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Organic—inorganic hybrid nanomaterials are an important class of functional materials that find appli-
cations in many areas. Cooperative self-assembly of inorganic nanoparticles and block copolymers in
solution is one of the most widely employed approaches for preparing organic—inorganic hybrid nano-
materials with precise structures and properties. However, this method usually encounters problems with
low solids contents (<1% w/w) and multi-step processes, and is difficult to implement on a large scale.
Over the past decade or so, the development of polymerization-induced self-assembly (PISA) has
enabled the preparation of concentrated block copolymer nanomaterials (10-50% w/w solids) with a
diverse set of morphologies. This review focuses on recent developments in the preparation of organic—
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inorganic hybrid nanomaterials via PISA including: (i) post-modification of block copolymer nanoparticles,
(i) in situ encapsulation of inorganic nanoparticles into vesicles, (i) cooperative self-assembly of inorganic
nanoparticles and polymers. By highlighting these important developments, the current challenges and
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1. Introduction

Nanoscience has made significant progress over the past
twenty years, and researchers have been able to control the
preparation of nanomaterials with various structures such as
nanospheres, nano-mesoporous materials, nanowires, hollow
nanotubes, core-shell structural nanomaterials and so on.'™*°
Since the size of nanomaterials is close to the wavelength of
light and the coherence length of electrons, materials at the
nanoscale exhibit different properties compared to bulk
materials."' Hybrid nanomaterials are emerging multifunc-
tional nanomaterials that usually integrate with two or more
dissimilar materials,">"? and typically they are inorganic com-
ponents and organic components. Inorganic components
usually include gold, silica, iron oxide, quantum dots, etc.,"*
while organic components usually include ligands, bio-
molecules, polymers, etc.">*°

The development of self-assembly techniques provides
more opportunities for diverse applications of nanomaterials.
Self-assembly usually refers to basic units (i.e., nanomaterials
and block copolymers) that spontaneously form an ordered
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future opportunities of organic—inorganic hybrid nanomaterials prepared via PISA are also provided.

structure through the interaction of non-covalent bonds (i.e.,
hydrogen bonding, hydrophobic interactions, and =n-n
interactions).”’ ' In particular, the cooperative self-assembly
of polymers and inorganic nanoparticles in solution has
proved to be one of the most efficient methods to prepare
organic-inorganic hybrid nanomaterials with unique struc-
tures and properties.*>° However, the cooperative self-assem-
bly method is usually conducted in a highly dilute solution
(<1% w/w) with multi-step processes, which is not beneficial
for the large-scale preparation and application of organic-in-
organic hybrid nanomaterials.

Over the past decade or so, the development of polymeriz-
ation-induced self-assembly (PISA) has enabled the prepa-
ration of concentrated block copolymer nanomaterials
(10-50% w/w solids) with a diverse set of morphologies includ-
ing spheres, worms, vesicles, large-compound vesicles, nano-
tubes, etc.>*"®> During PISA, the formation and in situ self-
assembly of block copolymers occur at the same time, making
the mechanism of PISA much more complicated than the tra-
ditional self-assembly method. A variety of polymerization
techniques has been introduced into PISA including
reversible addition-fragmentation chain transfer (RAFT)
polymerization,**>*® atom transfer radical polymerization
(ATRP),**% nitroxide mediated polymerization (NMP)5%%
ring-opening metathesis polymerization (ROMP),*®*° ring-
opening polymerization (ROP),”>°" living anionic polymeriz-
ation (LAP),”* and organotellurium-mediated radical polymer-
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ization (TERP).”> Numerous PISA reviews on various topics
have been published over the past several years.”* !> Over the
past ten years, PISA has been employed to prepare organic-in-
organic hybrid nanomaterials at high solids contents, and it
can overcome the problems of the traditional cooperative self-
assembly method. In this review, we summarize the recent
developments in the preparation of organic-inorganic hybrid
nanomaterials based on PISA including the post-modification
method via either in situ reduction or absorption, in situ
encapsulation of inorganic nanoparticles into vesicles, and
cooperative self-assembly of inorganic nanoparticles and poly-
mers. Finally, the current challenges and future opportunities
are also provided.

2. Post-modification method

In PISA, functional groups could be introduced to the surface
and inner regions of block copolymer nano-objects using func-
tional macro-CTAs and functional monomers, respectively.'®”
The presence of these functional groups can be used to anchor
inorganic nanoparticles via either in situ reduction or absorp-
tion, allowing the large-scale preparation of organic-inorganic
hybrid nanomaterials with a diverse set of morphologies.
Table 1 summarizes organic-inorganic hybrid nanomaterials
prepared by the post-modification method.

