Generally, the core-first
approach has better structural controllability for the star
polymer construction.

B-Cyclodextrin (f-CD) has been demonstrated to be a won-
derful “core” molecule for star polymers due to low cost, acces-
sibility and compact hydroxyl groups. The hydroxyl groups in
B-CD can not only initiate ring-opening polymerization directly
but also can be modified with bromine substitutes or RAFT
(reversible addition-fragmentation chain transfer) agents,
which can initiate ATRP (atom transfer radical polymerization)
or RAFT polymerization to achieve block co-polymers from
B-CD. These B-CD based star polymers have been validated to
be powerful nanoreactors to fabricate NPs.

Plenty of NPs with diverse nanostructures for various appli-
cations templated from p-CD based star polymers have been
studied thoroughly by Prof. Zhiqun Lin and colleagues.?” The
B-CD based star polymers used for nanofabrication were pre-
pared through the core-first approach via successive ATRP
steps. B-CD equipped with 21 bromides, 21Br-p-CD, was syn-
thesized and employed as an ATRP macroinitiator resulting in
star polymers with well-defined and compact architectures,
controlled molecular weights and distribution, and regulatable
ratios of two or more radiating blocks.® Finally, the obtained
star polymers were utilized as nanoreactors to fabricate NPs
resulting from the strong interaction between the specific
polymer blocks and metal precursors. With this method, not
only compact NPs, but core-shell and hollow NPs could also
be fabricated (Fig. 9).°° Taking core-shell NPs as an example,
B-CD based star polymers armed with triblock copolymers,
P4VP-b-PtBA-b-PS, have been utilized as unimolecular nanor-
eactors. The core metal precursor can be occupied in the P4VP
block via strong interaction (coordination or electrostatic inter-
action) and then be reduced to form the core. After hydrolysis
of the P¢BA block to the PAA block, the shell metal precursor
can be further occupied in the PAA domain via strong inter-
action and then be reduced to create the shell. The sizes of the
core and shell in resulting NPs could be tailored by adjusting
polymerization time during the ATRP process. The surface
tethered PS block which can be designed as other polymers
could provide intimately and permanently surface features of
the obtained NPs (Fig. 9C). Furthermore, the capped polymer
tethered to the surface of the NPs eliminates the aggregation
of NPs and ensures the solution stability and dispersity in
polar or nonpolar solvents. Thus, polymer layer capped NPs
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(A—C) Synthetic schemes of the fabrication of NPs with various architectures (compact, core-shell and hollow) utilizing star polymers as

unimolecular nanoreactors. (D) TEM images and cartoons of polymer capped NPs with compact, core—shell and hollow architectures from left to

right, respectively. Reproduced with permission from Wiley-VCH,3” copyright 2018 and Springer Nature,®®

are fabricated successfully in a controlled way. The star
polymer as the unimolecular nanoreactor for nanofabrication
is a general and robust approach for the controlled and
effective preparation of nearly uniform NPs with regulated
architectures, compositions, sizes and surfaces.

