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Thermo-responsive block copolymers are of great interest because of their mature synthesis technology,
well-defined structure, controllable molecular weight and easy implementation of their nano-assemblies
in water by temperature regulation. Up to now, several previous reviews have summarized their appli-
cation in biomedical fields. Thermo-responsive block copolymers also exhibit promising potential in
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temperature-regulated adsorption and/or separation, nanoreactors for green organic synthesis, etc.
Herein, recent progress in their thermo-responsive assembly in water and application of five kinds of
thermo-responsive block copolymers containing one or two thermo-responsive blocks beyond bio-
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1. Introduction

Thermo-responsive block copolymers,' > which can respond
to external temperature stimuli, are block copolymers contain-
ing one or more than one thermo-responsive blocks. They have
received wide attention in the fields of catalysis,**™*' adsorp-
tion and separation,*” wastewater treatment,*® sensors,***>
imaging,*®*” drug delivery®® and so on. Thermo-responsive
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block copolymers are widely studied for three reasons. First,
temperature, as the most common external stimulus in nature,
is closely related to various chemical reactions and animal
activities, and it provides relatively simple experimental con-
ditions, making thermo-responsive block copolymers of great
interest to researchers. Second, a wide variety of methods are
available for the synthesis of thermo-responsive block copoly-
mers, the application of “living radical polymerization”, such
as Nitroxide-Mediated Radical Polymerization (NMRP),*

Reversible  Addition  Fragmentation  Chain  Transfer
Polymerization ~ (RAFT),>>'  Atom  Transfer  Radical
Polymerization ~ (ATRP),°>™*  and  Group  Transfer

Polymerization (GTP),”>"® is well established and allows for

the controlled synthesis of thermo-responsive block copoly-
mers with well-defined structure, accurate molecular weight,
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and narrow molecular weight distribution, which can facilitate
the study of thermo-sensitive behavior. Finally, the condition
of thermo-responsive block copolymers embodying tempera-
ture-sensitive characteristics is not easily disturbed by other
stimuli. Consequently, monomers for thermo-responsive
blocks can be copolymerized with other monomers to form
thermo-responsive block or graft copolymers,”” ®> which can
provide great convenience for study and applications.

The critical parameter for thermo-responsive block copoly-
mers is the critical phase transition temperature, at which
thermo-responsive  blocks undergo phase separation.
According to the performance of thermo-responsive polymers
in the warming process, the critical phase transition tempera-
ture can be divided into a lower critical solution temperature
(LCST) and an upper critical solution temperature (UCST). In
the former case, the thermo-responsive polymers become
hydrophobic from the hydrophilic state in solvents as tempera-
ture increases, while in the latter case thermo-responsive poly-
mers become hydrophilic from the hydrophobic state. In the
current literature, LCST-type thermo-responsive polymers are

mostly studied, which mainly include polyacrylamides,®
polyethylene oxides,*** polyacrylates”®”* and
polyimidazoles,**”*”® which can undergo phase transition in

water, and their applications in biomedical”®”” and wastewater
treatment™**>® are investigated. UCST-type thermo-responsive
polymers are mainly amphiphilic polyelectrolytes, such as
polysulfone betaines,”®”® poly(N-acryloyl glycinamide)*”*® and
ionic polypeptides.®™®> Structures determine functionalities.
In order to obtain desired block copolymers, researchers can
purposefully select monomers and design block copolymers to
better exploit their often-high inherent functionalities. Not
only can monomers used to build block copolymers be
functionalized,”®® but the phase transition temperature of
thermo-responsive block copolymers can also be adjusted by
copolymerizing with either hydrophilic or hydrophobic mono-
mers,** modifying hydrophilic/hydrophobic end groups,®
adjusting the molecular weight of block copolymers, the
ratio of hydrophilic/hydrophobic monomers, the ionic

strength of aqueous solution®® and the polymer
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concentration.’”***%” The increase in molecular weight of
hydrophobic blocks and copolymerization with hydrophobic
monomers will result in a lower phase transition temperature
of LCST-type block copolymers.®®®" To obtain small sized
nano-assemblies, a high concentration of block copolymers or
a rapid warming process is appropriate.'® There have been
many related studies on these, so we will not go into details
here.

Up to now, applications of thermo-responsive block copoly-
mers have mostly focused on biomedical fields, such as
imaging and drug delivery.®®*°> In this review, we mainly
discuss their applications in other fields in conjunction with
their properties, based on the structure of thermo-responsive
block copolymers and their nano-assemblies. According to the
composition and polymer backbone, we will summarize the
self-assembly behaviors and applications of five kinds of
thermo-responsive block copolymers, i.e., thermo-responsive
diblock copolymers containing a hydrophilic block and a
thermo-responsive block, thermo-responsive diblock copoly-
mers containing a hydrophobic block and a thermo-responsive
block, doubly thermo-responsive diblock copolymers contain-
ing two thermo-responsive blocks, thermo-responsive triblock
copolymers containing a hydrophilic block and two thermo-
responsive blocks, and thermo-responsive triblock copolymers
containing a hydrophobic block and two thermo-responsive
blocks. We attempt to provide an overview to guide the design
of and stimulate more applications of these thermo-responsive
block copolymers.

It should be pointed out that non-linear copolymers,
including grafted and/or star-shaped thermo-responsive co-
polymers, are also of interest and have been extensively investi-
gated, such as poly(methyl methacrylate-co-hydroxylethyl
methacrylate)-g-poly(N-isopropylacrylamide) amphiphilic
grafted copolymers,”® polystyrene,-| poly(2-vinylpyridine)-b-poly
(acrylic acid)-g-poly(N-isopropylacrylamide)], heteroarm star
grafted quarterpolymer,®*®> and (cholic acid)-[poly(allyl glyci-
dyl ether),-b-poly(ethylene glycol),,], star block copolymers.®®
In section 2.2, we have chosen a few typical examples to give a
description of their assembly and application.
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2. Assembly and application of
thermo-responsive block copolymers

In this section, the assembly behaviors of thermo-responsive
block copolymers are summarized and their typical appli-
cations are highlighted.