The An group''® prepared p-ketoester functional nano-
spheres and vesicles by thermally initiated RAFT dispersion
polymerization of 2-(acetoacetoxy)ethyl methacrylate (AEMA) at
high monomer concentrations (20-30%). Taking advantage of
the unique structure of the p-ketoester group that can be used
to achieve metal complexation, silver nanoparticles could be
formed within the block copolymer nano-objects via in situ
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reduction (Fig. 1). Recently, block copolymer nano-objects
with embedded f-ketoester groups have also been prepared by
the photoinitiated RAFT dispersion polymerization of AEMA
and isobornyl methacrylate (IBOMA) at low temperatures."’
The p-ketoester-functionalized block copolymer nano-objects
were then cross-linked with a certain amount of ethylenedia-
mine and the unreacted p-ketoester groups were further used
to coordinate lanthanide ions in a good solvent (tetrahydro-
furan in this case). Lanthanide-doped block copolymer vesicles
with luminescence and magnetic properties were successfully
prepared.

Semsarilar et a reported the efficient synthesis of block
copolymer vesicles using a poly(methacrylic acid) (PMAA)
macromolecular chain transfer agent (macro-CTA). After
mixing alumina-coated silica nanoparticles (Ludox CL) with
the anionic vesicles, the vesicles armored with different pay-
loads of silica nanoparticles could be obtained. Karagoz
et al.'*® synthesized poly(oligoethylene glycol methacrylate)-b-
poly(methacrylic acid)-b-polystyrene (POEGMA-b-PMAA-h-PSt)
triblock copolymer nano-objects with worm-like and vesicular
morphologies. Carboxyl groups on the surface of block copoly-
mer nano-objects were used to complex an iron ion mixture.
Iron oxide nanoparticles/nanocomposites exhibiting high
transverse relativities were prepared by alkaline coprecipitation
of Fe'" and Fe™ salts (Fig. 2). Yu et al.'** prepared mono-
disperse poly(methyl methacrylate) (PMMA) microspheres by
photoinitiated RAFT dispersion polymerization using poly
(acrylic acid) (PAA) as the macro-CTA. Europium-doped lantha-
num fluoride nanoparticles (LaF;:Eu) with photoluminescence
properties have been employed to prepare various functional
materials."*” LaF;:Eu/PMMA nanocomposites were then pre-
pared by depositing LaF;:Eu nanoparticles onto PMMA micro-
spheres. It was found that increasing the number of carboxyl

1118

Table 1 Summary of organic—inorganic hybrid nanomaterials prepared via the post-modification method

Entry Block copolymer Functional group Inorganic component Morphology Ref.
1 POEGMA-PAEMA B-Ketoester group Ag S,V 116
2 PHPMA-P(AEMA-c0o-IBOMA) B-Ketoester group Tb, Ho \% 117
3 PMAA-PBzMA Carboxyl group SiO, \% 118
4 POEGMA-h-PMAA-b-PSt Carboxyl group Fe,0; W,V 119
5 PAA-PMMA Carboxyl group LaF;:Eu S 120
6 PAA-PSt Carboxyl group Ag v 121
7 POEGMA-PDMAEMA-PSt Tertiary amine group Au S, W,V 122
8 PDMAEMA-PSt Tertiary amine group SiO, w 123
9 PDMAEMA-PSt Tertiary amine group Au, SiO,, TiO, S 124
10 PDMAEMA-PBzMA Tertiary amine group SiO, S 125
11 PGMA-P(HPMA-co-DMAEMA) Tertiary amine group SiO, \% 126
12 PHPMA-PDEMA Tertiary amine group Au S, W,V 127
13 mPEG-b-PDMAEMA-b-PHPMA Tertiary amine group Au, Pd S 128
14 f-CD-POEGMA-PHPMA p-CD Au S, W,V 129
15 (PCMS-g-P4VP)-b-PSt Pyridine group Au S 130
16 MPEG-P(St-co-4VP) Pyridine group Ag \% 131
17 EDA/mPEG-PGMA Amine group Ag \% 132
18 Succinic acid/POEOMA-b-P(PHFEMA-co-GMA) Carboxyl group Fe;04 S 133
19 PMPS-PBzMA Alkoxysilane Sio, S, W,V 134
20 mPEG-P{BA Trithiocarbonate group Ag v 135
21 Segmented PDMA-PSt Trithiocarbonate group Ag v 136