With this method, NPs with various compositions such as
noble metals, metal oxides, semiconductors, silica and compo-
sites can be obtained by choosing appropriate precursors and
subsequent growth conditions. A B-CD based star polymer
armed with triblock copolymer, PS-b-PtBA-b-PS, was developed
to craft colloidal Au or Ag hollow NPs. The internal cavity dia-
meter and intermediate shell thickness in the obtained hollow
NPs could be precisely tailored through controlling the
degrees of polymerization of internal PS and intermediate
P¢BA blocks, respectively, during the star polymer preparation.
It is worth mentioning that the plasmonic properties of these
hollow NPs could be easily tailored by altering the outer shell
diameter or shell thickness of the hollow NPs, which verified
well with simulations. Compared to those of the compact
counterparts with the same outer diameter, the plasmonic
peaks of the hollow NPs exhibited increasing red-shift with
decreased shell thicknesses.”’ High-quality perovskite NPs
have witnessed rapid advances over the past few years,
however, the stability of perovskite NPs is a critical factor that
promotes further progress in optoelectronic fields. Using -CD
based star polymers armed with triblock copolymers, PAVP-b-
PtBA-b-PEO or P4VP-b-PtBA-b-PS, as unimolecular nanoreac-
tors, a methylammonium lead bromide (MAPbBr;) core was
prepared within the P4VP block and the SiO, shell was formed
via hydrolysing the tetramethyl orthosilicate occupying the
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PAA block pyrolyzed from the P¢tBA block. The delicately
designed star polymers as nanoreactors can template the con-
trolled fabrication of core-shell NPs with tailored perovskite
diameter, SiO, thickness, and tethered polymers. The PS or
PEO tethered perovskite@SiO, core-shell nanocomposite
exhibited improved stabilities (colloidal stability, water stabi-
lity and photostability) and appealing solution processability
(Fig. 10A). Uniform organo-silica hybrid NPs with compact and
hollow architectures were also crafted within -CD based star
polymers armed with a Si-containing homopolymer and a
diblock copolymer with a Si-containing block as the outer
layer, respectively.”> p-CD based star polymers can also be used
as nanoreactors for the organic NP fabrication, including con-
jugated® or non-conjugated®® polymer NPs with compact or
hollow architectures via the cross-linking process. This class of
soft NPs might be developed as a new branch of nanocarriers
and drug nano-vehicles.

Not only can the hydrophobic and hydrophilic features of
templated NPs be adjusted as PS and PEO capped
perovskite@SiO, core-shell nanocomposites mentioned above
(Fig. 10A), because of the intimate and permanent connection
between the outer block and the obtained NPs, the stability,
dispersity, reactivity and responsivity of the formed NPs can
also be controlled by choosing an appropriate polymerization
approach and component. The terminal bromines on p-CD
based star polymers after ATRP can be converted to azide
groups, which can be modified with acetylene terminated poly-
mers (PEDOT, PVDF and so on) via the effective click reaction.
Conjugated-polymer-capped Pb chalcogenide NPs with
compact and hollow architectures were fabricated within p-CD

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 (A) Scheme and digital images of PS-tethered MAPbBr;@SiO,
core—shell NPs thin film immersed in water for 0, 15, and 30 min,
respectively. (B) Scheme of the photo-crosslinking and photocleavage
behaviours of coumarin-containing polymer tethered on the obtained
Au NPs and their reversibly light-triggered self-assembly and disassem-
bly. Reproduced with permission from AAAS,%> copyright 2019 and
NAS,°® copyright 2018.

based star polymers armed with PAA-b-PEDOT and PS-b-PAA-b-
PEDOT copolymers. PEDOT capped PbTe NPs with long-term
stability and dispersion were promising in thermoelectric
materials after doping with polystyrene sulfonate, which could
function as heat-to-electricity converters and provide an
alternative route for power generation and refrigeration.’”
PEDOT capped PbS and PbTe hollow NPs showed an absorp-
tion maximum blue-shift fitted with theoretical predictions.’®
Notably, ferroelectric PVDF capped ferroelectric BaTiO; fabri-
cated within star polymers with uniform and stable nano-
composites’ were promising when used in electronics, cataly-
sis, energy conversion and storage, and biotechnology. The
tethered polymer on the obtained NPs can also exhibit reactiv-
ity or responsivity and further affect the assembly behaviour
and properties. Au NPs can be fabricated within the p-CD
based star polymer armed with PAA-b-poly(7-methyl-
acryloyloxy-4-methylcoumarin), PAA-b-PMAMC. The coumarin
unit in PMAMC tethered on the surface of Au NPs showed
photo-crosslinking and photocleavage behaviours and then
induced the reversible assembly and disassembly of the Au
NPs triggered through light. Under irradiation with 365 nm
light, the coumarin units underwent a photodimerization
process resulting in gradually formed Au NP aggregates with
irregular shape and size (Fig. 10B).”® Remarkably, using
254 nm light as a trigger, the aggregates gradually dis-
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Fig. 11 (A) Scheme of the synthesis of a necklace-like star polymer and
its templated fabrication of a necklace-like nanostructure. (B—D) TEM
images of semiconductor CdSe, magnetic FezO, and ferroelectric
BaTiOz nanonecklaces, respectively. Reproduced with permission from
AAAS, 0t copyright 2015.
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assembled and finally went back to the isolated NP state with
original shape and size. The plasmonic absorptions of the
assembled and isolated Au NPs were also tuned reversibly
under different light irradiation. Thermo-responsive poly(N-
isopropylacrylamide) (PNIPAM) capped Au NPs can induce red-
shift and increasing intensity of plasmonic peak through
increasing temperature because of the collapse of PNIPAM on
the surface of Au NPs restricting the assembly of Au NPs.
Interestingly, when adding linear PNIPAM, the Au NPs
assembled to form aggregates through increasing temperature
and the plasmonic peak shows greater red-shift and decreased
intensity. All above thermal triggered processes were reversible.
Markedly, the absence and presence of free PNIPAM induced
the switchable catalytic and optical performance of PNIPAM
capped Au NPs.'”