2.1 Thermo-responsive diblock copolymers containing a
hydrophilic block

Thermo-responsive diblock copolymers containing a hydro-
philic block and a LCST-type thermo-responsive block are dis-
cussed herein. The thermo-responsive blocks can be formed
by polymerization of a single monomer or copolymerization of
the thermo-response originated monomer with other mono-
mers to regulate the phase transition temperature. Generally,
the LCST increases with the addition of hydrophilic comono-
mers and decreases with the addition of hydrophobic comono-
mers. Most of these block copolymers, such as poly(N-iso-
propylacrylamide)-b-poly(acrylic acid) (PNIPAM-b-PAA),"> poly
(N-isopropylacrylamide)-b-poly(ethylene  glycol) (PNIPAM-b-
PEG),"® poly[di(ethylene glycol)ethyl ether acrylate]-b-poly(N,N-
dimethylacrylamide) (PDEGA-b-PDMA)*® and poly(ethylene
glycol)-b-poly[(methoxy di(ethylene glycol) acrylate)-(ethoxy di(-
ethylene glycol) acrylate)] [PEG-b-P(MDEGA-eDEGA)],*” are
dissolved in water below the LCST and then form micelles or
micellar aggregates as the temperature increases above the
LCST. The above diblock copolymers are summarized in Table 1.

Fig. 1 shows the phase transition behavior of such thermo-
responsive diblock copolymers in water, and the typical
diblock copolymer of PDEGA-b-PDMA,*° in which the PDEGA
block is temperature sensitive, is discussed. When the temp-
erature is below the LCST, the hydrogen bond between the
PDEGA chains and water molecules is stronger than the inter-
action within and/or among the PDEGA chains, the water
molecules form a solvent layer around the ethoxy group
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through hydrogen bonding, and thus the PDEGA block is in a
hydrophilic state. Since the PDMA block is hydrophilic, the
PDEGA-H-PDMA thermo-responsive diblock copolymer is dis-
solved in water. The hydrogen bond interaction becomes
weaker with increasing temperature. When the temperature
increases above the LCST of the PDEGA block, the solvent layer
of water is broken, the interaction within and/or among the
PDEGA chains dominates, the PDEGA block starts to collapse
and becomes insoluble in water, and the PDEGA-b-PDMA
diblock copolymer starts to self-assemble in water to form
nano-assemblies with the PDEGA block as the core and the
PDMA block as the corona, which can steadily disperse in
water. The transformation of the hydrophilic/hydrophobic state
of the thermo-responsive PDEGA block is reversible, which can
be achieved by regulating temperature below and above the
LCST. When the temperature drops below the LCST, the PDEGA-
b-PDMA diblock copolymer molecularly dissolves in water again.

The formation and dissociation of thermo-responsive
diblock copolymer nano-assemblies can be reversibly switched
by temperature control, and these nano-assemblies can be
used for organic synthesis in water, which can reduce the use
of organic solvents. Rikukawa and coworkers have undertaken
systemic research in this field.>***” In 2019, they synthesized a
thermo-responsive diblock copolymer of poly(N-isopropyl-
acrylamide)-b-poly(sodium  4-styrenesulfonate) (PNIPAM-b-
PSSNa) via RAFT polymerization.’” The substrates, catalysts,
bases used for the palladium-catalyzed Mizoroki-Heck reac-
tion, and the PNIPAM-b-PSSNa diblock copolymer were added
to water at room temperature and then heated. When the
temperature increased above the LCST of the PNIPAM block,
the PNIPAM block became hydrophobic and the diblock copo-
lymer assembled into micelles, causing the system to become
opaque. The organic compounds were more easily enriched in
the hydrophobic core of the micelles compared to water;
hence, the Mizoroki-Heck reaction proceeded inside the
hydrophobic core of the micelles, as shown in Fig. 2. When
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Table 1 Summary of thermo-responsive diblock copolymers containing a hydrophilic block

Num. Block copolymers Abbreviation Ref.
1 - o PNIPAM-b-PAA 15
07 @ TOH
2 PNIPAM-b-PEG 16
3 PDEGA-b-PDMA 50
4 PEG-bh-P(MDEGA-eDEGA) 83
5 PNIPAM-b-PSSNa 37
6 PDEAM-b-PAMPSNa 36
7 P(NIPAM-co-nBA)-b-P(DMA-co-AA) 38

>LCST
<LCST ; a 'g

~—~ Hydrophilicblock “““\Thermo-responsive block

X

Fig. 1 Schematic phase transition of thermo-responsive diblock copo-
lymers containing a hydrophilic block and a LCST-type thermo-respon-
sive block.

1866 | Polym. Chem., 2023, 14,1863-1880
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Fig. 2 Thermo-responsive micelles formed by thermo-responsive
diblock copolymers for organic synthesis. Reprinted with permission
from ref. 37. Copyright 2019 MDPI.
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the Mizoroki-Heck reaction was completed and the system
cooled to room temperature, the micelles dissociated while the
products were released and the thermo-responsive diblock
copolymer was re-dissolved in water. By comparing the experi-
mental results, it was found that the product yield employing
the thermo-responsive diblock copolymer micelles was as high
as 99%, while the yield employing the conventional surfactant
sodium dodecyl sulfate (SDS) was only 47% with the same
quantity of catalyst. Besides, they also found that the thermo-
responsive diblock copolymer poly(N,N-diethylacrylamide)-b-
poly(sodium 2-acrylamido-methylpropane sulfonate) could act
similarly to PNIPAM-b-PSSNa in green organic synthesis in
water.>®