S: Spheres, W: Worms, and V: Vesicles.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A and B) Organic—inorganic hybrid materials were prepared by in situ formation of Ag nanoparticles within POEGMA-PAEMA vesicles. (C)
TEM image of the prepared Ag-loaded vesicles. Reproduced with permission from ref. 116. Copyright © 2014, American Chemical Society.
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Fig. 2 Schematic illustration of the iron complexation and iron oxide formation in POEGMA-b-PMAA-b-PSt triblock copolymer vesicles.
Reproduced with permission from ref. 119. Copyright © 2014, American Chemical Society.

groups on the surface promoted the formation of hollow LaFj:
Eu/PMMA nanocomposites. After dissolving LaF;:Eu nano-
particles in HNO3, the hollow LaF;:Eu/PMMA nanocomposites
transformed into solid microspheres with smooth surfaces
again. Tan et al.'*' reported a one-pot synthesis of PAA-PSt or

2556 | Polym. Chem., 2022, 13, 2554-2569

PAA-P(St-co-AA) block copolymer nano-objects with various
morphologies. Taking advantage of the interaction between Ag
nanoparticles and the carboxyl group as well as the unique
properties (ie. catalytic and antibacterial properties) of Ag
nanoparticles,*®'* the carboxyl-functional block copolymer

This journal is © The Royal Society of Chemistry 2022
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nano-objects were further used as substrates to prepare Ag/
polymer nanocomposites. The obtained Ag/polymer nano-
composites can be used to reduce 4-nitrophenol in the pres-
ence of NaBH,.

Au nanoparticles have broad applications in catalysis, bio-
logical imaging, and energy storage due to their good biocom-
patibility and high photothermal conversion efficiency."**"*?
Bleach et al.'** synthesized poly(oligoethylene glycol methacry-
late)-b-poly(2-(dimethylamino)ethyl methacrylate)-b-polystyrene
(POEGMA-PDMAEMA-PSt) triblock copolymer nano-objects by
RAFT dispersion polymerization with tertiary amine groups
located on the corona. Au/polymer nanocomposites were pre-
pared by the in situ reduction of HAuCl, using NaBH,. The
composition of Au nanoparticles in these Au/polymer nano-
composites could be further tuned by changing the concen-
tration of chloroauric acid. Silica nanotubes have important
applications in adsorption, catalysis, medicine and other
fields due to their large specific surface areas, high aspect
ratios and hollow structures. However, the large-scale prepa-
ration of silica nanotubes is challenging."**'*® Zhang et al.'*®
synthesized a series of PDMAEMA-PSt diblock copolymer
nanowires by RAFT dispersion polymerization using a
PDMAEMA macro-CTA. Then, the PDMEAMA corona on the
surface of nanowires was used to catalyze the condensation
polymerization of tetraethyl orthosilicate (TEOS), allowing the
preparation of silica/polymer hybrid nanowires. After the calci-
nation of these hybrid nanowires at 500 °C, silica nanotubes
could be obtained (Fig. 3). Zhang et al."** also employed PISA-
made PDMAEMA-PSt block copolymer nanoparticles as tem-
plates to prepare various inorganic-organic hybrid nano-
particles. Recently, our group'*® prepared CO,-responsive
cross-linked vesicles by aqueous photoinitiated RAFT dis-
persion polymerization of 2-hydroxypropyl methacrylate
(HPMA) and DMAEMA. Taking advantage of the interaction

s
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between silica nanoparticles and tertiary amine groups, hybrid
vesicles were obtained by mixing silica nanoparticles with the
vesicles. The payload of silica nanoparticles could be signifi-
cantly increased after protonating the tertiary amine group via
CO, treatment.

Huang et al."*’ reported the synthesis of photocrosslinkable
and amine-containing block copolymer nano-objects by the
RAFT dispersion polymerization of 2-((3-(4-(diethylamino)
phenyl)acryloyl)oxy)ethyl methacrylate (DEMA). The block
copolymer nano-objects could be crosslinked via UV
irradiation and further employed as templates for the in situ
preparation of Au/polymer hybrid nanomaterials. Wan et al.**®
synthesized mPEG-PDMAEMA-PHPMA triblock copolymer
nano-objects with tertiary amine groups on the surface by
ultrasound-initiated RAFT dispersion polymerization (Fig. 4).
The obtained amine-functionalized block copolymer nano-
objects were further employed as scaffolds for in situ reduction
of metal ions (including Au and Pd ions) by radicals via sonoly-
sis of H,O. The Au/polymer and Pd/polymer hybrid nano-
materials formed showed excellent catalytic properties on
aerobic alcohol oxidation and the Suzuki-Miyaura cross-coup-
ling reaction, respectively.

