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Stimuli-responsive polymers have gained increasing attention, which is attributed to the manifold
applications they can be used for. Several years' intensive research was invested in stimuli-responsive
polymers. Their stimuli-responsiveness led not only to novel responsive groups, which enabled the
translation of an external physical impact into a change of a material property, but also to polymers that

are equipped with more than one responsive group. The integration of several responsive moieties
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Accepted 2nd August 2013 within one polymer yields smart polymers exhibiting complex responsive behaviour of the polymers. This
review summarises recent developments in the area of multi-stimuli responsive polymers, laying the

DOI: 10.1039/c3py00880k focus on the improved, multifaceted response of polymer materials depending on the impact of several
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Introduction

Today’s polymers have become smart materials. They are able to
shrink or expand, to change their optical properties or to
change their electrical properties depending on environmental
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changes. The reason for this development is the change in our
society’s understanding of materials science: we expect the
polymer to adopt or respond in real time to external changes and
hence, adjust to our demands. Clearly, the necessity or desire for
smart polymers is reflected in the rising number of publications -
with a tenfold increase within the last decade - and manifests
itself in the fact that smart polymers are indispensable in our life.
Stimuli-responsive polymer materials are of different origin, are
an important part in a range of applications and have been
intensively reviewed recently.'* Within this review, we will focus
only on stimuli-responsive polymers in aqueous solutions.
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Smart polymers are characterized by their stimuli-responsive
behaviour, which is essentially dictated by the functional
groups present within or on a polymer chain. In fact, a broad
library of such functionalities has been studied and is covered
appropriately in the literature. Different functionalities respond
to different stimuli and the most commonly utilized stimuli are
temperature, pH, light, ionic strength, electron transfer (redox)
and host-guest interactions. In this context relatively new is the
combination of several functional moieties within one polymer
that can respond to different stimuli. As a result, dual- or multi-
stimuli responsive polymers are obtained, which is the starting
point to more sophisticated applications, due to the variability
that is introduced to the responsiveness.

The combinatorial impact of two or more stimuli responsive
groups can be parallel, serial or causal. Over the years, examples
for all cases have been presented. Using these terms, parallel
means that the response of one group does not affect the
response of the other and vice versa. It can therefore be
considered as an orthogonal stimuli-responsive system. One
example is the dual responsive behaviour of poly(N-iso-
propylacrylamide) (PNIPAM), which has been statistically
modified with pendent fulgimide moieties.* PNIPAM is well
known for its temperature sensitive behaviour, exhibiting a
characteristic and distinct lower critical solution temperature
(LCST) in water. On the other hand fulgimides feature light-
induced photochromic properties. The copolymer shows the
same LCST in water before and after irradiation and as such the
fulgimide photochromic transition is independent of the LCST
behaviour of PNIPAM. This behaviour corresponds to a parallel
stimuli responsive system.

Examples of a serial interplay between two stimuli respon-
sive groups are more common. In this context serial describes
the amplified impact of the stimulated response of one group by
the other. In other words, the impact of one further group
exhibits an additive effect on the previous one. Just to mention
one example: the group of Bergbreiter demonstrated that
TEMPO moieties, which are classified as redox-active groups,
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can significantly raise the LCST of PNIPAM just by oxidizing and
reducing the TEMPO groups within a statistical copolymer.®

Exceptionally fascinating is the causal interplay between two
or more stimuli responsive groups. When an external stimulus
is applied, the corresponding group will respond. The
addressed functional group itself generates a new stimulus -
whether by a structural change (occupation of a reactive side,
conformational change) or by an environmental change
through the whole polymer (e.g. hydrophilic to hydrophobic) -
which then stimulates the second responsive group. As a result
the second group responds subsequently, but in a different way
compared to the first group. Although this interaction is very
exciting, examples are rare. Iwai et al. synthesized a copolymer
containing N,N-dimethylaminopropylacrylamide, N-t-butylacry-
lamide and a benzofurazan derivative, which was attached to
the backbone via an ester linkage.® The benzofurazan group is
known for its variation in fluorescence wavelength when an
environmental change is induced. For example, stimulation of
the thermo-sensitive N-t-butylacrylamide moiety results in a
polarity change of the polymer - it becomes more hydrophobic -
and consequently the benzofurazan fluoresces with a different
wavelength. This copolymer represents a fascinating example
for a causal interplay.