In 2022, Wang’s group prepared a thermo-responsive nano-
reactor for phenolic compound polymerization using diblock
copolymer poly(N-isopropylacrylamide-co-butyl acrylate)-b-poly
(dimethyl acrylamide-co-acrylic acid) [P(NIPAM-co-nBA)-b-P
(DMA-co-AA)], which shows a LCST at 37 °C in water.’® Firstly,
the synthesis of the thermo-responsive diblock copolymer was
based on ATRP of DMA, tert-butyl acrylate (¢BA), NIPAM, and
nBA, yielding the diblock copolymer P(NIPAM-co-nBA)-b-P
(DMA-co-tBA). And then hydrolysis of the ¢BA ester in the pres-
ence of trifluoroacetic acid (TFA) yielded the diblock copoly-
mer P(NIPAM-co-nBA)-b-P(DMA-co-AA). Finally, the target
horseradish peroxidase (HRP)-conjugated diblock copolymer
P(NIPAM-co-nBA)-b-P(DMA-co-AA)-HRP was synthesized
through a condensation reaction between the carboxylic group
in the P(DMA-co-AA) block and the amino group in HRP. As
shown in Fig. 3, when the temperature increased to 37 °C, the
P(NIPAM-co-nBA) block became hydrophobic to collapse to
form the core and the thermo-responsive diblock copolymer
nanoreactor was formed. Enzymatic polymerization of pheno-
lic compounds catalyzed by HRP occurred in the hydrophobic
core. After the polymerization, the aqueous solution was
cooled down to 22 °C, the thermo-responsive nanoreactor
would be completely disassembled and the corresponding
diblock  copolymer P(NIPAM-co-nBA)-b-P(DMA-co-AA)-HRP
became completely soluble in water, and the dissolved diblock
copolymers could not catalyze the polymerization of phenolic
compounds. The insoluble polyphenol could form precipitates
to facilitate separation from aqueous solution. Thermo-respon-
sive diblock copolymer nanoreactors enabled reversible for-
mation and dissociation by ramping up/down the temperature

%tw/ phenol heating (T>LCST) ppenol

—

no polymcnzalbon

unassembled hydrophilic copolymer

cooling (T<LCST)
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and could be recycled for at least 10 consecutive runs with
high monomer conversion and a high yield of products.
Besides, the products obtained by the thermo-responsive
diblock copolymer nanoreactors compared to those obtained
by the conventional micellar system had higher molecular
weight and better regioselectivity.

Assembly and dissociation of thermo-responsive diblock co-
polymers containing a hydrophilic block are temperature
controlled and easily regulated with good reversibility and
recyclability, which facilitate green organic synthesis in water.
The phase transition temperature of the thermo-responsive block
can be adjusted over a wide temperature range by copolymerizing
with other monomers, which broadens the application of
thermo-responsive block copolymers to a certain extent.

2.2 Thermo-responsive diblock copolymers containing a
hydrophobic block

In this section, thermo-responsive diblock copolymers contain-
ing a LCST-type thermo-responsive block and a hydrophobic
block are discussed. These thermo-responsive diblock copoly-
mers include polystyrene-b-poly(N-isopropylacrylamide) (PS-b-
PNIPAM),"” poly(N-isopropylacrylamide)-b-poly(vinylidene flu-
oride) (PNIPAM-b-PVDF),'® and the dendritic-linear block
copolymer Den-PEtOx,** and they can form diblock copolymer
nano-assemblies in water below the phase transition tempera-
ture of LCST. Some of these diblock copolymers are summar-
ized in Table 2.

Herein, using the amphiphilic thermo-responsive diblock
copolymer PNIPAM-b-PS'” as an example, we discuss the
thermo-responsive behavior of this type of thermo-responsive
diblock copolymer, schematically shown in Fig. 4. When the
temperature is lower than the LCST, the PNIPAM chains are in
the hydrophilic state. At this point, diblock copolymer nano-
assemblies with the PS block as the core and the PNIPAM
block as the corona are formed and uniformly dispersed in
water. When the temperature increases above the LCST of the
PNIPAM block, the PNIPAM chains become insoluble and col-
lapse to the PS core surface, leading to aggregation of the
nano-assemblies and then precipitation in water. Dispersion
and aggregation of the PNIPAM-H-PS nano-assemblies are
reversible by regulating the temperature. When the tempera-
ture decreases below the LCST, the PNIPAM-h-PS nano-assem-
blies are uniformly dispersed into water again.

OH

phenylene / oxyphenylene
unit unit

polyphenol

nanoreactor

Fig. 3 Enzymatic polymerization of phenolic compounds catalyzed by HRP within nanoreactors of thermo-responsive diblock copolymer.
Reprinted with permission from ref. 38. Copyright 2022 The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Summary of thermo-responsive diblock copolymers containing a hydrophobic block

Num. Block copolymers Abbreviation Ref.
1 o PS-b-PNIPAM 17
s _S OH
MY y
s
HN o
2 PNIPAM-b-PVDF 18
S o
- - \n/ Mo
FF s
3 C12H250, OC1zHz5 Den-PEtOx 43
C1ZHZ5°
N
0 N’/J/*N/\/)XOH
\_/
N
o)ﬁ
c1z“2504<:§7
Ci2H250 OCyzHzs
4 E MCM-PNIPAM 57
NH
HO-
Jro#ﬂ
"X
0 PEHO-IL-Pox 74

’? ,\p/f <LCST

~—~ Hydrophobic block "\ Thermo-responsive block

Fig. 4 Schematic phase transition of thermo-responsive diblock copo-
lymers containing a hydrophobic block.