Shi et al."*® synthesized multicompartment nanoparticles
of the brush block terpolymer of [ poly(p-chloromethylstyrene)-
graft-poly(4-vinylpyridine)]-block-polystyrene (PCMS-g-P4VP)-b-
PSt via RAFT dispersion polymerization of St (Fig. 5). Au nano-
particles were immobilized on the PCMS-g-P4VP domains to
form Au/polymer hybrid nanomaterials. The obtained Au/
polymer hybrid nanomaterials exhibited high catalytic
efficiency in the oxidation of aerobic alcohols. Huang et al.™*"
prepared large compound vesicles by the RAFT dispersion
polymerization of St and 4VP mediated by a binary mixture of
a macro-CTA and a CTA. Ag nanoparticles were attached to the
large compound vesicles via the in situ reduction of AgNO;

S
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CH;0H,80 °C
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ke Polymer core /

SI(OC2H5)4\%/V/

Polymeric nanowires

Fig. 3 Schematic illustration of the synthesis of PDMAEMA-PSt block copolymer nanowires and their application in the preparation of silica/
PDMAEMA-PSt hybrid nanowires and silica nanotubes. Reproduced with permission from ref. 123. Copyright © 2014, Royal Society of Chemistry.
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Fig. 4 Schematic illustration of the synthesis of mPEG-PDMAEMA-PHPMA triblock copolymer nano-objects by sono-RAFT PISA, and the prepa-
ration of Au and Pd nanocomposites by ultrasound. Reproduced with permission from ref. 128. Copyright © 2021, Royal Society of Chemistry.
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Fig. 5 Schematic illustration of the synthesis of (PCMS-g-P4VP)-b-PSt nanoparticles by PISA and the preparation of Au nanocomposites.
Reproduced with permission from ref. 130. Copyright © 2015, American Chemical Society.

using NaBH,. The obtained Ag/polymer hybrid nanomaterials
also exhibited excellent catalytic properties by reducing
methylene blue with NaBH,.

Tan et al."*” reported the first PISA formulation of glycidyl
methacrylate (GlyMA) to prepare epoxy-functionalized block
copolymer nano-objects with various morphologies at room
temperature. Cross-linked and amine-functionalized block
copolymer nano-objects could be obtained by treatment with
excess ethylene diamine (EDA) via the epoxy-amine chemistry.
The obtained amine-functionalized block copolymer nano-
objects were further used as templates to prepare Ag/polymer
hybrid nanomaterials via in situ reduction of AgNO; that
exhibited good catalytic properties. Shi et al.'*® developed
initiators for continuous activator regeneration (ICAR) ATRP-
based dispersion polymerization of 2-(perfluorohexyl)ethyl
methacrylate (PFHEMA) and GlyMA for the synthesis of epoxy-
functionalized block copolymer nano-objects (Fig. 6). After the

2558 | Polym. Chem., 2022, 13, 2554-2569

introduction of carboxyl groups into the core-forming block
via epoxy-thiol chemistry, Fe>* and Fe®* ions were loaded into
the incorporated carboxyl groups, and NH;-H,0 was added to
form Fe;O, nanoparticles within the block copolymer nano-
objects.

It is well known that RAFT groups (e.g., trithiocarbonate
group) have strong interactions with metal ions, which can be
used to anchor heavy metal nanoparticles onto block copoly-
mer nano-objects prepared by RAFT-mediated PISA."*”'*®
However, RAFT groups usually embed inside block copolymer
nano-objects in most RAFT-mediated PISA formulations due to
the use of R-type macro-RAFT agents (the solvophilic block is
connected to the fragmenting group of the RAFT agent), which
makes it difficult to prepare organic-inorganic hybrid nano-
materials based on the RAFT groups. To overcome this
problem, one attractive strategy is the utilization of a Z-type
macro-RAFT agent (the solvophilic block is connected to the

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Preparation scheme of Fe30,4 nanoparticles within the block copolymer nano-objects. Reproduced with permission from ref. 133. Copyright

