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Stimuli-responsive polymers have been attracting great interest within the scientific community for

several decades. The unique feature to respond to small changes in the environmental conditions has

made this class of materials very promising for several applications in the field of nanoscience,
nanotechnology and nanomedicine. So far, several different chemical, physical or biochemical stimuli
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have been investigated within natural or synthetic polymers. Very interesting and appealing seems to
be the combination of several stimuli to tune the properties of these materials in manifold ways. Within

this present review, we want to highlight the recent progress in the field of synthetic stimuli-responsive
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polymers combining temperature and light responsiveness.

Introduction

Stimuli-responsive polymers, also called ‘“smart materials”
have raised great interest in natural science within the last
few decades.™ Such materials are conventionally (macro)-
molecules that undergo changes in response to small external
variations in environmental conditions.> These systems opened
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access to promising applications in the field of nanomedicine
like affinity separations, immunoassays, enzyme recovery and
drug delivery.®

In general, several classes of stimuli-responsive polymers
have been reported. Polysaccharides, proteins and nucleic acids
represent one huge group of stimuli-responsive biopolymers
that can be found widely in a living environment.’ Indeed,
these materials belong to the oldest class of substances
in Nature having stimuli-responsive properties. However, for
several years, the class of synthetic polymers with stimuli-
responsive properties has attracted the same or even greater
attention within the scientific community.”

The number of scientific contributions on synthetic stimuli-
responsive polymers has increased exponentially within the last
two decades.® This is mainly due to the fact that new methods
for the polymerization of functional monomers have been
developed. In this context, controlled radical polymerization
techniques such as the nitroxide-mediated polymerization
(NMP),° the atom transfer radical polymerization (ATRP)'
and the reversible addition-fragmentation chain transfer
(RAFT) polymerization'' have been used intensively. In fact,
all these polymerization methods show a high tolerance
towards functional groups while providing the benefit to result
in polymers and block copolymers with a narrow molecular
weight distribution and defined end-groups. Furthermore, the
new synthetic strategies in polymer analogous reactions'” - also
called post-polymerization modifications"® - of polymeric pre-
cursors via “click” chemistry™* have proved to be highly attrac-
tive tools to introduce certain functional groups into a polymer.
Thus, huge classes of defined synthetic materials, such as
stimuli-responsive polymers were prepared having a large
variety of functionalities.

In principle, stimuli-responsive materials can be considered
as soft materials and furthermore, they have very important
features in common: they respond either to (a) chemical
stimuli, (b) physical stimuli or (c) biochemical stimuli in solid
state, in solution or as gel.> With regard to chemical stimuli,
changes in the pH value™'® and in the ionic strength,"” as well
as the addition of chemical agents, e.g. solvents'® or gases"’
and redox-reactions®® should be mentioned here as represent-
ing probably the most common examples of chemical stimuli.
They have found broad application in the area of materials
science nowadays.”

As far as physical stimuli are concerned, voltage®' and
temperature changes,>>*?* light-irradiation,**° or mechanical
stress”’>° are, indeed, very important and promising physical
stimuli in responsive systems. In this context, it is worth noting
that biochemical stimuli have been recognized as a third
category of stimuli that involve responses to antigens, enzymes,
ligands or other biochemical agents.’

Of all stimuli-responsive polymers, temperature-responsive
polymers probably belong to one of the largest classes and their
unique and characteristic property to feature a lower critical
solution temperature (LCST) has been studied intensely in
recent decades.”*>** The LCST is a fascinating phenomenon
found for various polymer solutions. Often polymer solutions
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exhibit both a LCST and an upper critical solution temperature
(UCST). For the LCST, at temperatures below the LCST the
polymer is completely miscible in the solvent in all proportions,
whereas at temperatures above the LCST a phase separation
occurs. Particularly exciting is the LCST of some water soluble
polymers, which tend to phase-separate from solution upon
heating. In fact, the most investigated temperature-responsive
polymer featuring a LCST in water is the poly(N-isopropylacryl-
amide) (PNIPAM). The LCST of PNIPAM was reported to be
around 32 °C, which is close to the human body temperature.”?
This feature made this polymer very promising for e.g. drug
delivery applications. Consequently, by altering the temperature
of PNIPAM solution in water, its solubility behaviour can be
changed from hydrophilic (soluble) to hydrophobic (insoluble)
and vice versa and can, thus, be triggered externally. Research in
the field of thermo-responsive polymers has focused intensely on
PNIPAM. However, other N-substituted polyacrylamides®**' and
other classes of polymers such as poly(oligoethyleneoxide-
(meth)acrylate)s® or poly(2-oxazoline)s*® exhibit a LCST as well.

Besides the aforementioned temperature as a physical
stimulus, light has equally attracted attention in the field of
stimuli-responsive polymers. Light has the specific physical
characteristic that it can be localized in time and space.>® For
this reason, it has been used as a trigger to release encapsulated
substances in light-responsive block copolymer micelles,
as demonstrated by Matyjaszewski and coworkers.*® Light-
responsive polymers and block copolymers have recently been
reviewed by the groups of Zhao®**> and Gohy.?® One should
note that even one light-responsive unit can be sufficient to
influence the properties of the whole polymer chain within a
light-responsive polymer system.>®

In general, a light-responsive behaviour can either be rever-
sible or irreversible, depending on the chromophore that is
attached to the polymeric backbone or to the chain end. Most
commonly, photochromic molecules are used to tune the
properties within light-responsive polymers.’”” These well-
known organic dyes undergo a reversible isomerisation upon
irradiation. This process is usually accompanied with a polarity
change as well as a colour change in the chromophoric units.
Such phenomena can be observed in chemical compounds like
azobenzene, spiropyran, salicylideneaniline etc. Consequently,
a light-responsive polymer containing photochromic units
would change its solubility reversibly through an irradiation
process as long as the irradiation is being applied. The iso-
merisation of a photochromic unit can usually be followed by a
thermal or visible re-isomerization process. UV-light in the
range between 300 and 400 nm is generally used for the light-
stimulation, whereas visible light (4 > 400 nm) is used for the
initiation of the re-isomerization process.

An irreversible light-responsive behaviour can generally be
observed in polymers having photocleavable units instead of
photochromic units. Upon irradiation, the light-responsive
moiety of the corresponding polymer would then be cleaved
into a more polar species through an irreversible transforma-
tion.>® As one example, the o-nitrobenzyl ester (ONB)**™*?
should be mentioned here as constituting probably the most
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important chromophores featuring an irreversible light-responsive
behaviour. The photocleavage reaction is generally initiated by
UV-light; however, under certain conditions, NIR-light can be
used for cleavage of ONB-groups as well.*? In some other cases,
the term of light-responsiveness in polymeric systems can be
extended to reversible or irreversible cross-linking reactions
based on coumarin dimerization.>®

In recent years, various stimuli-responsive polymer systems
have been reported and were often combined to yield dual or
even multi-responsive polymers.*>*> These materials have
attracted notable interest in academia as they allow tuning of
their properties in multiple ways. In particular, temperature-
responsive polymers have been combined with light-responsive
chromophores to give temperature- and light- responsive polymers.

In this present review, we want to emphasize recent devel-
opments in the field of synthetic water soluble polymers,
combining both stimuli mentioned: temperature and light.
We will focus on examples that allow for a fine-tuning of the
LCST by irradiation or enable the controlled formation of
nanoaggregates by combining temperature and light. This
correlates to the previous scientific work of several research
groups. In addition, we will mention other aspects and suitable
applications in the area of temperature- and light-responsive
polymers.

Thermoresponsive polymers
containing azobenzene

Statistical copolymers and end-group functionalized
homopolymers

The azobenzene chromophore was recognized from early on as
a suitable photochromic molecule to influence the polarity
within a polymer upon light-irradiation in a reversible
manner.>®*® In fact, azobenzene shows the fascinating property
to undergo photo-isomerization from trans to cis and vice versa,
depending on the irradiation wavelength."” It is remarkable to
note that this isomerization process is accompanied by a strong
polarity change in the photochromic unit. This polarity change
is a direct consequence of the change in the dipole moment
from 0 Debye for the trans-isomer to 3 Debye for the cis-
isomer.*® For this reason, the azobenzene chromophore plays
a major role in temperature- and light responsive polymers.
To the best of our knowledge, the first example of a
temperature- and light-responsive polymer was reported by
Kungwatchakun and Irie in 1988.*° They synthesized copoly-
mers by polymerization of N-isopropylacrylamide (NIPAM) with
N-(4-phenylazophenyl)acrylamide. The intention of their work
was to photo-control the phase separation temperature of
aqueous solutions of PNIPAM by introducing photochromic
azobenzene moieties. Consequently, a shift in the phase
separation temperature, i.e. the LCST, from initially 21 °C to
27 °C after UV-light irradiation was found for a copolymer
system containing 2.7 mol% azobenzene groups. This change
was explained by the change in the dipole moment that is due
to the trans-to-cis isomerisation of the azobenzene moieties.
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The initial phase transition temperature of 21 °C was re-obtained
after exposure to visible light. Noteworthily, Kungwatchakun
and Irie found that there exists a direct correlation between
the light-induced shift of the phase transition temperature and
the amount of azobenzene incorporated into the copolymer.
According to their investigations, the phase separation
temperature depends on the balance between the hydrogen
bond formation ability of the polymer surrounded with water
and the intermolecular hydrophobic forces. At higher azo-
benzene concentrations incorporated into the copolymer, the
hydrophobic property change was not high enough to weaken
the existing intermolecular interacting forces and, consequently,
the phase transition temperature remained constant upon
UV-light irradiation.’**