In 2019, Jang and coworkers prepared the thermo-respon-
sive dendritic-linear block copolymer Den-PEtOx,** which
showed a LCST at 62.4 °C in water, for the purification of dye-
contaminated water. A schematic diagram of the purification
process is shown in Fig. 5A. Firstly, PEtOx was obtained via cat-
ionic ring-opening polymerization of 2-ethyl-2-oxazoline
(EtOx), and then post-modified with the azide group of an
alkyl-bearing aryl ether dendritic wedge (Den) to obtain the

1868 | Polym. Chem., 2023, 14,1863-1880

amphiphilic thermo-responsive block copolymer Den-PEtOx.
The diblock copolymer Den-PEtOx was assembled into
micelles in an acidic aqueous solution of Rose Bengal (RB) at
room temperature, and then RB entered the core of the
micelles due to the n—n stacking and hydrophobic interaction
between RB and Den. When the temperature increased above
the LCST of the PEtOx block, the Den-PEtOx micelles with
encapsulated RB formed insoluble aggregates, which could be
removed by filtering. The color of the aqueous solution
changed from red to colourless transparent and more than
99% of RB was removed, as shown in Fig. 5B. This work pro-
vides an innovative method for dye removal from aqueous
solution using thermo-responsive block copolymers. In the
same year of 2019, similar work was undertaken by Marcus
and coworkers. (Magnetic chitosan microspheres)-poly(N-iso-
propylacrylamide) (MCM-PNIPAM) was synthesized by graft
polymerization of NIPAM on the surface of magnetic chitosan
microspheres (MCM) to be used in the treatment of oily
water.”® Below the phase transition temperature, the micro-
spheres grafted with PNIPAM chains were uniformly dispersed
in the oily water. When the temperature increased above the
LCST, the grafted PNIPAM chains became oleophilic rather

This journal is © The Royal Society of Chemistry 2023
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Den-PEtOx above Tep
RB solution Encapsulation of Precipitation of Clear solution
RB into Den-PEtOx micelle
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Wavelength (nm)

Magnet

Fig. 5 (A) Schematic representation of dye-containing water purification using the thermo-responsive dendritic-linear block copolymer Den-
PEtOx. (B) UV-vis absorption spectral changes of RB encapsulated in Den-PEtOx before heating (red line) and after filtration above the LCST (blue
line). (C1) Images of the synthetic oily water. (C2) Images of oily water containing MCM-PNIPAM after introducing a magnetic field. (A and B)
Reprinted with permission from ref. 43. Copyright 2019 Elsevier. (C1 and C2) Reprinted with permission from ref. 58. Copyright 2019 Elsevier.

than hydrophilic. At this time, the free oil droplets would be
bound in the collapsed corona of PNIPAM and precipitated
together. The oil-absorbed microspheres grafted with PNIPAM
could be efficiently removed from water by introducing an
external magnetic field, as shown in Fig. 5C1 and C2. The
method to treat oil-contaminated water developed from this
work showed that MCM-PNIPAM, at a particle concentration of
2% wi/w, was effective in reducing oil, with oil-removal percen-
tages higher than 97% for water containing around 500 ppm
of organic phase.

Amphiphilic diblock copolymers with a thermo-responsive
hydrophilic block can be used as molecular shuttles between
aqueous and organic phases. Milhaupt and coworkers pre-
pared such molecular shuttles by grafting LCST-type thermo-
responsive polyoxazolines onto hyperbranched poly(3-ethyl-3-
hydroxymethyloxetane) (PEHO) ionic liquids, namely,
PEHO-IL-PEtOx and PEHO-IL-PnPrOx.”> As shown in Fig. 6, at
0 °C, due to electrostatic interaction, PEHO-IL-PnPrOx cap-
tured palladium complexes containing bis(p-sulfonatophenyl)
phenylphosphine as ligand uniformly dispersed in aqueous
solution, which could catalyze organic reactions. When heated
to 70 °C, the polarity of the PnPrOx block decreased and it
became insoluble in water, thus migrating into the ethyl
acetate phase. When the temperature decreased to 0 °C,
PEHO-IL-PnPrOx with the palladium complexes returned to
water from the ethyl acetate phase. This process was repeated

This journal is © The Royal Society of Chemistry 2023

Fig. 6 PEHO-IL-PnPrOx as a thermo-responsive shuttle for an anionic
water-soluble Pd-phosphine complex in the ethyl acetate/water two-
phase system. Reprinted with permission from ref. 75. Copyright 2019
American Chemical Society.

several times without impairing shuttling. This method
improves the efficiency of inorganic catalysts for organic reac-
tions. In another study, in octane/water, thermo-responsive
hairy particles, such as poly[methoxytri(ethylene glycol) meth-
acrylate] grafted on a crosslinked poly(acrylic acid) core, were
used as carriers for palladium nanoparticles, which catalyzed
hydrogenation and were easily recycled.*® Similar studies have
been done in recent years, and readers can refer to the
references.’*?” 1%

There is another interesting study reported by Kamperman
and coworkers in 2017."7 They presented reversible thermo-

Polym. Chem., 2023, 14,1863-1880 | 1869
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Fig. 7 (A) Flux measurements of the PS-b-PNIPAM membrane, (B) reversibility of the thermo-responsive behavior of the PS-b-PNIPAM membrane
showing tunable permeability during 25-50 °C heating—cooling cycling, (C) temperature-dependent water permeance of the PNIPAM-b-PVDF
membrane, and (D) tunable water permeance of the thermo-responsive PNIPAM-b-PVDF membrane during 25-50 °C heating—cooling cycling.
(A and B) Reprinted with permission from ref. 17. Copyright 2017 Royal Society of Chemistry. (C and D) Reprinted with permission from ref. 18.

Copyright 2021 American Chemical Society.

responsive nanoporous membranes fabricated from the PS-b-
PNIPAM diblock copolymer obtained by RAFT polymerization.
When the temperature increased from 26 to 38 °C, the water
permeability increased by nearly 400%, as shown in Fig. 7A.
These results demonstrated that the thermo-responsive per-
meability of the membrane was the result of the collapsing
PNIPAM chains at temperatures above the LCST. When the
temperature was below the LCST, the dissolved state of
PNIPAM chains covered the nanopore surface of the mem-
brane, resulting in lower membrane permeability. Whereas, as
the temperature increased above the LCST, the PNIPAM chains
collapsed and the nanopores were completely exposed, leading
to a significant increase in permeability. The change in per-
meability was found to be reversible with temperature switch-
ing between 20 and 50 °C, indicating that the thermo-respon-
sive permeability of the membrane was fully reversible, as
shown in Fig. 7B, which provided the prospect for further
development of advanced easy-to-clean membrane appli-
cations. In 2021, similar results were demonstrated by Nunes’
group.'® The membranes of the thermo-responsive PNIPAM-b-
PVDF diblock copolymer exhibited reversible water permeation
in the case of heating-cooling between 25 and 50 °C, as shown
in Fig. 7C and D.