Motivated by these examples, it is easy to imagine that the
successive introduction of different stimuli responsive groups
into one polymer can lead to a more pronounced or more
detailed response of the polymer towards the impact of an
external stimulus. Hence, the right combination of responsive
groups will make it possible to design a multi-functional poly-
mer, which exhibits multifaceted behaviour when applying one
or more external stimuli. This review deals with multi-stimuli
responsive polymers, bearing more than two responsive groups,
combined in one polymer. The scope of this chapter is to
illustrate the current possibilities and chances of multi-stimuli
responsive polymers by highlighting selected fascinating
examples, which have been published recently. For this purpose
the relevant stimuli are organized at the beginning (Fig. 1) and
the origin of the response after applying an external stimulus
for each group is explained briefly. The main part describes a
few examples sorted by parallel, serial or causal interaction of
the responsive groups.

Stimuli responsive groups
Stimulus: temperature

Among all available stimuli, changes in temperature play a
unique role, because this stimulus can easily be applied from
outside. In this context, in particular the lower critical solution
temperature (LCST) should be mentioned, which is actually a
general phenomenon, but becomes particularly exciting in
water due to numerous proposed applications, such as tissue
engineering,” drug delivery,® catalysis,’ surface engineering'® or
information processing.**"* Indeed, the LCST occurs in solution
at a certain composition and it represents from the physico-
chemical point of view the shared minima of the spinodal and
coexistence curves in a binary mixture (polymer-solvent). At
that point, a sharp transition from a stable one phase to an
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Fig. 1 Selection of important polymers and functional groups,
exhibiting stimuli responsive behaviour.

instable system, i.e. two phase, can be observed while increasing
the temperature of the system. However, this phenomenon of a
temperature-triggered hydrophobic-to-hydrophilic transition is
fully reversible and cooling down the polymer solution can
regenerate the initial state. The LCST is often observed in highly
polar media such as water or alcohols, because of the hydrogen
bonding in polymer-solvent interacting systems. Although
poly(N-isopropylacrylamide) (PNIPAM)** is indeed one of the
most investigated LCST polymers in aqueous solution, many
other polyacrylamides,™ polyvinylethers,' polyoxazolines," as
well as poly(oligoethylenenoxide)methacrylates'® should be
mentioned here as other important classes of synthetic thermo-
responsive polymers featuring a LCST in aqueous solution. At
LCST, the polymer will start to phase separate from solution due
to a molecular transition from a coiled, enthalpic favoured
structure to a dense globular, entropically favoured structure.
This process will minimize the free energy of the system
considerably. Following this principle, the solution macro-
scopically starts to become turbid due to the phase separation
of the polymer while heating. The LCST is further dependent on
different parameters such as chain length," tacticity,"® and
incorporation of co-monomers," pressure® or even the chem-
ical nature of the end group.*

For the sake of completeness it should be mentioned that
beside the LCST an upper critical solution temperature (UCST)
exists as well. UCST exhibiting polymers are non-soluble below
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the UCST and become soluble as soon as the temperature is
increased. Although there are very good examples in the liter-
ature, UCST behaving polymeric systems are beyond the scope
of this chapter and the reader is referred to fascinating contri-
butions in the literature.*