Several years later, research on the reversible photo-control
of the LCST was continued. Menzel and coworkers reported in
1994 the synthesis of copolymers of N,N-dimethylacrylamide
(DMA) and 4-phenylazophenyl acrylate. Their intention was to
increase the temperature gap of the LCST between a non-
irradiated and an irradiated copolymer dissolved in water.>?
They found that the photo-isomerization of the azobenzene
moieties of the copolymers was comparable with that in solutions
of azobenzene unimers as measured by UV/Vis spectroscopy.
The obtained values for the cloud points decreased with
increasing content of azobenzene in the copolymer system.
This was explained by the hydrophobic nature of the aromatic
azobenzene dye, similar to the PNIPAM copolymer of
Kungwatchakun and Irie. Furthermore, Menzel and coworkers
measured a shift of the phase transition temperature up to
14 °C, corresponding to the difference between the cloud points
of the non-irradiated and the irradiated DMA copolymers
having an average amount of 7.3 mol% azobenzene moieties.

In 2001, Sugiyama and Sono found that copolymers originating
from N-(2-hydroxypropyl)methacrylamide (HPMA) with a certain
ratio of azobenzene acrylate monomers exhibit also a LCST in
aqueous solution.”® It was found that the LCST as measured in
the photostationary state showed a temperature that was 2-4 °C
higher compared to that in the dark state.

An interesting application for a light control of the LCST was
reported by Hoffman and Stayton.’* They demonstrated that
photo-induced changes in the size and hydration of a polymer
chain can be used to regulate substrate access and enzyme
activity of the enzyme endoglucanase 12A (see Fig. 1). For this
purpose, a temperature- and light-responsive copolymer based
on DMA with azobenzene moieties was synthesized by radical
copolymerization in the presence of a functional chain transfer
agent to enable a subsequent enzyme-polymer conjugation.
This “smart” polymer acted as an antenna that reversibly
responded to light at different wavelength, thus allowing to
switch on and off the activity of the polymer-enzyme conju-
gates. The LCST behaviour of the copolymer under UV and
visible light irradiation was investigated as well. Hoffman and
Stayton found a similar responsive behaviour for the photo-
control of the cloud points as previously reported by Menzel
and coworkers. These results have further been used for a
controlled stimulation of a polymer-streptavidin conjugate.>”

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Schematic model of the photo-responsive enzyme switch using a
temperature- and light-responsive copolymer. Adapted from ref. 54 with permission
from the Proceedings of the National Academy of Sciences (PNAS), copyright by
the National Academy of Sciences.

The research on temperature- and light-responsive polymers
with azobenzene moieties was further intensified by Akiyama
and Tamaoki.’® They copolymerized NIPAM with different
amounts of azobenzene-bearing acrylamide monomers. A photo-
control of the phase transition temperature was observed,
which was explained by the isomerisation of the azobenzene
attached to the polymer. Consequently, these polymers exhib-
ited an alternation of the LCST upon irradiation with UV and
visible light. Furthermore, the authors investigated the proper-
ties of “smart” copolymer films. A change in the photo-induced
wettability through contact angle measurements was reported
for certain temperatures.

View Article Online
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Several other investigations on PNIPAM-based copolymers
using azobenzene as a chromophore to photo-control the phase
transition temperature have been performed by the group of
Freitag.”” They proposed a new synthetic route towards the
synthesis of photo-responsive NIPAM co-telomers. For this
purpose, a polymeric precursor of PNIPAM containing reactive
succinimide co-monomers was prepared. This precursor was
converted with (3-aminopropyloxy)azobenzene in a polymer
analogous reaction yielding a PNIPAM containing azobenzene
copolymer. The solution properties of the copolymers in water
were studied by turbidimetry and microcalorimetry. In good
agreement with other research groups, the investigators found
that the temperature-induced phase transition of the azobenzene-
containing copolymers can be controlled efficiently by alternating
light irradiation.

The investigation on temperature- and light-responsive
copolymer systems has inspired also the work of Theato and
coworkers.”® In 2009, Jochum et al. reported the synthesis of
several copolymers based on the PNIPAM, poly(N-cyclopropyl-
acryamide),>® poly(N-ethyl-N-methylacrylamide)®® and poly-
(N,N-dimethylacrylamide)®* each with various amounts of
azobenzene moieties incorporated. The aim of their study was
to investigate the different thermo-responsive polyacrylamide
systems with regard to the ability to photo-control the LCST
by the attachment of azobenzene. As a synthetic tool, acti-
vated ester polymers were utilized as polymeric precursors
that were synthesized in a defined molecular weight by RAFT-
polymerization. The temperature- and light-responsive copolymers
were then obtained via a polymer analogous reaction of the
polymeric precursor with functional amines (see Fig. 2).

All copolymers featured a LCST in aqueous solution, which
was strongly dependent on the amount of hydrophobic azo-
benzene, whereas higher values for the cloud points were
measured after UV-irradiation, a phenomenon in agreement
with the local polarity change in the irradiated azobenzene
through the isomerization from trans-azobenzene to cis-azobenzene.
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Fig. 2 Synthetic concept (left illustration) of a polymer analogous reaction of activated ester polymers to synthesize well-defined polymers. Reproduced in part from
ref. 12 with permission from John Wiley and Sons. As an example, various temperature- and light-responsive polyacrylamides P1-P4 containing different amounts of
azobenzene moieties were synthesized through a polymer analogous reaction of PPFPA polymers previously obtained from RAFT-polymerization (right scheme).

Adapted from ref. 58 with permission from Elsevier.
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The highest shift of the LCST was found for the copolymer of
poly(N,N-dimethylacrylamide) containing 8.5 mol% of azobenzene
groups. The copolymers were then employed in a reversible
isothermal solubility change that was solely controlled by
UV-irradiation at a fixed temperature slightly above the LCST.
Another exciting example to control the phase transition of
PNIPAM using azobenzene as a light-responsive moiety was
published by Akiyama and Tamaoki.®> They synthesized an
azobenzene-bearing initiator for the ATRP polymerisation of
NIPAM. Consequently, the resulting polymers having different
molecular weights and chain lengths possessed only a single
terminal azobenzene end-group. The aqueous solution of these
polymers displayed a LCST that could also be altered reversibly
by light irradiation. The LCST shifts increased linearly up to a
value of 10 °C with decreasing molecular weight, i.e. there was
an increasing influence of the azobenzene end-group.
Inspired by the results of Akiyama et al., the group of Theato
investigated the influence of different end-groups upon the
LCST® or the upper critical solution temperature (UCST)** of
polymers based on poly(oligo(ethylene glycol) monomethyl
ether methacrylate) [POEGMA] in water or alcohols, respectively.
First, the influence of azobenzene end-groups upon the phase
separation temperature of temperature-responsive POEGMA
with a short chain length was investigated.®® Via the RAFT poly-
merisation of the methacrylate monomers using an activated
ester RAFT-reagent in combination with orthogonal end group
functionalization the azobenzene could be installed at either
chain ends (see Scheme 1). This RAFT-reagent, namely PFP-CTA
(originating from a pentafluorophenyl ester modified chain
transfer agent),®® has further been established as a very useful tool

O
O %A 0 oS IS¢ SO

PFP-P(OEGMA)

PFP-CTA AIBN ou

+ AIBN + PFP-ACV
(30 equiv) (30 equiv)

View Article Online

for the synthesis of homo- and heterotelechelic functionalized
(stimuli-responsive) polymers for several different applications.®””°

While the chemical nature of the end-group of a long polymer
chain has normally no influence on the LCST of a high
molecular weight temperature-responsive polymer, the end
group influence becomes essential in the case of short chain
polymers.®*®> Again, the phase transition temperature could be
photo-controlled by irradiation with UV-light, due to the ¢rans-to-
cis photo-isomerization of the azobenzene at the end groups.
A linear increase in the LCST-shifts with increasing amounts of
azobenzene per polymer chain was found, in good agreement
with the previously mentioned work of Akiyama et al.

Within the last few years, research on the stimulation of the
LCST using the photochromic azobenzene has been more and
more intensified. The group of Matyaszewski has reported
on the synthesis and characterization of molecular brushes
prepared from 4-methacryloyloxy-azobenzene (MOAB) and
2-(dimethylamino)ethyl methacrylate via ATRP.”* In accordance
with previous examples, they confirmed that the LCST could be
photo-controlled by UV-irradiation.

Living cationic copolymerization of 2-(2-ethoxy)ethoxyethyl
vinyl ether (EOEOVE) and 4-[2-(vinyloxy)ethoxy]azobenzene
(AzoVE) was performed to obtain thermo-responsive poly(vinyl-
ethers) with azobenzene side groups.”” The obtained copolymers
showed different cloud point temperatures before and after
irradiation with UV-light. In this way, it had also been possible
to control the phase separation at a fixed temperature by
irradiation at specific wavelengths.