1870 | Polym. Chem., 2023, 14, 1863-1880

Thermo-responsive diblock copolymers containing a hydro-
phobic block are the most widely investigated, and their revers-
ible phase transition provides great convenience for separation
and recovery. In addition, the introduction of thermo-respon-
sive block copolymers into adsorption and separation
materials, and the dissolution and collapse of thermo-respon-
sive blocks provide new ideas for regulating the permeability
of separation membranes.

2.3 Doubly thermo-responsive diblock copolymers

Herein, doubly thermo-responsive diblock copolymers are
composed of two thermo-responsive blocks with different
phase transition temperatures. One is composed of two blocks
with different LCSTs, such as poly(N-isopropylacrylamide)-b-
poly(dimethylaminoethyl methacrylate) (PNIPAM-b-
PDMAEMA),"” poly(N-acryloylsarcosine methyl ester)-b-poly(N-
isopropylacrylamide) (PNASME-b-PNIPAM)*® and poly(diethyl-
ene glycol monomethyl ether methacrylate)-b-poly[ poly(ethyl-
ene glycol) methyl ether methacrylate] (PO,-b-PO3q).** The
other is made up of a non-ionic hydrophilic block with a LCST
and a zwitterionic block with an UCST, such as poly(sulfo-
betaine methacrylate)-b-poly(N-isopropylmethacrylamide)
(PSBMA-b-PNIPMAM),>"  polysulfobetaine-b-poly(N-isopropyl-

This journal is © The Royal Society of Chemistry 2023
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methacrylamide) (PSPP-b-PNIPMAM),”>  polysulfobetaine-b-
poly(N-isopropylacrylamide) (PSPP-b-PNIPAM)*® and poly(di-
methylaminoethyl methacrylate)-b-poly(sulfobetaine methacry-
late) (PDMAEMA-b-PSBMA)."*" All the above diblock copoly-
mers are listed in Table 3. Interestingly, the solvation state of
the doubly thermo-responsive diblock copolymers bearing a
non-ionic hydrophilic block and a zwitterionic block can be
inverted in aqueous solution, leading to the core- and corona-
forming blocks being inverted.

Table 3 Summary of doubly thermo-responsive diblock copolymers
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The self-assembly of doubly thermo-responsive diblock
copolymers with two different LCSTs in aqueous solution is
schematically shown in Fig. 8A. For example, for the PNASME-
b-PNIPAM diblock copolymer,”® when the temperature
increases above the LCST of the PNIPAM block, the diblock
copolymer undergoes self-assembly to form micelles, which
consist of a core of the insoluble PNIPAM block surrounded by
a corona of the solvated PNASME block. When the temperature
continues to increase above the phase transition temperature

Num. Block copolymers Abbreviation Ref.
1 O PNIPAM-h-PDMAEMA 12
H
m n
s
N
2 ,{/\/EH’\A[): PNASME-h-PNIPAM 20
m
N~ "OHN” O
g )\
(o]
o]
/
3 HsC PSBMA-h-PNIPMAM 21
O A YO
N o) ™
HsC N HyC S
STy Ty
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HC P NG s prock "s\[(s
dN 3 s
H N H
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(o] KL H3C CH;3
/E\
S0,
5 HaC [o} CN 3 plock S SV\Q PSPP-b-PNIPAM 25
O e T
o} H\ HyC” CH;
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S0,
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Fig. 8 Schematic phase transition of doubly thermo-responsive diblock
copolymers: (A) with two different LCSTs, (B) with a lower UCST and a
higher LCST, and (C) with a lower LCST and a higher UCST.

of the PNASME block, the PNASME block becomes insoluble
and is then deposited onto the surface of the PNIPAM core.
When the temperature gradually cools down to room tempera-
ture, the two blocks dissolve in water again one after the other.
The self-assembly behavior of doubly thermo-responsive
diblock copolymers containing a zwitterionic block in aqueous
solution is also dependent on the UCST of the zwitterionic
block and the LCST of the non-ionic block. For example, the
diblock copolymer PSPP-b-PNIPMAM combines the upper and
lower critical solution temperatures of each block in aqueous
solution,?* where the UCST of the PSPP block is lower than the
LCST of the PNIPMAM block. When the temperature is lower
than the UCST, the PSPP block is hydrophobic and the
PNIPMAM block is in the dissolved state, the diblock copoly-
mer assembles into micelles with the PSPP block as the core
and the PNIPMAM block as the corona. When the temperature
is between UCST and LCST, both the PSPP block and the
PNIPMAM block are in the dissolved state, and therefore the
diblock copolymer PSPP-b-PNIPMAM is molecularly soluble in
water. When the temperature is higher than the LCST, the
PSPP block is dissolved in water and the PNIPMAM block
becomes hydrophobic, and PSPP-b-PNIPMAM forms micelles
with the PNIPMAM block as the core and the PSPP block as
the corona, where the core- and corona-forming blocks are
inverted, as shown in Fig. 8B. However, if the UCST is higher
than the LCST, diblock copolymers containing a zwitterionic
block exhibit different phase transitions, as shown in Fig. 8C.
When the temperature is lower than the LCST of the non-ionic
block, the zwitterionic block is hydrophobic and the non-ionic
block is in the dissolved state. Micelles with the zwitterionic
block as the core and the non-ionic block as the corona form
at this temperature. When the temperature is between the
LCST and the UCST, both the zwitterionic block and the non-
ionic block are hydrophobic. When the temperature is higher
than the UCST, the zwitterionic block becomes hydrophilic
and the non-ionic block is in a hydrophobic state, forming
micelles with the non-ionic block as the core and the zwitter-
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ionic block as the corona. In these transformations, the roles
of hydrophilic block and hydrophobic block are switched, and
the micellar structure turns inside-out. For this self-assembly,
the term “schizophrenic” had been coined to describe this
transformation.