Interestingly, Prof. Zhiqun Lin even designed an intriguing
1D necklace-like nanostructure comprising a-CD nanodiscs
modified with Br substitutes to initiate sequential ATRPs and
then metal ion gathering and reduction. Different from the
normal morphology of star polymer nanoreactors, the
assembled uniform functional nanodiscs along the PEG flex-
ible polymer chain assumed the rectangle shape due to the
crush between these unimolecular nanoreactor units. Such 1D
organic-inorganic nano-necklaces composed of uniform in-
organic NPs, capped with hydrophobic polymer chains and
connected with PEG chain offering good solubility of the
nano-necklaces in common solvents (Fig. 11). Nano-necklaces
with various compositions, such as semiconductor CdSe, mag-
netic Fe;O, and ferroelectric BaTiO; have been prepared.
These novel structures of nano-necklaces may be developed in
some new applications for optoelectronics, catalysis, ferroelec-
trics, plasmonics, magnetic devices and other areas."**

3.5 Bottlebrush polymers as nanoreactors

Similar to a star polymer, a bottlebrush polymer has radiat-
ing linear “arms” from a linear core instead of a compact
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core for a star polymer. Bottlebrush polymers show high
density of side chains and robust 3D architectures because
of one or more side chains radiating from every repeating
unit in the linear core. The synthetic strategies of the bottle-
brush polymer can be categorized as grafting-from, grafting-
through and grafting-onto approaches.'*'% The bottlebrush
polymer is also a powerful nanoreactor for nanofabrication
similar to the star polymer. Due to the novel topology, the
bottlebrush polymer can template 1D NP fabrication, such as
nanorods and nanotubes, which have shown myriad appli-
cations, such as catalysis, electronics, photonics, sensing
and fundamental research in crystallization kinetics of nano-
rods, etc.'**17

Prof. Zhiqun Lin used cellulose as a rigid backbone with
intensive hydroxyl groups that allow the grafting of dense
block copolymer side chains through bromine modification
and sequential ATRPs. Similar to the p-CD strategy, robust 1D
nanorods with compact, core-shell and hollow architectures
have been fabricated using a cylindrical cellulose-based bottle-
brush polymer as the unimolecular nanoreactor (Fig. 12).
Taking a compact nanorod as an example, the cellulose-g-(PAA-
b-PS) bottlebrush can be synthesized and used as the nanor-
eactor, in which the inner PAA block directs nanorod growth
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through metal concentration and reduction and the outer PS
block provides dispersity and stability (Fig. 12A).'°® Various
nanorods with precisely controlled architectures, compo-
sitions, sizes and surfaces could also be obtained in a similar
method. The length of the obtained nanorod can be tuned
from the nanoscale to the micron scale choosing cellulose
with different molecular weights as linear backbones of bottle-
brush polymers.