Recently, the Winnik and Ikeda group could show that the
reversible photo-controlled phase separation of an azobenzene
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9<4
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D 1
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n

5 equiv
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Scheme 1 Synthetic concept for the synthesis of thermoresponsive POEGMA polymers having either azobenzene in a high quantity at either the a-end (P4a, P4b) or
on both sides of the polymer chain, respectively (P5a, P5b). For the RAFT polymerization, a functional RAFT reagent ""PFP-CTA" was used. Adapted from ref. 65 with

permission from the American Chemical Society (ACS).
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Temperature: 21 °C
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Change in transmittance !/
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Fig. 3 UV-irradiation at room temperature of PNIPAM polymers with azobenzene
end-groups in water/1,4-dioxane (6 mol% dioxane) reversibly converts a turbid
suspension into a clear solution. Adapted from ref. 73 with permission from the
Royal Society of Chemistry (RSC).

end-group functionalised PNIPAM polymer could be dramati-
cally intensified through the addition of dioxane to water,
which enabled the reversible conversion from a turbid suspen-
sion into a clear solution upon photo-irradiation (see Fig. 3).”
In addition, the self-assembly of these polymers forming nano-
particles (Ry = 8 nm) in cold water as well as the photo-control
of the phase transition temperature was studied.”

Another interesting example was reported by the research
group of Watanabe.”” They synthesized copolymers originating
from 4-phenylazophenyl methacrylate and benzyl methacrylate
monomers. In this study, the LCST of the copolymers in ionic
liquids instead of water before and after UV-light irradiation
was investigated. Furthermore, the UCST of PNIPAM copolymers
with randomly distributed azobenzene groups P(AzoMA-r-NIPAm)
in ionic liquids was investigated by Lodge and Watanabe as
well.”® They found that the UCST depends on the photo-
isomerization state of azobenzene, as well as on the azobenzene
composition in the random copolymers (see Fig. 4). The UCST
could be decreased by 43 °C by UV-light irradiation as
measured by turbidimetry. Their work represents an excellent
extension of previous investigations in which the LCST was
always the focus of light-induced manipulations.

Zhao and coworkers used copolymers from N,N-dimethyl-
acrylamide and N-4-phenylazophenyl acrylamide featuring a
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—{CH2~Cj=—r {NIPAm)=

00 N\,

50 | @ P(trans-AzoMA-r-NIPAm)
@ P(cis-AzoMA-r-NIPAm)

40 -

/

-—

20 |- ’  eeaaets CHs
" {CHz-Cya—r {NIPAm)r-
o*—@ I o"é‘

1 1 1
0 5 10 15 20 25 30 35
[AzoMA] / mol%

UCST phase transition temperature /°C

(-]

Fig. 4 Photo-control of the UCST in ionic liquids of P(AzoMA-r-NIPAm) copoly-
mers. The UCST of P(AzoMA-r-NIPAm) depends on the isomerisation of the
azobenzene state and on the amount of chromophores incorporated. Adapted
from ref. 76 with permission from the American Chemical Society (ACS).
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thiol end group to control the aggregation state of gold nano-
particles in aqueous solutions.”” A similar copolymer was
further used as a stabilizer for the synthesis of polyaniline
nanoparticles,”® as well as for the molecular recognition of
a-cyclodextrin” or in polymer blends of the temperature-
responsive Pluronic F127.%°

The behaviour of temperature-responsive polymers with
azobenzene moieties has been studied intensively in solution
as mentioned above. Furthermore, temperature-responsive
polymers were investigated for host-guest complexation®! and
swelling behaviour applications.®” The dual responsive swelling
behaviour has also been utilized to reversibly alter the wettability
of surfaces.®® For example, a copolymer of dimethylacrylamide
containing azobenzene moieties has been grafted to silicon
surfaces, resulting in static contact angle changes of 30° with
increasing temperature.®* Additionally, the azobenzene moieties
allowed a shift of LCST by 4 °C upon UV irradiation, which
again resulted in a change in contact angle.

Block copolymers

Block copolymers that consist of a poly(N-isopropylacrylamide)-
block-poly{6-[4-(4-methylphenyl-azo) phenoxy|hexylacrylate}
(PNIPAM-b-PAzoM) have been synthesized using the RAFT
polymerization.®® Here, the photo-control was taken one step
further and the self-assembly behaviour of the amphiphilic
block copolymer into giant micro-vesicles was investigated.
Optical microscopy studies revealed the fusion and deforma-
tion of the vesicles upon irradiation.

Various water-soluble diblock copolymers of 2-(dimethyl-
amino)ethyl methacrylate and azobenzene methylacrylate or
azobenzene acrylate have been synthesized by Ravi et al.®® They
investigated the LCST behaviour with regard to the photo-
isomerisation of the chromophores. Even though, the obtained
shifts of the LCST were only insignificant, they could observe
the formation of core-shell micelles.

Another synthetic example of thermo- and light-responsive
diblock copolymers was described by Kakuchi and coworkers
who combined ATRP and click chemistry.®” An azide terminated
PNIPAM was conjugated to an alkyne-terminated poly(6-[4-(4-
methoxyphenylazo)phenoxy]hexyl methacrylate), resulting in a
diblock copolymer consisting of thermo-responsive block and
one light-responsive block. They found an increase in LCST up to
4.1 °C for a block copolymer containing 1.4 mol% of azobenzene.

A suitable application for temperature- and light-responsive
polymers was demonstrated by Perrin and coworkers.®® They
used an azobenzene-modified polyacrylate as an amphiphilic
photoresponsive polymer to form a stimuli-responsive emulsion
of n-dodecane as the oil phase, 0.3 M NaNO; solution as an
aqueous phase and tetraethylene glycol monododecyl ether as a
surfactant molecule. The mixture of the surfactant/polymeric
emulsifier exhibited a high-sensitivity towards light and temp-
erature and the foaming behaviour could be controlled by
applying both stimuli separately (see Fig. 5).

The research on block copolymers has recently been focused
on amphiphilic materials that are capable of forming dual
responsive micelles. As an example, Yu and coworkers®’
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Fig. 5 Left pictures: the pictures show the foaming behaviour of emulsions at temperatures (a) below (T = 18 °C, height: 59 mm) and (b) above (T = 26.7 °C, height =
24 mm), the so-called phase inversion temperature. Right pictures: the pictures of the direct emulsion foams at T = 26 °C before irradiation from the top (a) and from
the side. The pictures (c) were taken after UV-light exposure (365 nm) of 4 minutes, 7 minutes, and 9 minutes, indicating that light is a convenient stimulus to control
emulsion foam stability. Reproduced from ref. 88 with permission from the Royal Society of Chemistry (RSC).

synthesized diblock copolymers composed of a permanent
hydrophilic poly(ethylene oxide) block and a hydrophobic
stimuli-responsive block consisting of azobenzene-containing
methacrylate and NIPAM in a ratio of 1:1 (mol: mol). The size
of the formed micellar structures could be changed by increasing
the temperature, as measured by dynamic light scattering.
However, neither a temperature- nor a light-controlled complete
disruption could be observed in the present study.

This motivated the study of similar amphiphilic block
copolymers consisting of a hydrophilic poly(ethylene oxide)
block and a dual-responsive block having statistically arranged
azobenzene and NIPAM groups.”® It is important to point out
here that the responsive block PEO-b-PNIPAM had a different
ratio between azobenzene and NIPAM comparable to the work
of Yu and coworkers. NMR measurements confirmed that only
5 mol% of the azobenzene chromophore had been incorporated.
This incorporation ratio was crucial in guaranteeing the photo-
control of the phase transition of the temperature-responsive
block. Consequently, the thermo-responsive formation and
deformation of micelles as well as a subsequent light-induced
isothermal disruption of the same aggregate had been achieved
(see Fig. 6). Although, this effect could only be observed in a
narrow temperature window in the range around the LCST of
the responsive block, these results have highlighted the potential
to control aggregation of temperature- and light-responsive
block copolymers by applying both stimuli independently.

Very recently, Zhao and coworkers described the synthesis of
a hydrophobic modified PNIPAM polymer that consisted of
short azobenzene segments repeatedly inserted within the main
chain.”® The LCST of the multiblock copolymer was, however,
only slightly affected by the trans to cis photo-isomerisation of
the photochromic moieties. The formation of flower micelles in
cold water was found and proven by DLS and TEM measure-
ments. These aggregates could be addressed independently by
temperature and light as stimuli. The core of the micelles could
be stimulated by swelling or deswelling, using alternating
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Fig. 6 Temperature and light-controlled formation/disruption of micelles
derived from PEO-b-PNIPAM block copolymers having azobenzene moieties in
the thermo-responsive segment. Adapted from ref. 90 with permission from the
Royal Society of Chemistry (RSC).
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Fig. 7 Schematicillustration of the photo- and thermo-responsive behaviours of
the flower micelle. A reversible swelling—deswelling as well as a collapse/
reformation of the aggregates could be induced applying either light or
temperature as stimuli, respectively. Adapted from ref. 91 with permission from
the Royal Society of Chemistry (RSC).

irradiation with UV and visible light, respectively. On the other
hand, the micelles could be collapsed by changing the temp-
erature according to the hydration/dehydration transition of
the temperature-responsive PNIPAM corona (see Fig. 7).