In 2022, Zhong et al., prepared thin films of the thermo-
responsive PO,-b-PO3o, diblock copolymer showing two
different LCSTs.*> The phase transition temperatures of the
PO, block and the PO, block are 25 °C and 60 °C, respect-
ively. The effect of different cooling processes (one-step: 60 to
20 °C and two-step: 60 to 40 °C and then to 20 °C) on film
swelling behavior was investigated by in situ neutron reflectiv-
ity (NR) and two different response processes are shown in
Fig. 9. After the one-step stimulus (rapid decrease in tempera-
ture from 60 to 20 °C), the film directly switched from col-
lapsed to fully swollen state. While the film presented a
different swelling behavior when the thermal stimulus was
separated into two steps (first decrease from 60 to 40 °C and
then to 20 °C). The film switched firstly from collapsed to
semi-swollen state caused by the swollen PO;, block after the
first step of the thermal stimulus (60 to 40 °C) and then to
fully swollen state induced by the swollen PO, block after the
second step (40 to 20 °C). However, the final states of the
swollen PO,-b-POsq, film were basically identical irrespective
of the applied thermal stimulus. Thus, the final state of the
thermo-responsive diblock copolymer film was not affected by
the external thermal stimuli, which is beneficial for the design
and preparation of sensors or switches based on thermo-
responsive block copolymer film.

Most of the studies on doubly thermo-responsive diblock
copolymers so far have focused on the effect of external
stimuli (e.g., temperature, low molar mass salt) on their self-
assembly in aqueous solution, and less on their applications.
However, we believe that the suitable selection of monomers
can confer the advantages of multiple temperature sensitivities
to doubly thermo-responsive block copolymers, which can
potentially be made into various membrane materials or temp-
erature sensors to meet different needs.

2.4 Thermo-responsive triblock copolymers containing a
hydrophilic block

Herein, these thermo-responsive triblock copolymers contain a
hydrophilic block and two thermo-responsive blocks.
According to the block components, they can be divided into
two categories: namely, ABC-type doubly thermo-responsive tri-
block copolymers and ABA-type thermo-responsive triblock
copolymers. The ABC-type doubly thermo-responsive triblock
copolymers have two different thermo-responsive blocks, such
as poly(ethylene oxide)-b-poly(N-acryloylglycinamide)-b-poly(N-
isopropylacrylamide) (PEO-b-PNAGA-b-PNIPAM),*” poly(propy-
lene oxide)-b-poly(2-methacryloyloxyethyl phosphorylcholine)-
b-poly(N-isopropylacrylamide) (PPO-b-PMPC-b-PNIPAM)*® and
poly(ethylene-alt-propylene)-b-poly(ethylene  oxide)-b-poly(N-
isopropylacrylamide-co-acrylic acid) [PEP-b-PEO-b-P(NIPAM-co-
AA)].>° While the ABA-type thermo-responsive triblock copoly-
mers have the same thermo-responsive block, such as poly(N-

This journal is © The Royal Society of Chemistry 2023
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isopropylacrylamide)-b-poly(dimethylacrylamide)-b-poly(N-iso-

propylacrylamide) (PNIPAM-b-PDMA-b-PNIPAM),*® poly[ethoxy-
tri(ethylene glycol) acrylate-co-o-nitrobenzyl acrylate]-b-poly
(ethylene oxide)-b-poly[ethoxytri(ethylene glycol) acrylate-co-o-
nitrobenzyl acrylate] [P(TEGEA-co-NBA)-b-PEO-b-P(TEGEA-co-
NBA)J*® and poly(2-n-propyl-2-oxazoline)-b-poly(2-ethyl-2-oxazo-
line)-b-poly(2-n-propyl-2-oxazoline) (PnPrOx-b-PEtOx-b-
PnProx).”* Some of the triblock copolymers are listed in
Table 4.

The ABA-type and ABC-type thermo-responsive triblock
copolymers show different assembly behaviors in aqueous
solution during the warming process. ABC-type doubly
thermo-responsive triblock copolymers,®® where the A-block
and C-block are two different thermo-responsive blocks, have
two different phase transitions during temperature ramp-up.
Since the two thermo-responsive blocks are separated by the
hydrophilic B-block, two different hydrophobic cores con-
nected by the hydrophilic B-block form during the warming
process. When the temperature increases above the LCST of
the A-block, the ABC-type doubly thermo-responsive triblock
copolymer forms micelles with the A-block as core and the
B-block and C-block as the corona; when the temperature con-
tinues to increase above the LCST of the C-block, the triblock
copolymer forms a polymer network with the hydrophobic
cores of the A-block and C-block as the crosslinking point or
flower-like micelles dependent on polymer concentration, as
shown in Fig. 10A. When the temperature decreases below the
LCST, the triblock copolymer will be dissolved again in
aqueous solution. ABA-type thermo-responsive triblock copoly-
mers have two thermo-responsive blocks of A, and since the
two blocks are the same, there is just one phase transition
during the warming process. As shown in Fig. 10B, when the
temperature increases above the LCST of the A-block, the
A-block becomes hydrophobic while the B-block is in a dis-
solved state, at which time flower-like micelles form with the
A-block as the core and the B-block as the corona. When the
concentration of polymer solution is high, crosslinked struc-
tures also form among micelles. A series of studies have been
done by Tsitsilianis’ group to study this dynamic crosslinking
network.'®7'% In 2018, they prepared injectable hydrogels

This journal is © The Royal Society of Chemistry 2023

with triblock copolymers poly[(triethylene glycol methyl ether
methacrylate)-co-(n-butyl methacrylate)]-b-poly(dimethyl-
aminoethyl methacrylate)-b-poly|(triethylene glycol methyl
ether methacrylate)-co-(n-butyl methacrylate)] [P(TEGMA-co-
nBUMA)-b-PDMAEMA-b-P(TEGMA-co-nBuMA)].'> The triblock
copolymer solution was a viscoelastic complex fluid at low
temperature and could be used for injection. During the
warming process, the thermo-responsive block P(TEGMA-co-
nBuMA) became insoluble in water and the chain segments
were frozen to form a hydrophobic core, leading to a cross-
linked structure, or so-called hydrogel.