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

non-fragmenting group of the RAFT agent) in RAFT-mediated
PISA. Our group'®® developed the first well-controlled Z-RAFT-
mediated dispersion polymerization using a Z-type macro-
RAFT agent. In this formulation, all RAFT groups were located
on the surface of block copolymer nano-objects. Ag/polymer
hybrid nanomaterials were successfully prepared by attaching
Ag nanoparticles on the block copolymer nano-objects via the
in situ reduction of AgNO; in the presence of poly(N-vinylpyrro-
lidone). Very recently, we synthesized segmented macro-RAFT
agents using an asymmetric difunctional small molecular
RAFT agent.*® These segmented macro-RAFT agents were
used to mediate the RAFT dispersion polymerization of St and
various block copolymer nano-objects were obtained. Due to
the unique structure of the segmented macro-RAFT agent, a
certain number of RAFT groups could be introduced to the
surfaces of block copolymer nano-objects. These block copoly-
mer nano-objects were also used as scaffolds to prepare Ag/
polymer hybrid nanomaterials via the in situ reduction of
AgNO; (Fig. 7). As a control experiment, block copolymer
nano-objects prepared by RAFT dispersion polymerization
using a traditional macro-RAFT agent were also employed to
prepare Ag/polymer hybrid nanomaterials. However, no silver
nanoparticles were observed on the block copolymer nano-
objects due to the absence of RAFT groups on the surface.

3. In situ encapsulation of inorganic
nanoparticles into vesicles

Block copolymer vesicles are hollow nanospheres with a
bilayer structure that have broad applications in drug delivery,
nanoreactors, Pickering emulsions, catalysis, sensing, and so
on."**"*! In the morphological phase diagram of PISA, the
phase of vesicles usually occupies a very large region at high

solids contents.’®®* *** There is a natural fit for the efficient

This journal is © The Royal Society of Chemistry 2022

preparation of vesicles by PISA at high solids contents.
Moreover, the Armes group'® reported that vesicles evolved
from anisotropic worms during PISA and a “jellyfish” inter-
mediate morphology is usually observed. Therefore, it is poss-
ible to prepare inorganic nanoparticle-loaded hybrid vesicles
by encapsulating nanoparticles into vesicles via PISA.

Our group™®'*” reported the first in situ encapsulation of
inorganic nanoparticles into vesicles by PISA. Silica nano-
particles were added at the beginning of aqueous photoini-
tiated RAFT dispersion polymerization of 2-hydropropyl meth-
acrylate (HPMA) at room temperature using a monomethoxy
poly(ethylene glycol) (mPEG) macro-CTA (Fig. 8). Transmission
electron microscopy (TEM) characterization showed that the
presence of silica nanoparticles had no influence on the for-
mation of the vesicular morphology. Unloaded silica nano-
particles could be removed via several centrifugation-resus-
pension cycles. Taking advantage of the high electron contrast
of silica nanoparticles, TEM analysis confirmed the successful
formation of silica nanoparticle-loaded hybrid vesicles. Silica
nanoparticle-loaded hybrid vesicles can also be prepared by
enzyme-initiated aqueous RAFT dispersion polymerization at
room temperature.'>® Almost at the same time, the Armes
group™® also reported the successful preparation of silica
nanoparticle-loaded hybrid vesicles by the aqueous RAFT
dispersion polymerization of HPMA using a poly(glycerol
methacrylate) (PGMA) macro-CTA. TEM, cryo-TEM, small-
angle X-ray scattering (SAXS), and disc centrifuge sedimento-
metry (DCP) were employed to characterize the silica nano-
particle-loaded vesicles formed. They demonstrated that the
loading efficiency determined by TGA was consistent with
that determined by either SAXS or DCP. Ding et al.'®® syn-
thesized tubular Ag/polymer hybrid nanomaterials by the
RAFT dispersion polymerization of St in poly(ethylene
glycol) using a poly(N-isopropylacrylamide) macro-CTA. They
found that adding Ag nanoparticles in RAFT dispersion

Polym. Chem., 2022, 13, 2554-2569 | 2559
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of silica sol. Reproduced with permission from ref. 157. Copyright © 2017,

polymerization had little effect on the polymerization kine-
tics. In contrast, the addition of Ag nanoparticles had a sig-
nificant effect on the morphology of Ag/polymer hybrid
nanomaterials (Fig. 9).