Combination with other stimuli

Research on the temperature- and light-responsive polymers
using azobenzene chromophores was extended to additional
stimuli such as pH changes.’” Triply-responsive copolymers on
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the basis of PNIPAM containing azobenzene moieties were
described by Liu and coworkers.”® They prepared copolymer
hydrogels that respond to temperature, light and pH. An
interesting example for the combination of different stimuli
to tune the cloud points has been demonstrated by Yin and
coworkers.” For this purpose, a series of hyperbranched
poly(ether amine) (hPEA) containing azobenzene moieties was
synthesized. The obtained polymer nanoparticles exhibited a
sharp stimuli response to temperature, pH, ionic strength and
light in a range from 25 to 100 °C. The cloud points in aqueous
solution decreased with the increase in azobenzene content, pH
value and ionic strength. Furthermore, a light-controlled change
in the cloud points as well as in the corresponding nanoparticle
size was observed.

Recently, the group of Theato demonstrated another inter-
esting example for applying three different stimuli.®® They took
advantage of the redox reactions of 2,2,6,6-tetramethyl-1-oxyl-
piperidine (TEMPO) as side groups as well as the photo-
isomerization of azobenzene side groups along the polymer
backbone were combined to control the phase separation
temperature of a PNIPAM copolymer. Similar dual responsive
behaviour of PNIPAM with incorporated TEMPO moieties had
been described by Bergbreiter.’® The LCST behaviour was
investigated by means of the cloud points of the triple respon-
sive polymers using turbidity measurements. By adding ascor-
bic acid into the polymer solution, the cloud points could be
increased due to the reduction of the TEMPO moieties. The
conversion from the oxyl- into the more hydrophilic hydroxyla-
mine group resulted in an improved hydrophilic interaction
with water, which caused higher cloud points. Oxidation of the
hydroxylamine-TEMPO moiety back to the radical was achieved
by addition of red potassium ferricyanide. As a consequence, a
significant decrease in the cloud point temperature could be
observed demonstrating that the redox stimulus could be com-
pletely reversed. Furthermore, irradiation with UV light (365 nm)
resulted in a small but significant increase in the phase transi-
tion temperature by 0.3 °C due to the photo-isomerization of the
pendant azobenzene moieties from ¢rans to cis. In analogy to
the redox reactions, the photo-isomerization could be reversed

g ! S
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Fig. 8 Evaluation of a multi-responsive PNIPAM polymer having TEMPO and
azobenzene moieties for molecular information. Adapted from ref. 95 with
permission from the Royal Society of Chemistry (RSC).
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by irradiation with visible light. Consequently, the evaluation of
these multi-responsive systems for molecular information pro-
cessing could be demonstrated in the context of logic gates
(see Fig. 8).

Thermoresponsive polymers containing
various (non-azobenzene) photochromic
functionalities

Statistical copolymers

Although most temperature-responsive polymers use azobenzene
as light-responsive functionality, several other examples with
different photochromic dyes, photo-cleavable units or photo-
cross linking agents in combination with LCST polymers have
been reported.

In 2009, the synthesis of temperature- and light-responsive
polymers using salicylideneaniline as photochromic units
had been described.’” The copolymers were synthesized via a
double polymer analogous reaction forming in situ salicylide-
neaniline side group chromophores within PNIPAM copolymers.
Indeed, salicylideneaniline has been known to exhibit photo-
chromism both in its crystalline and in its solution phases, with
the photo-irradiation process of salicylideneaniline being
based on a keto-enol tautomerism.’® All copolymers featured
a LCST in aqueous solution, which was dependent on the
amount of incorporated chromophoric salicylideneaniline
groups and the isomerization state of salicylideneaniline,
respectively. Higher values for the cloud points could be
measured after UV-light irradiation. However, in all cases, the
increase in the cloud points was irreversible. It was assumed
that this phenomenon might be due to the stabilization of the
excited salicylideneaniline in a polar environment such as
water or irreversible cleavage or the decomposition of the
chromophore into a more polar counterpart. However, when
immobilized on a surface, the use of salicylideneaniline
chromophores allowed a photo-control of the wettability of
modified surfaces, such as glass, steel or polycarbonate.®

Another example for the incorporation of photochromic
units into temperature-responsive polymers made use of a
fulgimide chromophore and the cloud point dependency of
the irradiated chromophore within a PNIPAM copolymer was
investigated."® The class of fulgimides is well-known to show
photochromic behaviour in solution,'®" and consequently, an
isomerisation between the E and Z conformation can usually be
observed, as well as a photocycle reaction, depending on the
excitation wavelength. Although, the photochromic fulgimide
units within the PNIPAM copolymer system showed a light-
responsive behaviour, the phase separation temperature was
hardly affected by the photo-isomerisation process.

Besides the mentioned fulgimides and salicylideneaniline
chromophores, the photochromism of spiropyran within a
temperature-responsive polymer received respective attention.
The spiropyran moiety adopts the colourless spiropyran form in
the dark or under visible light, whereas it can spontaneously
be converted into the coloured merocyanine isomer upon
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irradiation with UV-light."”" Similar to other photochromic

groups, the photo-isomerization process is accompanied by a
strong polarity change in a molecule. While the closed spiro-
form of the spiropyran is non-polar, the open merocyanine
form has a highly polar and electron-rich zwitterionic structure.
For this reason, spiropyran has been recognized as a suitable
alternative chromophore to the most commonly used azoben-
zene within temperature- and light-responsive materials.

A prime example for the combination of temperature-
responsive PNIPAM and the spiropyran chromophore was
reported by Ivanov et al.'®® In their study, a PNIPAM copolymer
containing 1.9 mol% spiropyran units was synthesized from the
corresponding monomers by a free radical polymerization.
The copolymer showed a cloud point in aqueous solution in
the range between 30 and 50 °C. UV-illumination caused photo-
isomerization of the spiropyran units into the coloured mero-
cyanine isomer. Interestingly, the cloud point of the irradiated
polymer did not increase, as a more polymer structure would
indicate, but decreased after the irradiation. Furthermore, the
re-isomerization process of the spiropyran took more than 20
days. Obviously, the open zwitterionic merocyanine form was
stabilized in a polar environment such as water.

The same stabilization effect of the open-form by water
molecules had been reported by Suzuki and coworkers in
2004."° They used a PNIPAM copolymer with spiropyran units
for the photo complexation of Pb*>" in aqueous solution.

Other groups investigated the swelling behaviour of photo-
responsive PNIPAM films containing spiropyran moieties using
the quartz crystal microbalance technique. They found that at
certain temperatures, the adsorption of water and changes in
the viscoelasticity were induced when the corresponding
copolymer layer was irradiated by UV-light.'®* PNIPAM hydro-
gels containing spiropyran groups have previously been studied
by Sumaru et al.'®>"% They found a volume shrinkage of the gel
as well as a proton dissociation under UV-light irradiation.
Furthermore, the authors developed a hydrogel membrane and
could successfully demonstrate the photo-control of the
membrane with regard to the permeation for liquids such as
1 mM HCI solution.

In fact, similar PNIPAM copolymers containing spiropyran
groups have been proposed to be used as a thermometer,
because of the linear and reversible bathochromic/hypsochromic
shift of the absorption spectrum within a wide temperature

poly(NIPAM-co-SP)

View Article Online

range while being irradiated (see Fig. 9)."°” The heat-induced
bathochromic shift could be explained by the formation of a
less polar domain by polymer aggregation when the polymer
changed from a coiled to a globular structure at the LCST.
Very recently, similar copolymers have been proposed for the
selective fluorometric detection of cyanide anions in water at
certain temperatures.'%®

In another study, the wettability of copolymer films of
PNIPAM possessing spiropyran moieties has been the focus
of investigations. The light-controlled wettability change due to
the photo-isomerization of the photochromic moieties was
analysed by contact angle measurements."*® When the polymer
was applied to a nanostructured surface, contact angle changes
from 5° to 123° were observed.

A particular example of a PNIPAM nanogel with spiro-
naphthoxazine (instead of the most commonly used spiro-
pyran) and a pyran-based fluorescent dye has been reported
by Son and coworkers."*® The random copolymer was synthe-
sized by copolymerization and displayed a LCST as well as
photochromic behaviour in solution and in the hydrogel state.
A temperature dependent fluorescence intensity was observed
and the fluorescence of the gel could be modulated reversibly
by alternating irradiation with UV and visible light.

Another promising example for a photochromic PNIPAM
hydrogel with spironaphthoxazine has previously been
proposed by Kim and coworkers for optical data storage.''"''>
Erasable and rewritable photoimaging of the temperature- and
light-responsive hydrogel was successfully demonstrated by the
authors (see Fig. 10).