Up to now, the applications of thermo-responsive triblock
copolymers containing a hydrophilic block have been very
rare. Compared with others containing thermo-responsive
blocks, their assembly behavior is more influenced by the tri-
block copolymer concentration, and there is a possibility of
forming a reversible crosslinked network structure or so-called
hydrogel during the assembly process. The switch from cross-
linking to decrosslinking can be achieved by adjusting the
temperature. Due to the substantial improvement in mechani-
cal properties of the dynamic crosslinking networks, their
application in suspensions, coatings and cosmetics is
expected.

2.5 Thermo-responsive triblock copolymers containing a
hydrophobic block

In this section, triblock copolymers composed of a hydro-
phobic block and two thermo-responsive blocks are reviewed.
Depending on whether the thermo-responsive block com-
ponents are the same or not, the thermo-responsive triblock
copolymers are divided into ABC-type doubly thermo-respon-
sive triblock copolymers and ABA-type thermo-responsive tri-
block copolymers. For example, poly[poly(ethylene glycol)
methyl ether vinylphenyl]-b-poly(N-isopropylacrylamide)-b-
polystyrene [P(mPEGV)-b-PNIPAM-b-PS],*" poly[2-(2-methoxy-
ethoxy)ethyl methacrylate]-b-poly[oligo(ethylene glycol)
methyl ether methacrylate]-b-poly[9-(4-vinylbenzyl)-9H-carba-
zole] (PMEO,MA-b-POEGMAg_o-b-PVBK)*> and poly(N-iso-
propylacrylamide)-b-poly(dimethylaminoethyl methacrylate)-b-
polystyrene (PNIPAM-h-PDMAEMA-b-PS)** belong to the ABC-
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Table 4 Summary of thermo-responsive triblock copolymers containing a hydrophilic block

Num. Block copolymers Abbreviation Ref.
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type doubly thermo-responsive triblock copolymers. Some
typical ABA-type thermo-responsive triblock copolymers
include poly(ethylene glycol methyl ether methacrylate)-b-poly-
styrene-b-poly(ethylene glycol methyl ether methacrylate)
(PMENMA-b-PS-b-PMENMA),**  poly(N-isopropylacrylamide)-b-
poly(3-methacryloxypropyltrimethoxysilane)-b-poly(N-isopropyl-
acrylamide) (PNIPAM-h-PMEMO-b-PNIPAM),*®  poly[(N-iso-
propylacrylamide)-co-(dimethylacrylamide)]-b-poly(L-lactide)-b-
poly[(N-isopropylacrylamide)-co-(dimethylacrylamide)] [P
(NIPAM-co-DMA)-b-PLLA-b-P(NIPAM-co-DMA)],° poly[oligo
(ethylene glycol) methyl ether methacrylate]-b-polydimethyl-
siloxane-b-poly[oligo(ethylene glycol) methyl ether methacry-
late] (POEGMA-b-PDMS-b-POEGMA),®” and poly[oligo(ethylene

1874 | Polym. Chem., 2023, 14,1863-1880

glycol) methyl ether methacrylate]-b-poly(4-vinyl pyridine)-b-
poly[oligo(ethylene glycol) methyl ether methacrylate]
(POEGMA-b-P4VP-b-POEGMA).®® Some of these triblock copoly-
mers are summarized in Table 5.

ABA-type thermo-responsive triblock copolymers containing
a hydrophobic block, e.g., POEGMA-b-P4VP-b-POEGMA,*® form
micelles with a core-shell structure in aqueous solution below
the LCST of the POEGMA block, and their phase transition
behaviors are similar to those of thermo-responsive diblock
copolymers containing a hydrophobic block. As shown in
Fig. 114, as the temperature of the aqueous solution increases
above the LCST of the POEGMA block, the POEGMA block
dehydrates and collapses to the surface of the PAVP core, and

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Schematic diagram of the phase transition of thermo-respon-
sive triblock copolymers containing a hydrophilic block: (A) ABC-type,
(B) ABA-type.

nanoparticles with PAVP as the core and POEGMA as the shell
form and then aggregate and precipitate in solvent. Since the
ABC-type doubly thermo-responsive triblock copolymers have
two different LCSTs, their phase transition process in aqueous
solutions is different from the ABA-type mentioned above. It is
worth noting that the location of the hydrophobic block can
affect the self-assembly of ABC-type doubly thermo-responsive
triblock copolymers. As shown in Fig. 11B, when the hydro-
phobic block is the middle block, thermo-responsive ABC tri-
block copolymers, e.g.,, PDMAEMA-b-PS-b-PNIPAM,'” form
core-corona nanoparticles. When the temperature increases
above the first LCST, the thermo-responsive block with low
LCST becomes dehydrated to deposit on the hydrophobic core,
and the corona-core nanoparticles convert into corona-shell-
core ones; when the temperature further increases above the
second LCST, the thermo-responsive block with high LCST
becomes dehydrated to form shell-shell-core nanoparticles.
When the hydrophobic block is the terminal block, the ABC-
type doubly thermo-responsive triblock copolymers exhibit
different phase transitions depending on the sequence of the
two thermo-responsive blocks during the warming process. As
shown in Fig. 11C, for thermo-responsive ABC triblock copoly-
mers in which the A-block has a high LCST and the B-block
has a low LCST, e.g., PDMAEMA-b-PNIPAM-b-PS,* their phase
transition behaviour during the warming process is similar to
that containing a middle hydrophobic block shown in
Fig. 11B. In the case of the ABC triblock copolymer containing
an A-block with a low LCST and a B-block with a high LCST, as
shown in Fig. 11D, e.g., PNIPAM-b-PDMAEMA-b-PS,** their
self-assembly behavior is influenced by the polymer concen-
tration. That is, flower-like micelles or crosslinked assemblies
are formed during the warming process.