Stimulus: light

The irradiation with light can be easily realized by exposure of a
sample to light of a specific wavelength. Next, to the control of
the energy range, the utilization of light as a stimulus offers the
additional feature of controlling the exposure time and inten-
sity with the corresponding system. Virtually the whole light
spectra, beginning in the hard UV right up to the deep infrared,
can be applied that allow a diversity which cannot be offered by
any other stimulus. Last but not least, light allows a localized
stimulation within a defined area or volume. Within light
responsive polymers, the impact on the corresponding light
responsive moiety can be associated with photoinduced isom-
erization and/or photochromism,* which renders light as a
versatile stimulus. The most studied examples for materials
exhibiting photo-responsive properties are azobenzene (trans-
cis isomerization),*?* spiropyran (spiro- to merocyanine
form),? spirooxazine (spiro- to merocyanine form)*” and fulgide
(photochromic behaviour)* derivatives. But also the formation
of photocontrollable block copolymer micelles has found broad
interest.®

Stimulus: redox-activity

A redox stimulus is defined as an electrochemical addressing of
the redox-sensitive group, which causes a change in its oxida-
tion state. Indeed this kind of stimulus is more common in
inorganic chemistry, especially in respect of transition metals.
Nevertheless there are numerous examples of organic
compounds that are able to respond towards an electric
impulse, e.g. dithienylethenes,* ferrocene® or disulfides.>
Paramagnetic organic molecules, such as tetramethylpiper-
idine-1-oxyl (TEMPO) derivatives, also proved to be a reliable
redox-responsive moiety with a long reversibility. TEMPO
possesses an unpaired electron, which can be oxidized or
reduced in a reversible fashion.*” This one electron process can
be achieved either by anodic*® or by chemical reduction with
reducing agents like ascorbic acid.> During the reduction the
TEMPO moiety becomes more hydrophilic due to the formed
hydroxyl group and hence an improved interaction in aqueous
media is the result.

Another common redox-active group is ferrocene, because
ferrocene captivates with a high chemical stability and a char-
acteristic electrochemical response. The oxidation of the met-
allocene complex to cationic iron species is totally reversible
and is associated with an increase of the polarity.**

Stimulus: pH

A polymer is considered as pH responsive when it features
moieties that are capable of donating or accepting protons upon
an environmental change in pH.** The adjustment of the pH
value triggers ionic interactions, which lead to extending or
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collapsing of the polymer chain in aqueous solution, induced
by the electrostatic repulsion of the generated charges.*® In
this context polyacids, such as poly(acrylic acid) with a pkK,
value around 5 (ref. 37), release their protons and swell under
basic conditions, whereas polybases, such as poly(N,N-dimethyl
aminoethyl methacrylate),®® accept protons under acidic
conditions and hence the polymer chain tends to expand due to
coulomb repulsion.

Stimulus: chemo-responsive

Beside the different stimuli mentioned above, a more general
group must be mentioned, summarizing responsive moieties,
which are sensitive upon chemical changes in the environment.
These moieties are not less important, even though they are
gathered in just one category. They are just too specific and too
numerous to be mentioned individually.

Polymers featuring boronic acid functionalities are one
example. They are sensitive to diols and found particular
application in reaction with glucose.* The diol sensitivity is
based on the existence of an undissociated neutral form and an
associated anionic form of boronic acid. The anionic species is
able to bind diols in a reversible reaction and thus leads to an
increase of the hydrophilicity, whereas the neutral form tends to
be more hydrophobic.*

A second very fascinating class takes advantage of the
formation of inclusion complexes induced by a host-guest
interaction. Most known are host-guest interactions utilizing
cyclodextrins (CDs). CD belongs to the family of cyclic-oligo-
saccharides and possesses a shallow truncated cone shape with
a hydrophilic outside and comparatively more hydrophobic
cavity.* The inclusion complexes are driven by the geometrical
compatibility of the guest molecule, van-der-Waals interactions
and hydrophobic interactions. For that, cyclodextrins are used
to increase the solubility of low polarity molecules in water as
the guest molecule is shielded from the aqueous environment
by the encapsulation process. The utilization of CDs in order to
manipulate the LCST of a polymer was promoted by the group
of Ritter during the last decade.**

Recently, functional groups that are responsive towards
carbon dioxide have been the focus of research. These polymers
usually feature amidine or tert-amine functionalities.*>** Ami-
dine groups can react with CO, yielding a charged amidinium
complex, which can be reversible and switched back during
exposure to argon or nitrogen.** By utilizing the amidine
chemistry it is possible to render the polymeric system hydro-
philic by introducing inexpensive CO5.