Another example for PNIPAM hydrogels containing spiro-
naphthoxazine moieties has been published by Neckers and
coworkers.'”® Temperature changes as well as the irradiation
with alternating light caused hydrogels to absorb more water.
The gel could be swollen by UV-irradiation and deswollen by
heating.

In 2008, Irie and coworkers demonstrated in a fascinating
study that amphiphilic photochromic diarylethene derivatives
having hexa(ethylene glycol) side chains exhibit also thermo-
responsive properties."’* The thermal-induced clouding of
these systems could be photo-controlled by alternating irradia-
tion with visible light and UV-light. A large difference of 22 °C
was found between the LCST of the open-isomer and the
closed-isomer of the diarylethene hybrid system.

Fig. 9 A simple copolymer, poly(NIPAM-co-SP), consisting of N-isopropylacrylamide and spiropyran units, could behave as a colorimetric thermometer exhibiting a
temperature-responsive linear and reversible bathochromic/hypsochromic shift in the absorption spectra under UV irradiation. Adapted from ref. 107 with permission

from the American Chemical Society (ACS).
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Fig. 10 Use of PNIPAM hydrogel with spironaphthoxazine for optical data
storage. Applying heating and cooling, the hydrogel between two glass slides
could be switched from sol (a) to gel (b) state, whereas alternating UV and visible
light through a mask enabled a writing (c), erasing (d) and rewriting process (e).
Reproduced in part from ref. 112 with permission from Elsevier.

The field of temperature- and light-responsive polymers
having spiropyran as photochromic units has recently also
been extended to multi-responsive systems. A certain approach
has been reported combining solvatochromic-, pH-, temperature-
and light-responsive behaviour.'*® In this report, copolymers were
prepared by the copolymerization of 2-(dimethylamino)ethyl
methacrylate (DMAEMA) with the photochromic monomer
1/,3’,3/-trimethyl-6-methacryloyloxyspiro(2 H-1-benzopyran-2,2'-
indoline) (SP). These copolymers exhibited a “reverse photo-
chromism” that stabilized the planar zwitterionic form of the
chromophore, leading to ‘“negative solvatochromism” upon
increasing the polarity of the solvent. In addition, it was
reported that the PDMAEMA-co-PSP copolymers exhibited a
reversible pH-responsive character in aqueous media. The
addition of strong acids caused the isomerization of spiropyran
into the open merocyanine species. The LCST of the copolymers
was increased by the content of hydrophilic merocyanine moieties,
while the photo-induced isomerization of merocyanine into
spiropyran significantly decreased the LCST (see Fig. 11).
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Triple-responsive polymers containing spiropyran moieties
have also been reported by Garcia et al''® Here, PNIPAM-
allylamine microgels with spiropyran groups were synthesized.
The smart gels exhibited photo-, thermal and pH-responsive
properties as studied by various dynamic light scattering
measurements.

Block copolymers

Double-responsive “schizophrenic” block copolymers using
spiropyran (SPMA) and di(ethylene glycol) methyl ether metha-
crylate (DEGMMA) monomers have been reported by Ji and
coworkers.'™ It was possible to selectively address each block
segment of PSPMA-b-PDEGMMA by applying temperature and
light as stimuli. At 15 °C and under visible light, the block
copolymer was forming core-shell micelles with a diameter of
80 nm with the light-responsive spiropyran block segment as a
core and the hydrophilic di(ethylene glycol)methyl ether metha-
crylate repeating units as a corona. By photo-irradiation with
UV-light, the micelles could be disrupted isothermally as the
light-responsive block changed the polarity from non-polar
(spiropyran) to polar (merocyanine). The average hydrodynamic
diameter was decreased to 7 nm, indicating that the block
copolymer was molecularly dissolved in water at 15 °C under
UV-light exposure. This isothermal light-responsive disruption
was fully reversible. After an additional UV-irradiation, followed
by a heating step, the formation of inverse micelles with a
hydrodynamic diameter of 24 nm could be realized. In this
case, the thermo-responsive collapsed DEGMMA polymer
formed the core, whereas the polar light-responsive block
exhibiting now the merocyanine isomer guaranteed the stabili-
zation of the formed nanoparticles (see Fig. 12). Accordingly,
this study represents again a fascinating contribution to applying
light and temperature independently in order to control the
morphology of nanoaggregates in solution.

Another interesting example has been reported by Liu and
coworkers."'® They have synthesized a PNIPAM block copolymer
P(NIPAM-co-NBDAE)-b-P(NIPAM-co-SPMA) brush containing
spiropyran groups as photo-switchable acceptors and benzoxa-
diazoles as donors for fluorescence resonance energy transfer
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Fig. 11 Schematic illustration of overall stimuli (solvent, light, temperature and pH) that could be applied within PDMAEMA-co-PSP copolymers. Adapted from

ref. 115 with permission from the American Chemical Society (ACS).
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Fig. 12 Schematic representation of double-responsive micellization of “schizophrenic” PSPMA-b-PDEGMMA in aqueous solution. Depending on temperature and light,
the block copolymer formed micellar structures with various segments as core and corona, respectively. Adapted from ref. 117 with permission from John Wiley and Sons.

(FRET) on silica nanoparticles. The block copolymer brushes
exhibited a collapse within a broad temperature range. As a
consequence, the local distance between both dyes could be
changed in aqueous dispersion. The fluorescence emission of
the spiropyran could enable the FRET process between both
dyes, which could be switched by temperature due to the
changes in the distance between the donor and the acceptor
through swelling/deswelling (see Fig. 13).

The group of Zhao described the synthesis of doubly
photo-responsive block copolymers using either azobenzene-
or spiropyran-containing poly(N,N-dimethylacrylamide) (PDMA),
poly(N-isopropylacrylamide) (PNIPAM) and poly[methoxy-
di(ethylene glycol)methacrylate] (PDEGMMA)."*® Turbidimetry
measurements and NMR analyses were performed to

480 nm
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Cooling " Heating

Cooling ﬂ Heating

480 nm
Excitation

Fig. 13 Schematic illustration of the reversible modulation of a multicolor
fluorescent system fabricated from hybrid silica nanoparticles coated with
thermo-responsive P(NIPAM-co-NBDAE)-b-P(NIPAM-co-SPMA) brushes. The FRET
process within the functionalized nanoparticles could be switched on or off via
UV or visible light irradiation. In addition, the FRET efficiency could be tuned via
thermo-induced collapse/swelling of responsive polymer brushes. Adapted from
ref. 118 with permission from the American Chemical Society (ACS).
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investigate phase transition behaviours in aqueous solution
before and after simultaneous photo-reactions of the two
blocks, respectively. The LCST of the block copolymers could
be fine-tuned by the photo-isomerization of the photochromic
groups and hence this study highlights nicely the potential of
complex photoreaction to control the solution properties of
thermo-responsive polymers.

Thermo-responsive polymers containing
photocleavable functionalities

Recently, polymers with photocleavable groups received a
similar attention to those having photochromic moieties. These
systems have been proposed for micellization and dissociation
transitions. In one particular study, the thermo- and light-
sensitive hydrophilic block copolymer poly(ethylene oxide)-b-
poly(ethoxytri(ethylene glycol) acrylate-co-o-nitrobenzyl acrylate)
was synthesized and the micellization/dissociation transitions
in water in response to temperature changes and UV-irradiation
were further investigated.’*® The corresponding block copoly-
mer was synthesized starting from a PEO macro initiator using
the ATRP technique (see Fig. 14). At low temperatures, the
block copolymer was molecularly dissolved in water. At higher
temperatures above the LCST of poly(ethoxytri(ethylene glycol))-
acrylate, a self-assembly into polymeric micelles with the
thermo-responsive block building the micelle core and the
PEO block forming the corona was observed by dynamic light
scattering. Upon UV-irradiation, the o-nitrobenzyl group was
cleaved and the LCST of the thermo-responsive block increased
by 12 °C. Consequently, the dissociation of the micelles into
unimers was observed. A further increase in the temperature
induced the reformation of micelles again (see Fig. 14).

The same research group has further investigated dually
responsive aqueous gels having o-nitrobenzyl groups.'?’ For
this study, linear triblock ABA copolymers composed of

This journal is © The Royal Society of Chemistry 2013
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Fig. 14 (a) Synthetic procedure of thermo- and light-responsive poly(ethylene oxide)-b-poly(ethoxytri(ethylene glycol)acrylate-co-o-nitrobenzyl acrylate) through
ATRP followed by the photocleavable reaction through UV-irradiation. (b) Multiple micellization and dissociation transitions of poly(ethylene oxide)-b-
poly(ethoxytri(ethylene glycol) acrylate-co-o-nitrobenzyl acrylate) in response to temperature changes and UV-light irradiation. Reproduced from ref. 120 with

permission from the American Chemical Society (ACS).

poly(ethoxytri(ethylene glycol))acrylate with photocleavable
groups and poly(ethylene oxide) as a middle segment have
been synthesized by ATRP. In aqueous solution, the triblock
copolymer showed a thermo-induced reversible sol-gel transition
and a UV-triggered gel-to-sol transition at a constant temperature
as well. The UV-irradiated solution could undergo a subsequent
temperature-induced sol-gel transition, which took place at a
higher temperature (see Fig. 15). Similar studies of temperature-
and light-induced sol-to-gel transitions of diblock copolymers
have previously been investigated by the same group.'**

Liu and coworkers prepared dually responsive microgels.
They prepared microgels via free radical emulsion polymerization
of N-isopropylacrylamide, 5-(2’-(dimethylamino)ethoxy)-2-nitro-
benzyl acrylate and acrylates containing FRET donor and
acceptor dyes (nitro-benzoxadiazole and rhodamine B, respec-
tively). UV irradiation above LCST, i.e. collapsed microgel, resulted
in a photocleavage and formation of acrylic acid moieties, which
lead to a re-swelling of the microgel as monitored by FRET.