The bottlebrush polymer can also be used to fabricate
nanocomposites. Using cellulose-g-PAA as the nanoreactor,
after the concentration of SnO, precursors and templated
growth of polydopamine (PDA), the PDA-coated SnO, nano-
composites were crafted and used as electrode materials for
lithium-ion batteries (Fig. 13A). The PDA performed as a passi-
vating solid electrolyte interphase layer.'” Compared with
uncoated SnO, electrode based batteries, excellent electro-
chemical performance and superior long-term cycling stability
(over 300 cycles) have been achieved after coating the protec-
tive PDA to enhance the Sn/Li,O interface fraction of SnO,-
based electrodes. The bottlebrush polymers can also be pre-
pared using a linear polymer with a bromine-containing
repeating unit as the backbone and subsequent ATRP pro-
cesses. These bottlebrush polymers have lower brush density
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Fig. 12 (A-C) Synthetic steps for the fabrication of nanorods with different architectures (compact, core—shell and hollow) templated from bottle-
brush polymers. (D) TEM images of nanorods with compact, core-shell and hollow architectures from left to right, respectively. Reproduced with

permission from AAAS,1°® copyright 2016.
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Fig. 13 (A) Synthetic scheme and TEM image of bottlebrush polymer
templated fabrication of PDA-coated SnO, nanocrystals. (B) Scheme,
AFM image and TEM images of organo-silica nanotubes templated from
bottlebrush polymers. Reproduced with permission from Wiley-VCH,%°
copyright 2017 and ACS,*'° copyright 2010.

compared to cellulose based bottlebrush polymers. Generally,
1D soft nanotubes are usually obtained using these bottle-
brush polymers as unimolecular nanoreactors. In this way,
water soluble organo-silica hybrid nanotubes (Fig. 13B)"'° and
organo-soluble organic nanotubes''"''> were fabricated with
good controllability in dimensions and compositions. Organic
nanotubes with well-defined one or two open ends were also
fabricated via crosslinking of specific bottlebrush blocks
within a multiblock bottlebrush along the backbone.'*****

Star like bottlebrush polymers, bottlebrush polymers with
multi-arms, are also synthesized and used for nanofabrica-
tion.""> The three armed bottlebrush polymer, amphiphilic
PHEMA-g-(PAA-b-cPS) was synthesized via ATRP followed by
partial crosslinking of PS. After nanofabrication within this
armed bottlebrush polymer, c¢PS-capped CsPbBr; perovskite
NPs were obtained with greatly improved stabilities over those
obtained through conventional approaches due to the cross-
linked hydrophobic PS on the surface. The internal PAA block
directed the critical accumulation of metal ions and then for-
mation of CsPbBr; NPs. Concurrently, the outer ¢PS shell
enhanced the passivation of NPs against external stimuli, con-
sequently endowing the final perovskite NPs with excellent
structural stability (UV light, heat, water, moisture, and
oxygen) (Fig. 14)."'® The obtained CsPbBr; NPs were nearly
spherical instead of the expected three-armed topology
(branch) which may be due to the low brush density allowing
the collapse of the PAA block during nanofabrication and the
low length ratio of the PHEMA backbone to the PAA brush. In
a similar way, a three-armed organic nanotube was fabricated
through crosslinking the outer layer of the three armed bottle-
brush polymer with a larger length ratio of the backbone to
the brush.™"’

This journal is © The Royal Society of Chemistry 2020
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right 2019.

3.6 Cyclic brush polymers as nanoreactors

Cyclic brush polymers have radiating linear arms from a cyclic
core instead of from a compact core for the star polymer or a
linear core for the bottlebrush polymer.'*® Benefiting from the
discovery of ring expansion metathesis polymerization
(REMP),""*'2% a3 cyclic brush polymer with uniform mor-
phology can be prepared in a controlled way.'*'** Similar to
the star polymer and bottlebrush polymer, the cyclic brush
polymer can also be used as a unimolecular nanoreactor for
cyclic NP fabrication.

Cyclic NPs have attracted considerable attention because of
the unique topology and the corresponding anisotropic pro-
perties.’® Several effective approaches have been developed
for the fabrication of cyclic particles. However, most of the
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Fig. 15 (A) Scheme of the cyclic brush polymer and its templated nano-
fabrication of cyclic NPs. (B and C) TEM images of the obtained cyclic
silica and Au NPs, respectively. Reproduced with permission from
ACS,**” copyright 2016.
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existing methods are high-cost, low yield and not robust.
Although some research studies have been conducted on the
cyclic particles, the dimension of the resulting particles is
limited to the microscale.'*® It is urgent to develop new
methods to fabricate cyclic NPs in a robust way. Prof. Ke
Zhang used the cyclic brush polymers as unimolecular nanor-
eactors for cyclic NP fabrication. The cyclic brush polymers
were synthesized via the REMP and “grafting-onto” technique
via the click reaction. With the organosilicon contained
polymer or PGMA as the internal block in the cyclic brush
polymer, cyclic silica or Au NPs can be obtained via hydrolysis
of organosilicon or Au cluster coordination and reduction
(Fig. 15)."*7