Double-stimuli responsive polymers
Thermo- and light-responsive polymers

The majority of examples describing a serial impact of multiple
stimuli deal with the combination of thermo-responsive poly-
mers with light-responsive molecules, which are attached onto
the polymer chain to photo-control the LCST.** A prime example
was reported by Kungwatchakun et al in 1988.* They have
synthesized thermo-responsive copolymers by polymerization
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of N-isopropylacrylamide (NIPAM) with an N-(4-phenyl-
azophenyl)acrylamide monomer. The intention of this 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 from initial 21 °C to 27 °C after UV-light irradiation
was observed and this reversible LCST-change was explained
by the change of the dipole moment from 0 to 3 debye due to
the trans-to-cis isomerisation of the chromophoric azobenzene
moieties. The initial phase transition temperature of 21 °C was
re-obtained after exposure to visible light, demonstrating the
reversibility of the system. Building upon this seminal work, a
variety of studies of thermo-responsive polymers that have been
functionalized with azobenzene moieties have been conducted,
exhibiting a serial interplay.>**®

Thermo- and pH-responsive polymers

Next, changes of the pH have been established as an additional
trigger within thermo-responsive polymers.* These materials
attracted great attention in the field of drug delivery because
both variables are subject to changes within cancer tissue,
which can be utilized to trigger an autonomous response. In
such dual responsive systems, functional groups that can either
dissociate into ionic groups or form ionic groups upon
protonation are incorporated into the backbone of a LCST
polymer. Typical examples are carboxylic acids or tertiary
amines. It is noteworthy that some homopolymers show pH-
and temperature responsive behaviour, namely poly(2-(dime-
thylamino)ethyl methacrylate) (PDMAEMA) has been found to
have a cloud point in the range of 50 °C in neutral aqueous
solution.”® However, increasing the pH can shift the cloud
points to higher values due to the protonation of the amino-
functionality and hence represents a dual-responsive system
with serial interplay.

Thermo- and redox-responsive polymers

Dual-responsive (thermo and redox) materials based on PNI-
PAM have been presented by Phillips and Gibson.** These
systems consist of PNIPAM macromonomers, which were
linked via disulfide units. The redox sensitive disulfide moiety
could be cleaved in the presence of glutathione, leading to
PNIPAM fragments, exhibiting molecular-weight dependent
cloud point behaviour and can be considered as a system with
two stimuli having a causal impact.*

One more example with serial interplay between both stimuli
is based on a block copolymer composed of alkylacrylamide and
vinylferrocene moieties. The polymer shows a characteristic
LCST, which is reversibly increased by the ferrocene moiety
once it is transferred into the hydrophilic cationic state.*®

Multi-stimuli responsive polymers

The selected examples of polymers responsive to two stimuli
demonstrate impressively the strength of combining several
stimuli within one polymer. However, recently research activi-
ties to add one more stimulus, ie. triple stimuli-responsive

This journal is © The Royal Society of Chemistry 2014
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polymers, have gained momentum. The addition of one more
stimulus is particularly advantageous because it can improve
the degree of precision, enlarge the switching window or even
change the switching conditions due to the higher level of
complexity of the polymer.