Ionov et al. described the reversible phase-transition of
PNIPAM based copolymers in conjunction with photocleavable
moieties (poly(N-isopropylacrylamide-co-2-nitrobenzylacrylate)).">*
They have shown that upon UV irradiation and respective
photocleavage of ortho-nitrobenzyl esters the resulting poly-
(N-isopropylacrylamide-co-acrylic acid) featured a higher LCST.
Consequently, they could utilize films of the dual-responsive
copolymer as smart photoresists in a photolithographic
patterning. Another example for thin films consisting of
LCST-systems featuring photocleavable groups as light-responsive
functionality was proposed by Lai et al.'>® They grafted light-
responsive PNIPAM polymers comprising o-nitrobenzyl
groups on the outer surface of mesoporous silica nanoparticles.

123
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Fig. 15 Optical pictures of 10 wt% solutions in water of the ABA triblock
copolymers at various temperatures. The pictures (upper row) show the transition
of the polymer solution from sol (20 °C) to gel (43 °C) applying heat as stimulus.
At a constant temperature of 43 °C, UV irradiation of the gel was applied which
triggered the reverse transition from gel to sol. The sol which was irradiated at a
temperature of 43 °C (lower row) underwent again temperature-induced sol-to-
gel transition which, however, took place at a higher temperature (52 °Q).
Adapted from ref. 121 with permission from the Royal Society of Chemistry (RSC).

A light-controlled release of encapsulated biological molecules
was demonstrated.

Wang and coworkers presented an alternative approach
towards photoresponsive copolymers, based on a Wolff-
rearrangement of 2-diazo-1,2-naphthoquinone (DNQ)."*® In a
post-polymerization modification approach, they attached
2-diazo-1,2-naphthoquinone-5-sulfonyl chloride onto poly(N-
isopropylacrylamide-co-N-hydroxymethylacrylamide). The resulting
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copolymer was responsive to three different stimuli (light, pH
and temperature).

Thermo-responsive polymers containing
cross-linkable functionalities

In fact, besides photocleavable or photochromic groups, cross-
linkable functionalities represent the third big light-responsive
functionality to tune the properties within thermo-responsive
materials by light. Here, the cross-linking process can be either
reversible or irreversible, depending on the incoming light and
the cross-linking reagent.

As one example, thermo-responsive nanogels from photo-
cross-linkable copolymers of NIPAM and 2-dimethylmaleini-
mido ethylacrylamide have been reported by Kuckling et al.**’
In this process, colloidal nanogels could be formed by
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Fig. 16 Schematic concept of the preparation and the photo-controlled volume
change of the nanogel. Reproduced from ref. 128 with permission from the
American Chemical Society (ACS).
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UV-irradiation from aqueous solutions of the thermo-responsive
polymers. The size of the obtained nanogels could be controlled
by the concentration of the polymer in solution, the amount of
incorporated chromophores in the polymer chains and the
emulsifier concentration.

Thermo-responsive nanogels based on photo-controllable
cross-linking reactions of coumarin have successfully been
proposed and demonstrated by Zhao and coworkers."**'*° In
these studies, temperature- and light-induced size changes of
nano aggregates and networks could be realized. They synthe-
sized diblock copolymers composed of poly(ethylene oxide) and
poly[2-(2-methoxyethoxy) ethyl methacrylate-co-4-methyl-[7-
(methacryloyl)oxyethyloxy]coumarin] (PEO-b-P(MEOMA-co-CMA)).
The smart nanogels could be obtained by photo-cross-linking
of the micellar aggregates at temperatures below the LCST
of the P(MEOMA-co-CMA) block through dimerization of
coumarin side groups at a wavelength higher than 310 nm.
Under 4 < 260 nm, the reverse photocleavage of the network
was observed, which resulted, consequently, in a reduction of
the cross-linking density followed by a swelling of the nanogel
(see Fig. 16).

Furthermore, Zhao and coworkers could describe in another
study the synthesis of corona-cross-linked temperature-responsive
polymer vesicles with coumarin as a reversible cross-linking
agent."*® These polymer vesicles showed large reversible and
rapid volume transitions in aqueous solution in response to
temperature change.

As an extension of their previous studies, Zhao and coworkers
explored the photo-tunable LCST of poly(N,N-dimethylamino-
ethyl methacrylate) [PDMAEMA] containing coumarin moieties."*"
The copolymers were obtained by copolymerization of the
monomers (see Fig. 17).

The LCST could be fine-tuned by means of UV-light irradia-
tion, which caused intrachain cross-linking reactions within

Fig. 17 (a) Schematic illustration of the formation of cross-linked thermo-responsive poly(N,N-dimethylaminoethyl methacrylate) loops through intrachain photo-
dimerization of coumarin group moieties. (b) Chemical structure of a statistical copolymer based on poly(N,N-dimethylaminoethyl methacrylate) having photo-cross-
linkable coumarin side groups. Adapted from ref. 131 with permission from the American Chemical Society (ACS).
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Fig. 18 Transmittance change as a function of temperature for PDMAEMA
containing coumarin moieties solutions with samples photo-dimerized to different
degrees demonstrating a sequentially fine-tuning of the LCST by light-irradiation.
Reproduced from ref. 131 with permission from the American Chemical Society
(ACS).

the temperature-responsive polymer. The photo-dimerization
resulted in LCST shifts up to 30 °C higher for the full dimeriza-
tion of PDMAEMA having 8 mol% coumarin functionalities
incorporated as measured by turbidimetry (see Fig. 18). These
findings were explained by a topical effect of the cross-linked
polymer.

Conclusion and outlook

Temperature- and light-responsive polymers combining both
stimuli have been known for almost 30 years. Indeed, the first
report in the late 1980s aimed at the photo-control of the LCST
of PNIPAM having azobenzene moieties. In this paper, we were
able to present many examples and applications to this effect
that have been published by several research groups over the
decades. For the fine-tuning of the LCST using light as stimuli,
several thermo-responsive polymers using photochromic,
photo-cleavable or photo-crosslinking functionalities have been
proposed and investigated. These systems have also been
extended to other stimuli, such as pH or redox-reactions yielding
multi-responsive systems. As a highlight, several block copoly-
mers have been designed that allow for the temperature- and/or
light-controlled self-assembly into polymeric micelles. A thermal
and light-controlled formation and deformation of nanoaggre-
gates was demonstrated in several examples, applying both
stimuli individually. Some potential applications such as in
thermometers, nanosensors, optical data recording, controlled
drug release, controlling foams or even in molecular computing
have been proposed and demonstrated. It is worth pointing out
here that more than 75 percent of all given examples in the
context of temperature- and light-responsive polymers have
been published within the last five years. This emphasizes
the importance of stimuli-responsive materials combining
light and temperature in polymer chemistry in recent days.

This journal is © The Royal Society of Chemistry 2013
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Furthermore, the huge number of stimuli-responsive polymers
combining light and temperature can be regarded as a success
of modern polymer synthesis methods. Controlled radical
polymerization techniques enabled a very precise control over
the polymerization process. Defined end-groups as well as
complex molecular architectures of stimuli-responsive polymers
have been realized through these new synthetic tools. Further-
more, post-polymerization modification chemistries have been
demonstrated to be a powerful tool to synthesize polymers that
were otherwise difficult to achieve.

Although many developments have already been presented,
there is still a demand in academia to continue the investiga-
tions of such stimuli-responsive materials in the future. Finally,
potential applications for these systems in our daily life should
be devised and further developed. Here, many unfinished tasks
are still ahead, such as their use as stimuli-responsive nano-
carriers, a general rapid responsiveness of the applied stimuli
and the exact reproducibility, which represent a challenge and
need yet to be solved. Although it is very difficult to foresee a
suitable trend or even a “market” for temperature- and light-
responsive systems in the near future, we hope that this
systematic review will be an inspiration for scientists in academia
and industry to further proceed and intensify research on these
materials and their applications in the future.

References

1 M. A. C. Stuart, W. T. S. Huck, J. Genzer, M. Miiller,
C. Ober, M. Stamm, G. B. Suhorukov, I. Szleifer,
V. V. Tsukruk, M. Urban, F. Winnik, S. Zauscher,
I. Luzinov and S. Minko, Nat. Mater., 2010, 9, 101-113.