For some specific applications, it is necessary to release in-
organic nanoparticles from vesicles under mild conditions.
For example, the controlled release of silica nanoparticles
from polymer vesicles has potential to repair living tissues or
hydrogels via a self-repair mechanism.'®! To achieve this goal,
we copolymerized a certain amount of DMAEMA with HPMA
in aqueous photoinitiated RAFT dispersion polymerization to
obtain silica nanoparticle-loaded hybrid vesicles.'>” After treat-
ment with CO, at room temperature for 2 min, the vesicular
membrane disassembled into dissolved block copolymers due
to the protonation of the tertiary amine, leading to the release

2560 | Polym. Chem., 2022, 13, 2554-2569

Royal Society of Chemistry.

of silica nanoparticles from vesicles. Taking advantage of the
thermo-responsive property of PHPMA, the Armes group®
induced the morphology change from vesicles to worms or
spheres after incubating the silica nanoparticle-loaded
PGMA-PHPMA vesicles at low temperatures (0-10 °C), leading
to the release of silica nanoparticles from vesicles. The same
group'®® further investigated the kinetics of thermally trig-
gered release of silica nanoparticles from vesicles using time
resolved SAXS. They found that the payload of silica nano-
particles inside PGMA-PHPMA vesicles could lead to different
thermally triggered morphological transitions. Deng et al.'®®
used the dynamic covalent chemistry of phenylboronic acids
with cis-diols to induce vesicle-to-worm/sphere transition,
which could also release silica nanoparticles from
PGMA-PHPMA vesicles (Fig. 10).

This journal is © The Royal Society of Chemistry 2022
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In contrast to aqueous RAFT dispersion polymerization,
RAFT emulsion polymerization should be a more versatile
method that can help prepare block copolymer nano-objects in
water using various hydrophobic monomers.”® However, kineti-
cally trapped spheres are usually obtained by RAFT emulsion
polymerization. Recently, the Armes group'®* and our group'®’
reported that the aqueous solubility of monomers played an
important role in the morphological evolution from lower-order
morphologies to higher-order morphologies during RAFT-
mediated emulsion polymerization. Our group'®® successfully
synthesized silica nanoparticle-loaded hybrid vesicles by adding
silica nanoparticles at the beginning of the photoinitiated RAFT
emulsion polymerization of tert-butyl acrylate (¢BA) at room
temperature. The Hawkett group'® encapsulated a titanium
dioxide (TiO,) pigment into vesicles by RAFT emulsion polymer-
ization for the preparation of TiO, nanoparticle-loaded vesicles.
100% loading efficiency was achieved in this formulation and
the obtained TiO, nanoparticle-loaded vesicles were employed
as enhanced opacifiers in water-borne painting.

The above examples demonstrated that hybrid vesicles with
inorganic nanoparticle loading inside could be conveniently

prepared by PISA. The stabilizer block located on the surface of
hybrid vesicles enables the distribution of these nanoparticles
in different media or substrates. Ning et al.'®® prepared silica
nanoparticle-loaded poly(methacrylic acid)-poly(benzyl meth-
acrylate) (PMAA-PBzMA) vesicles by PISA in ethanol or ethanol/
water. The silica nanoparticle-loaded vesicles were further used
to mediate the crystallization of CaCOj3, leading to the formation
of CaCO; single crystals with silica nanoparticles embedded
inside (Fig. 11). It is noteworthy that the Armes group has
recently reviewed the preparation of organic-inorganic hybrid
materials by efficient occlusion of block copolymer nano-
particles within inorganic single crystals.'*?

4. Cooperative self-assembly of
inorganic nanoparticles and polymers

During PISA, the synthesis and in situ self-assembly of block
copolymers occur at the same time. Therefore, the in situ self-
assembly process can be precisely controlled by tuning the
polymerization kinetics.”> Moreover, the cooperative self-

Fig. 10 Release of silica nanoparticles from PGMA-PHPMA vesicles via the dynamic covalent chemistry of phenylboronic acids with cis-diols.
Reproduced with permission from ref. 163. Copyright © 2017, American Chemical Society.

This journal is © The Royal Society of Chemistry 2022
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Vesicles with a fixed lumen diameter but increasing stabilizer chain length

Fig. 11 Anionic block copolymer vesicles for efficient occlusion in calcite: the effects of different chain lengths of poly(methacrylic acid) on the
CaCOs crystal morphology. Reproduced with permission from ref. 168. Copyright © 2019, American Chemical Society.

assembly of different types of polymers can be achieved by
mixing different macro-CTAs or CTAs, leading to the formation
of different types of polymer nanomaterials.””***"'”> The
unique features of PISA provide a facile platform to prepare
organic-inorganic hybrid nanomaterials using inorganic nano-
particles with macro-CTAs or CTAs on the surface.