4. Summary and outlook

In this review, we provided a brief summary of the fabrication
of NPs within unimolecular nanoreactors. Rapid development
in polymer chemistry has promoted remarkable progress in
the controlled synthesis of unimolecular nanoreactors with
diverse but uniform topologies, architectures, components
and sizes. The unimolecular nanoreactors with well-defined
and stable nanofeatures can direct the fabrication of various
NPs with prospective nanostructures. The inside cavity concen-
trated plenty of precursors and the outside tethered polymer
chains provided dispersion stability of the gained NPs. In this
way, NPs with expected topologies (sphere, rod, tube, branch,
and ring), architectures (compact, hollow, core-shell, and
necklace-like), compositions (metal, metal oxide, semi-
conductor, doping, alloy, silica, and composite), sizes (gener-
ally 1-100 nm), surface properties (hydrophilic, hydrophobic,
reactivity, valence and responsivity) and assemblies (oligomer,
chain, and aggregate) can be fabricated easily within reason-
ably designed unimolecular nanoreactors. Diverse properties
of the obtained NPs templated from unimolecular nanoreac-
tors have led to a large number of potential applications. This
kind of robust and unconventional strategy is promising for
ingenious nanofabrication and has a positive influence on the
fields of electronics, photonics, sensing, catalysis, biomedi-
cine, etc.

As an ingenious nanofabrication method, the further devel-
opment of NPs templated from unimolecular nanoreactors
may open new horizons in fabricating NPs with novel but
unaccessible nanostructures (Fig. 16). Firstly, the topologies of
the templated NPs can be expanded. Branched NPs can be fab-
ricated within easily synthesized multi-armed bottlebrush
polymers.'*> Nanoplates can be fabricated within 2D brush
polymers which can be potentially synthesized from the fast
developing 2D polymers."”®'*° 3D nanopore nanomaterials
can be fabricated from compacted oligomers of unimolecular
nanoreactors if their outer layers have strong interaction with
metal precursors.'®® Secondly, the architectures of the tem-
plated NPs can be broadened. NP oligomers (homo- and
hetero-oligomers)"*"'** can be fabricated within unimolecular
nanoreactors with or without interconnected spaces, such as

12708 | Nanoscale, 2020, 12, 12698-12711
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Fig. 16 The prospective types of NPs with controlled topologies, archi-
tectures, compositions, surfaces and valences will be potentially fabri-
cated within reasonably designed unimolecular nanoreactors.

star polymer oligomers,"** bottlebrush polymer oligomers,***
multi-block bottlebrush polymers,'** Janus HBPs"*® or Janus
SCNPs."*” Porous NPs can be fabricated with star-like bottle-
brush polymers if their outer layers have strong interaction
with metal precursors. Yolk-shell NPs can be fabricated within
star polymers, bottlebrush polymers or cyclic brush polymers
with four-block brushes. Thirdly, the compositions of the tem-
plated NPs can be enriched. Not only dendrimers but also all
the unimolecular nanoreactors could template the fabrication
of nanoalloys with or without phase separation.'”'®” The
nano-composites containing inorganic nonmetals can also be
fabricated easily. Fourthly, the surface of the templated NPs
can be designed intelligently. The intimately and permanently
connected polymers on the surface of NPs can direct their
assembly to superstructures or responsivity to external stimuli.
Fifthly, the valences of the templated NPs can be controlled
>387 The unimolecular nanoreactors with precise
138-140 can be

precisely.
functional groups (number, type and location)
maintained after nanofabrication and function as the valences
of the obtained NPs for further nano-reactions between NPs
like small molecules to form a complex and designable NP
assembly. The new horizons of this robust and unconventional
nanofabrication strategy will show striking fascination in
nanostructure crafting and application expansion.
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