2 F. Liu and M. W. Urban, Prog. Polym. Sci., 2009, 35, 3-23.

3 M. W. Urban, Prog. Polym. Sci., 2009, 34, 679-687.

4 D. Roy, J. N. Cambre and B. S. Sumerlin, Prog. Polym. Sci.,

2010, 35, 278-301.
5 E. S. Gil and S. M. Hudson, Prog. Polym. Sci., 2004, 29,
1173-1222.
6 P. S. Stayton, T. Shimoboji, C. Long, A. Chilkoti, G. Ghen,
J. M. Harris and A. S. Hoffman, Nature, 1995, 378, 472-474.
7 M. W. Urban, Handbook of Stimuli-Responsive Materials,
Wiley-VCH, Weinheim, 2011.
8 G. Pasparakis and M. Vamvakaki, Polym. Chem., 2011, 2,
1234-1248.
9 C.]. Hawker, J. Am. Chem. Soc., 1994, 116, 11185-11186.
10 K. Matyjaszewski and J. Xia, Chem. Rev., 2001, 101, 2921-2990.
11 G. Moad, E. Rizzardo and S. H. Thang, Polymer, 2008, 49,
1079-1131.

12 P. Theato, J. Polym. Sci, A: Polym. Chem., 2008, 46,
6677-6687.

13 M. A. Gauthier, M. I. Gibson and H.-A. Klok, Angew. Chem.,
Int. Ed., 2009, 48, 48-58.

14 H. C. Kolb, M. G. Finn and K. B. Sharpless, Angew. Chem.,
Int. Ed., 2001, 40, 2004-2021.

15 S. Dai, P. Ravi and K. C. Tam, Soft Matter, 2008, 4, 435-449.

16 N. Murthy, J. Campbell, N. Fausto, A. S. Hoffman and
P. S. Stayton, Bioconjugate Chem., 2003, 14, 412-419.

Chem. Soc. Rev., 2013, 42,7468-7483 | 7481


http://dx.doi.org/10.1039/c2cs35191a

Published on 07 August 2012. Downloaded by Pennsylvania State University on 05/03/2016 22:23:32.

17

18

19

20

21

22

23

24

25

26

27
28

29

30

31

32

33
34

35
36
37
38

39

40

41

42

43

44

45

46

J. P. Magnusson, A. Khan, G. Pasparakis, A. M. Saeed,
W. Wang and C. Alexander, J. Am. Chem. Soc., 2008, 130,
10852-10853.

Y. Lvov, A. A. Antipov, A. Mamedov, H. Mohwald and
G. B. Sukhorukov, Nano Lett., 2001, 1, 125-128.

D. Han, X. Tong, O. Boissiere and Y. Zhao, ACS Macro Lett.,
2012, 1, 57-62.

A. Akhoury, L. Bromberg and T. L. Hatton, ACS Appl. Mater.
Interfaces, 2011, 3, 1167-1174.

Q. Yan, ]J. Yuan, Z. Cai, Y. Xin, Y. Kang and Y. Yin, J. Am.
Chem. Soc., 2010, 132, 9268-9270.

I. Dimitrov, B. Trzebicka, A. H. E. Miiller, A. Dworak and
C. B. Tsvetanov, Prog. Polym. Sci., 2007, 32, 1275-1343.

H. G. Schild, Prog. Polym. Sci., 1992, 17, 163-249.

Y. Zhao, J. Mater Chem., 2009, 19, 4887-4895.

F. Ercole, T. P. Davis and R. A. Evans, Polym. Chem., 2010,
1, 37-54.

J.-M. Schumers, C.-A. Fustin and ].-F. Gohy, Macromol.
Rapid Commun., 2010, 31, 1588-1607.

C. Weder, Nature, 2009, 459, 45-46.

S. S. M. Konda, J. N. Brantley, C. W. Bielawski and
D. E. Makarov, J. Chem. Phys., 2011, 135, 164103.

J. N. Brantley, K. M. Wiggins and C. W. Bielawski, Science,
2011, 333, 1606-1609.

Y. Maeda, T. Nakamura and I. Ikeda, Macromolecules, 2001,
34, 1391-1399.

I. Idziak, D. Avoce, D. Lessard, D. Gravel and X. X. Zhu,
Macromolecules, 1999, 32, 1260-1263.

J.-F. Lutz, J. Polym. Sci., A: Polym. Chem., 2008, 46, 3459-3470.
R. Hoogenboom, Angew. Chem., Int. Ed., 2009, 48, 7978-7994.
H. Lee, W. Wu, J. K. Oh, L. Mueller, G. Sherwood,
L. Peteanu, T. Kowalewski and K. Matyjaszewski, Angew.
Chem., Int. Ed., 2007, 46, 2453-2457.

Y. Zhao, Macromolecules, 2012, 45, 3647-3657.

P. Theato, Angew. Chem., Int. Ed., 2011, 50, 5804-5806.

S. Dai, P. Ravi and K. C. Tam, Soft Matter, 2009, 5,
2513-2533.

H. Zhao, W. Gu, E. Sterner, T. P. Russel, E. B. Coughlin and
P. Theato, Macromolecules, 2011, 44, 6433-6440.

O. Bertrand, J.-M. Schumers, C. Kuppan, J. Marchand-
Brynaert, J.-A. Fustin and J.-F. Gohy, Soft Matter, 2011, 7,
6891-6896.

S. Kumar, Y. L. Dory, M. Lepage and Y. Zhao, Macromole-
cules, 2011, 44, 7385-7393.

J.-M. Schumers, O. Bertrand, C.-A. Fustin and ].-F. Gohy,
J. Polym Sci., A: Polym. Chem., 2012, 50, 599-608.

B. Yan, J.-C. Boyer, N. R. Branda and Y. Zhao, J. Am. Chem.
Soc., 2011, 133, 19714-19717.

H. Zhao, E. S. Sterner, E. B. Coughlin and P. Theato,
Macromolecules, 2012, 45, 1723-1736.

S. Dai, P. Ravi and K. C. Tam, Soft Matter, 2009, 5,
2513-2533.

L. A. Wells, F. Lasowski, S. D. Fitzpatrick and H. Sheardown,
Crit. Rev. Biomed. Eng., 2010, 38, 487-509.

Y. Zhao and T. Ikeda, Smart Light-Responsive Materials,
John Wiley & Sons, 2009.

7482 | Chem. Soc. Rev., 2013, 42, 7468-7483

47

48

49

50
51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

View Article Online

K. G. Yager and C. J. Barrett, J. Photochem. Photobiol., A,
2006, 182, 250-261.

G. S. Kumar and D. C. Neckers, Chem. Rev., 1989, 89,
1915-1925.

D. Kungwatchakun and M. Irie, Makromol. Chem., Rapid
Commun., 1988, 9, 243-246.

M. Irie, Pure Appl. Chem., 1990, 62, 1495-1502.

M. Irie and D. Kungwatchakun, Proc. jpn. Acad., Ser. B,
1992, 68, 127-132.

R. Kroeger, H. Menzel and M. L. Hallensleben, Macromol.
Chem. Phys., 1994, 195, 2291-2298.

K. Sugiyama and K. Sono, J. Appl. Polym. Sci., 2001, 81,
3056-3063.

T. Shimoboji, E. Larenas, T. Fowler, A. S. Hoffman and P. S.
Stayton, Proc. Natl. Acad. Sci. U. S. A., 2002, 99, 16592-16596.
T. Shimoboji, Z. L. Ding, P. S. Stayton and A. S. Hoffman,
Bioconjugate Chem., 2002, 13, 915-919.

H. Akiyama and N. Tamaoki, J. Polym. Sci., A: Polym. Chem.,
2004, 42, 5200-5214.

A. Desponds and R. Freitag, Langmuir, 2003, 19, 6261-6270.
F. D. Jochum and P. Theato, Polymer, 2009, 50, 3079-3085.
Y. Maeda, T. Nakamura and I. Ikeda, Macromolecules, 2001,
34, 1391-1399.

N. A. Plate, T. L. Lebedeva and L. I. Valuev, Polym. J., 1999,
31, 21-27.

A. A. S. EI-Ejmi and M. B. Huglin, Polym. Int., 1996, 39,
113-119.

H. Akiyama and N. Tamaoki, Macromolecules, 2007, 40,
5129-5132.

P. J. Roth, F. D. Jochum, F. R. Forst, R. Zentel and
P. Theato, Macromolecules, 2010, 43, 4638-4645.

P. ]J. Roth, F. D. Jochum and P. Theato, Soft Matter, 2011, 7,
2484-2492.

F. D. Jochum, L. zur Borg, P. J. Roth and P. Theato,
Macromolecules, 2009, 42, 7854-7862.

P. J. Roth, K. T. Wiss, R. Zentel and P. Theato, Macro-
molecules, 2008, 41, 8513-8519.

P. J. Roth, F. D. Jochum, R. Zentel and P. Theato, Bio-
macromolecules, 2010, 11, 238-244.

F. D. Jochum, P. J. Roth, D. Kessler and P. Theato, Bioma-
cromolecules, 2010, 11, 2432-2439.

P. J. Roth, K.-S. Kim, S. H. Bae, B.-H. Sohn, P. Theato and
R. Zentel, Macromol. Rapid Commun., 2009, 30, 1274-1278.
P. J. Roth, M. Haase, T. Basche, P. Theato and R. Zentel,
Macromolecules, 2010, 43, 895-902.