In 2008, Kang and coworkers prepared thermo-responsive
membranes with poly(N-isopropylacrylamide)-b-polycaprolactone-
b-poly(N-isopropylacrylamide) (PNIPAM-b-PCL-b-PNIPAM),>*
called PCL-PNP membrane. The thermo-responsive characteri-

This journal is © The Royal Society of Chemistry 2023
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stics of the PCL-PNP membrane were illustrated by glucose
transport across the membranes. The PNIPAM-b-PCL-b-
PNIPAM thermo-responsive triblock copolymers were prepared
via ATRP, and were then cast to form microporous PCL-PNP
membranes by phase inversion in an aqueous medium. A
glucose permeation experiment, as shown in Fig. 12A, demon-
strated the membrane thermal response. They examined the
glucose transport rate using the PCL-PNP membranes at 20
and 37 °C, below and above the LCST, respectively. The results
showed that the glucose transport rate of the PCL-PNP mem-
branes at 37 °C above the LCST was higher than those at 20 °C
below the LCST, as shown in Fig. 12B. This is caused by the
hydrophilic-to-hydrophobic transition of the thermo-respon-
sive PNIPAM block. At 20 °C below the LCST, the thermo-
responsive PNIPAM block was hydrophilic and the PNIPAM
chains were fully extended in the solution covering the surface
of the membrane to hinder glucose diffusion. As the tempera-
ture increased to 37 °C above the LCST, the PNIPAM chains
collapsed and the pores on the membrane surface were
exposed, which caused less hindrance to the glucose transport
across the membrane, and consequently the rate of glucose
transport increased. The pore size of the PCL-PNP membrane
can also be tuned by adjusting the length of the PNIPAM block
to regulate the glucose transport rate. In 2016, Yokoyama’s
group also made thermo-responsive membranes composed of
a mesoporous layer of PMENMA-b-PS-b-PMENMA and a sup-
porting layer of polyvinylidene fluoride (PVDF).>* They demon-
strated temperature-responsive sieving of gold nanoparticles
through the composite membranes, in which the mesopore
size increased with increasing temperature (Fig. 12C), and
therefore the concentration of gold nanoparticles in the filtrate
gradually increased during the warming process, as shown in
Fig. 12D.

Similar to thermo-responsive diblock copolymers contain-
ing a hydrophobic block, thermo-responsive triblock copoly-
mers containing a hydrophobic block can assemble into
micelles in aqueous solution, and the core composed of the
hydrophobic block can encapsulate dyes or drugs dispersed in
aqueous solution; hence, they are also used for drug
delivery and separation of dyes in wastewater. In 2011, Yu and
coworkers prepared poly(N-isopropylacrylamide)-b-poly(n-octa-
decylacrylate)-b-poly(N-isopropylacrylamide) (PNIPAM-h-PODA-
b-PNIPAM) via RAFT polymerization.>* The PNIPAM-b-PODA-b-
PNIPAM micelles showed high drug loading efficiency up to
14.68%, indicating their potential as drug carriers.

Thermo-responsive triblock copolymers composed of a
hydrophobic block and two thermo-responsive blocks can
form micelles in aqueous solution, and the self-assembled
micelles can be used not only for encapsulating drugs or dyes,
but also as nanoreactors for performing organic reactions in
aqueous solution, as emulsifiers for easy control of emulsifica-
tion and demulsification, etc. In addition, the triblock copoly-
mers can be used to prepare thermo-responsive membranes,
which can regulate the transport rate across the membrane by
tuning the pore size through the temperature-dependent
stretching or collapse of the thermo-responsive blocks.
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Table 5 Summary of thermo-responsive triblock copolymers containing a hydrophobic block

Num. Block copolymers Abbreviation Ref.
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Fig. 12 (A) Schematic depiction of the switchable pore of the thermo-responsive PCL-PNP membrane. (B) Temperature-dependent typical glucose
diffusion through thermo-responsive block copolymer PCL-PNP membranes. (C) Schematic depiction of the switchable barrier properties of the
thermo-responsive PMENMA-b-PS-b-PMENMA membrane. (D) UV-vis spectra of feed solution and filtrate showing the temperature-dependent fil-
tration of 5 nm gold colloidal particles using thermo-responsive PMENMA-b-PS-b-PMENMA membranes. (B) Reprinted with permission from ref. 54.
Copyright 2008 American Chemical Society. (C and D) Reprinted with permission from ref. 34. Copyright 2016 American Chemical Society.
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3. Conclusions

Thermo-responsive block copolymers are of great interest
because of their mature synthesis technology, well-defined
structure, controllable molecular weight and easy implemen-
tation of temperature regulation. These thermo-responsive
block copolymers also have the following advantages: (1)
various nano-assemblies with different morphologies, such as
spheres, vesicles and petals, can be prepared, allowing the
desired structure to meet the requirements; (2) the phase tran-
sition of the thermo-responsive block is reversible, which pro-
vides great convenience for their material cycling or structure
and/or character tuning; (3) most thermo-responsive block
copolymers can be applied in aqueous solution, reducing the
use of organic solvents and being more friendly to the
environment. However, despite all the advantages of thermo-
responsive block copolymers, their applications are just at the
laboratory research stage. In comparison with polymers
synthesized with general radical polymerization, thermo-
responsive block copolymers with narrow molecular weight
distribution and well-defined block structure are not easy to
achieve in large-scale production, which limits their utilization
in industry.

In order to bring thermo-responsive block copolymers into
large-scale application, efforts should be made in the following
areas. First, develop thermo-response originated monomers
that can be easily synthesized in large quantities, thereby redu-
cing material cost. Second, improve the long-term durability of
thermo-responsive block copolymer materials (e.g., thermal
responsive membranes), such as introducing crosslinked struc-
tures or interpenetrating networks to improve their mechani-
cal properties. Third, large-scale and controlled approaches for
the synthesis of thermo-responsive block copolymers should
be further explored.
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