Zheng et al.'”? grafted a poly(2-hydroxyethyl methacrylate)
(PHEMA) brush on the surface of silica nanoparticles by RAFT
polymerization. Subsequently, RAFT groups at the end of the
PHEMA brush were removed, and additional RAFT agents were
further modified on the surface of silica nanoparticles. The
obtained silica nanoparticle-based macro-CTAs were dispersed
in methanol to mediate the polymerization-induced self-
assembly of benzyl methacrylate (BzMA). With the continuous
increase of the molecular weight of PBzZMA, each silica nano-
particle became more and more solvophobic, and cooperative
self-assembly occurred to decrease the interfacial energy
between the PBzMA chains and the solvent. Finally, worm-like
organic-inorganic hybrid nanoparticles were formed (Fig. 12).
To improve the stabilizing effect, the same group'’* conducted
the PISA of BzZMA in ethanol using PHPMA-grafted silica nano-
particles instead of PHEMA-grafted silica nanoparticles. In
this case, the authors observed the formation of silica nano-
particle vesicles during the PISA process (Fig. 13). However, in
these systems, the polymerization system became unstable as
the monomer conversion increased, and the final monomer
conversion was extremely low (<15%). Moreover, the silica
nanoparticles were relatively polydisperse, which is not ben-
eficial for the formation of well-defined organic-inorganic
hybrid nanomaterials. Recently, Wang et al.'”> proposed a
self-assembly strategy for preparing super-
inorganic-organic hybrid nanomaterials.
Through DPD simulations, they found that ring, disk, and

cooperative
structures  of

2562 | Polym. Chem., 2022, 13, 2554-2569

composite superstructures could be obtained by changing the
grafting density of the nanoparticles. Dynamics, thermo-
dynamics, and structural details in the cooperative self-assem-
bly process are also shown.

Recently, Hou et al.'’® reported a novel PISA system that
was mediated by a mixture of linear macro-CTAs dissolved in
the reaction medium and macro-CTAs grafted on the surface
of silica nanoparticles (220 nm). As shown in Fig. 14, with the
growth of the solvophobic block (PSt in this case), there are
two competitive PISA processes that occurred in the system. To
lower the interfacial energy, cooperative self-assembly of the
block copolymer brush on the surface of silica nanoparticles
and the free block copolymers in the reaction medium occurs,
leading to the formation of organic-inorganic hybrid nano-
materials with block copolymer micelles attached on the
surface of silica nanoparticles. Meanwhile, a certain number
of stable block copolymer micelles was also formed during the
PISA process, which can be removed via several centrifu-
gation-redispersion cycles. The morphologies of organic-in-
organic hybrid nanocomposites can be controlled by changing
the molecular weights of the solvophilic block and the solvo-
phobic block. Using a similar strategy, the same group'’” per-
formed PISA mediated by a mixture of a linear macro-CTA dis-
solved in the reaction medium and CTA-grafted silica nano-
particles. In this case, asymmetric organic-organic hybrid
nanoparticles with tunable anisotropy were formed.

Qiao et al.'”®'7? reported the first nitroxide-mediated syn-
thesis of silica/polymer nanocomposites by surfactant-free
emulsion polymerization of St and n-butyl methacrylate. In
this study, a brush-type macro-alkoxyamine initiator composed
of poly(ethylene oxide) methacrylate (PEGMA) and a small
amount of St was first synthesized and then adsorbed on the
surface of silica nanoparticles through hydrogen-bonding

This journal is © The Royal Society of Chemistry 2022
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interactions. Using these adsorbed macro-alkoxyamine
initiators in surfactant-free emulsion polymerization, silica
nanoparticles with block copolymer micelles distributed on
the surface were formed. The morphologies of the formed
organic-inorganic hybrid nanomaterials could be further

tuned by changing the macroinitiator concentration or the size

This journal is © The Royal Society of Chemistry 2022
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f cooperative self-assembly. Reproduced with permission from ref. 174.

of silica nanoparticles. This strategy is also versatile for surfac-
tant-free RAFT-mediated emulsion polymerization using PEG-
based macro-RAFT agents.'®® It was found that changing the
composition of the macro-RAFT agent led to different adsorp-
tions to the silica nanoparticles. Therefore, the morphologies
of silica/polymer nanocomposites could be tuned using
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different macro-RAFT agents. Upadhyaya et al.'®" reported the

synthesis of PMAA-PMMA diblock copolymers via RAFT-
mediated PISA in the presence of Fe,O; nanoparticles. They
found that Fe,O; nanoparticles were decorated on the block
copolymer nanoparticles. The formed hybrid nanoparticles
were further used to prepare thin film membranes for water
filtration.