H.-i. Lee, ]J. Pietrasik and K. Matyjaszewski, Macromole-
cules, 2006, 39, 3914-3920.

T. Yoshida, S. Kanaoka and S. Aoshima, J. Polym. Sci., A:
Polym. Chem., 2005, 43, 5337-5342.

N. Ishii, J.-i. Mamiya, T. Ikeda and F. M. Winnik, Chem.
Commun., 2011, 47, 1267-1269.

N. Ishii, R. Obeid, X.-P. Qiu, J.-i. Mamiya, T. Ikeda and
F. M. Winnik, Mol. Cryst. Lig. Cryst., 2010, 529, 60-70.

T. Ueki, A. Yamaguchi, N. Ito, K. Kodama, J. Sakamoto,
K. Ueno, H. Kokubo and M. Watanabe, Langmuir, 2009, 25,
8845-8848.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c2cs35191a

Published on 07 August 2012. Downloaded by Pennsylvania State University on 05/03/2016 22:23:32.

76

77

78

79

80

81

82

83
84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

T. Ueki, Y. Nakamura, A. Yamaguchi, K. Niitsuma, T. P. Lodge
and M. Watanabe, Macromolecules, 2011, 44, 6908-6914.

A. Housni, Y. Zhao and Y. Zhao, Langmuir, 2010, 26,
12366-12370.

M. Guizado-Rodriguez, M. Lopez-Tejeda, J. Escalante,
J. A. Guerrero-Alvarez and M. E. Nicho, Mater. Chem. Phys.,
2010, 124, 389-394.

C. Luo, F. Zuo, X. Ding, Z. Zheng, X. Cheng and Y. Peng,
J. Appl. Polym. Sci., 2008, 107, 2118-2125.

C. Alvarez-Lorenzo, S. Deshmukh, L. Bromberg,
T. A. Hatton, I. Sandez-Macho and A. Concheiro, Langmuir,
2007, 23, 11475-11481.

J. Liu, G. Chen, M. Guo and M. Jiang, Macromolecules,
2010, 43, 8086-8093.

M.-S. Kang and V.-K. Gupta, J. Chem. Phys. B, 2002, 106,
4127-4132.

B. Xin and ]J. Hao, Chem. Soc. Rev., 2010, 39, 769-782.

W. Yuan, G. Jiang, J]. Wang, G. Wang, Y. Song and L. Jiang,
Macromolecules, 2006, 39, 1300-1303.

W. Su, Y. Luo, Q. Yan, S. Wu, K. Han, Q. Zhang, Y. Gu and
Y. Li, Macromol. Rapid Commun., 2007, 28, 1251-1256.

P. Ravi, S. L. Sin, L. H. Gan, Y. Y. Gan, K. C. Tam, X. L. Xia
and X. Hu, Polymer, 2005, 46, 137-146.

X. Tao, Z. Gao, T. Satoh, Y. Cui, T. Kakuchi and Q. Duan,
Polym. Chem., 2011, 2, 2068-2073.

A. Salonen, D. Langevin and P. Perrin, Soft Matter, 2010, 6,
5308-5311.

Z.Feng, L. Lin, Z. Yan and Y. Yu, Macromol. Rapid Commun.,
2010, 31, 640-644.

F. D. Jochum and P. Theato, Chem. Commun., 2010, 46,
6717-6719.

O. Boissiere, D. Han, L. Tremblay and Y. Zhao, Soft Matter,
2011, 7, 9410-9415.

X. Tang, X. Liang, L. Gao, X. Fan and Q. Zhou, J. Polym. Sci.,
A: Polym. Chem., 2010, 48, 2564-2570.

L. Li, X. Xing and Z. Liu, J. Appl. Polym. Sci., 2012, 124,
1128-1136.

B. Yu, X. Jiang, R. Wang and J. Yin, Macromolecules, 2010,
43, 10457-10465.

P. Schattling, F. D. Jochum and P. Theato, Chem. Commun.,
2011, 47, 8859-8861.

H. Fu, D. M. Policarpio, J. D. Batteas and D. E. Bergbreiter,
Polym. Chem., 2010, 1, 631-633.

F. D. Jochum and P. Theato, Macromolecules, 2009, 42,
5941-5945.

S. Mitra and N. Tamai, Phys. Chem. Chem. Phys., 2003, 5,
4647-4652.

D. Kessler, F. D. Jochum, J. Choi, K. Char and P. Theato,
ACS Appl. Mater. Interfaces, 2011, 3, 124-128.

F. D. Jochum, F. R. Forst and P. Theato, Macromol. Rapid
Commun., 2010, 31, 1456-1461.

J. C. Crano and R. ]J. Guglielmetti, Organic Photochromic and
Thermochromic Compounds, Kluwer Academic Publishers,
2002, vol. 1.

A. E. Ivanov, N. L. Eremeev, P.-O. Wahlund, I. Y. Galaev and
B. Mattiasson, Polymer, 2002, 43, 3819-3823.

This journal is © The Royal Society of Chemistry 2013

103

104

105

106

107

108

109

110

111
112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

View Article Online

T. Suzuki, T. Kato and H. Shinozaki, Chem. Commun., 2004,
2036-2037.

J.-i. Edahiro, K. Sumaru, T. Takagi, T. Shinbo, T. Kanamori
and M. Sudoh, Eur. Polym. J., 2008, 44, 300-307.

K. Sumaru, K. Ohi, T. Takagi, T. Kanamori and T. Shinbo,
Langmuir, 2006, 22, 4353-4256.

T. Satoh, K. Sumaru, T. Takagi and T. Kanamori, Soft
Matter, 2011, 7, 8030-8034.

Y. Shiraishi, R. Miyamoto and T. Hirai, Org. Lett., 2009, 11,
1571-1574.

Y. Shiraishi, S. Sumiya, K. Manabe and T. Hirai, ACS Appl.
Mater. Interfaces, 2011, 3, 4649-4656.

G. Joseph, J. Pichardo and G. Chen, Analyst, 2010, 135,
2303-2308.

S.-H. Kim, I.-J. Hwang, S.-Y. Gwon and Y.-A. Son, Dyes
Pigm., 2010, 87, 158-163.

S. Wang, M.-S. Choi and S.-H. Kim, Dyes Pigm., 2008, 78, 8-14.
S. Wang, M.-S. Choi and S.-H. Kim, J. Photochem. Photobiol.,
A, 2008, 198, 150-155.

E. U. Kulawardana, T. Kuruwita-Mudiyanselage and D. C.
Neckers, J. Polym. Sci., A: Polym. Chem., 2009, 47, 3318-3325.
T. Hirose, M. Irie and K. Matsuda, Adv. Mater., 2008, 20,
2137-2141.

D. S. Achilleos and M. Vamvakaki, Macromolecules, 2010,
43, 7073-7081.

A. Garcia, M. Marquez, T. Cai, R. Rosario, Z. Hu, D. Gust,
M. Hayes, S. A. Vail and C.-D. Park, Langmuir, 2007, 23,
224-229.

Q. Jin, G. Liu and J. Ji, J. Polym. Sci., A: Polym. Chem., 2010,
48, 2855-2861.

T. Wu, G. Zou, J. Hu and S. Liu, Chem. Mater., 2009, 21,
3788-3798.

Y. Zhao, L. Tremblay and Y. Zhao, J. Polym. Sci., A: Polym.
Chem., 2010, 48, 4055-4066.

X. Jiang, C. A. Lavender, J. W. Woodcock and B. Zhao,
Macromolecules, 2008, 41, 2632-2643.

J. W. Woodcock, R. A. E. Wright, X. Jiang, T. G. O’Lenick
and B. Zhao, Soft Matter, 2010, 6, 3325-3336.

X. Jiang, S. Jin, Q. Zhong, M. D. Dadmun and B. Zhao,
Macromolecules, 2009, 42, 8468-8476.

J. Yin, H. Hu, Y. Wu and S. Liu, Polym. Chem., 2011, 2, 363-371.
L. Ionov and S. Diez, J. Am. Chem. Soc., 2009, 131, 13315-13319.
J. Lai, X. Mu, Y. Xu, X. Wu, C. Wu, C. Li, J. Chen and
Y. Zhao, Chem. Commun., 2010, 46, 7370-7372.

Y.-Y. Yu, F. Tian, C. Wei and C.-C. Wang, J. Polym. Sci., A:
Polym. Chem., 2009, 47, 2763-2773.

D. Kuckling, C. D. Vo, H.-J. P. Adler, A. Volker and
H. Colfen, Macromolecules, 2006, 39, 1585-1591.

J. He, X. Tong and Y. Zhao, Macromolecules, 2009, 42,
4845-4852.

J. He, B. Yan, L. Tremblay and Y. Zhao, Langmuir, 2011, 27,
436-444.

J. He, X. Tong, L. Tremblay and Y. Zhao, Macromolecules,
2009, 42, 7267-7270.

Y. Zhao, L. Tremblay and Y. Zhao, Macromolecules, 2011,
44, 4007-4011.

Chem. Soc. Rev., 2013, 42,7468-7483 | 7483


http://dx.doi.org/10.1039/c2cs35191a