Recently, Liu et al.'® synthesized Janus Au@block copoly-
mer nanoparticles by UV-initiated RAFT-mediated PISA
(Fig. 15). Firstly, a P4VP-based macro-RAFT agent was syn-
thesized and employed to functionalize the citrate-capped Au
nanoparticles. The obtained Au nanoparticles were further
used to mediate the RAFT dispersion polymerization of St
under UV light irradiation. As the polymerization proceeded,
the size of the polymer part of the Janus Au@block copolymer
nanoparticles increased.

5. Current challenges and future
opportunities

With the development of PISA over the past ten years or so,
more and more simple and feasible strategies have been
explored for the preparation of organic-inorganic hybrid nano-
materials with diverse morphologies and functionalities. As
discussed in the previous sections, there are mainly three strat-
egies for preparing organic-inorganic hybrid nanomaterials
based on PISA including the post-modification strategy, in situ
encapsulation of inorganic nanoparticles into vesicles, and
cooperative self-assembly of inorganic nanoparticles and poly-
mers. Although great progress has been made in the prepa-
ration of organic-inorganic hybrid nanomaterials via PISA,

2564 | Polym. Chem., 2022, 13, 2554-2569

there are still many challenges and possible opportunities in
this research area.

The post-modification method using PISA-made block
copolymer nano-objects as scaffolds is a facile and scalable
method to prepare organic-inorganic hybrid nanomaterials.
However, it is very difficult to precisely control the payload of
inorganic nanoparticles, the size of inorganic nanoparticles,
and the distribution of inorganic nanoparticles within hybrid
nanomaterials. Moreover, inorganic nanoparticles cannot
anchor strongly to the polymer scaffolds due to relatively weak
interactions. To overcome these problems, the development of
novel PISA systems that can form block copolymer nano-
objects with precise sizes and functionalities by PISA is desir-
able. For example, Manners et al.'® successfully developed
polymerization-induced crystallization-driven self-assembly
(PI-CDSA), allowing the efficient synthesis of uniform fiber-like
micelles and block copolymer micelles. The PI-CDSA provides
a potential method to control the distribution of inorganic
nanoparticles within the hybrid nanomaterials. Moreover,
introducing functional groups into block copolymer nano-
objects that can strongly anchor to inorganic nanoparticles is
also an attractive strategy to enhance the stability of organic-
inorganic hybrid nanomaterials.

The in situ encapsulation of inorganic nanoparticles into
vesicles via PISA is an attractive strategy to prepare organic-in-
organic hybrid nanomaterials that may find applications in
some specific areas. Until now, only SiO, and TiO, nano-
particles have been encapsulated into vesicles via PISA.
Moreover, only limited approaches have been developed to
release inorganic nanoparticles from vesicles. To expand the
versatility of this strategy, the in situ encapsulation of other in-
organic nanoparticles and the development of other stimulus-

This journal is © The Royal Society of Chemistry 2022
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responsive vesicles that can release inorganic nanoparticles are
encouraged.

The cooperative self-assembly of inorganic nanoparticles
and polymers by PISA is a potential strategy that can precisely
result in the preparation of organic-inorganic hybrid nano-
materials. Due to the intrinsic mechanism of PISA in which
polymerization and self-assembly occur simultaneously, the
mechanism of cooperative self-assembly of inorganic nano-
particles and polymers in PISA is complicated. One important
current state-of-the-art is the detailed investigation of the
mechanism of this unique process by various characterization
techniques such as TEM, size exclusion chromatography
(SEC), SAXS, dynamic light scattering (DLS), TGA, etc. The
effects of the reaction parameters on the morphologies of the
hybrid nanomaterials should also be studied in detail.

Finally, we note that organic-inorganic hybrid nano-
materials prepared based on PISA have shown potential appli-
cations in various areas such as catalysis, functional coating,
biomineralization, etc."*>**”'®® It would be fascinating to
explore the applications of these organic-inorganic hybrid
nanomaterials in other areas such as drug delivery, water puri-
fication, sensing, stimuli-responsive hydrogels and so on.
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