Light-, pH- and temperature responsive polymers

As already mentioned above, one way to obtain triple stimuli-
responsive polymers with a serial interplay is the combination
of building blocks that are both pH- and thermo sensitive, e.g.
PDMAEMA, with another responsive moiety. For example, in
2010 Tang et al synthesized an azobenzene terminated
PDMAEMA polymer via ATRP (Fig. 2).*

As designed, the polymer exhibited responsiveness towards pH,
temperature and light and was considered to be triple stimuli-
responsive. Indeed, changing the pH value could alter the LCST
characteristic. At pH = 4 the dimethylamino functionality was fully
protonated, resulting in an increased polarity and thus no LCST
was observed. By decreasing the proton concentration, ie.
increasing the pH, the LCST was lowered to 68 °C at pH = 7 and to
30 °Cat pH = 11 attributed to the consecutive deprotonation of the
dimethyl amino group. The additional effect of the azobenzene
end-group due to its photo-isomerization at different pH values led
to a slightly higher LCST after irradiation with UV light in
comparison to the LCST before irradiation at the corresponding
pH value. The process was fully reversible. The less pronounced
impact of the light-responsive moiety is not the consequence of the
azobenzene group per se, but is rather attributed to the small
fraction of azobenzene per polymer. Nevertheless, several studies
focused on the effect of azobenzene moieties located at the chain
end of stimuli-responsive polymers. All studies confirmed that the
amount of azobenzene is proportional to the difference in LCST
before and after irradiation.*>* Please note that this relationship is
only valid for azobenzene end group functionalized polymers,
where the photo-isomerization is totally independent from any
side group effects. In statistical copolymers containing azobenzene
as side groups the phase transition behaviour is not necessarily
affected in a linear relationship.***¢

Another example of serial interaction was investigated by
Sumaru et al., who functionalized PNIPAM with spirobenzopyran.
The obtained polymer acted as a logic gate due to the responsive

H3CH,CO.

N¢ N

WL W

light-responsive

N
7N
temp-responsive
pH-responsive

Fig. 2 PDMAEMA polymer end-functionalized with azobenzene,
which can be stimulated by light, temperature and change of the pH
value.¥”
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Fig. 3 Triple responsive system, based on the dual responsive
behavior of spiropyran.®?

behaviour towards temperature, light and pH.*> While the PNI-
PAM polymer provided the general thermo-responsive behaviour,
the spiropyran acted in dual sense as a pH- and light-responsive
unit (Fig. 3). Similarly, Achilleos and Vamvakaki described
statistical copolymers comprising a DMAEMA unit and a spi-
ropyran.”” In this case, not only the dimethylamino functionality
acted as a pH-responsive unit, but also the spiropyran unit
was able to respond to changes in pH, besides the photo-
isomerization between the spiropyran and merocyanine isomers.
Hence, both groups contributed a dual responsive property, again
with a serial impact. PDMAEMA: temperature- and pH-responsive
behaviour; spiropyran: light- and pH-responsive behaviour.
Zhang et al. demonstrated a very interesting approach recently.
They utilized a thermo-, pH-, and light-responsive hyperbranched
polymer on the basis of hyperbranched polyethylenimine
(HPEI).*® Termination of HPEI with isobutyramide groups, fol-
lowed by supramolecular complexation of 4-(phenylazo)benzoic
acid (PABA) led to a structure that was serial responsive to all
three stimuli, similar to the linear copolymer.

In another system, with a serial impact as well, a statistical
copolymer was prepared from N-hydroxymethylacrylamide
(NHMA), NIPAM and 2-diazo-1,2-naphthoquinone-5-sulfonyl-
methylacrylamide (DNQ), which exhibits irreversible triple
responsive behavior (Fig. 4).** The NHMA moiety was consid-
ered to be pH responsive, whereas the DNQ was classified as a
light-sensitive moiety, due to the photo-induced Wolff rear-
rangement, even though it is an irreversible process. After UV
irradiation, the photoproduct, a 3-indenecarboxylic acid deriv-
ative, led to an increase of the polarity and thus to a change of
the hydrophilic/hydrophobic balance of the entire polymer,
resulting in a change in LCST. Compared to the previous
example each moiety is responsive towards only one stimulus,
i.e. each group can be addressed independently. It is noteworthy
that, as a single functional group, PDMAEMA is responsive to
two stimuli, namely pH and temperature. This might be
advantageous, because the density of responsive groups within
one polymer can be increased. However, it has to be mentioned
that the two stimuli cannot be applied independently, which

Polym. Chem., 2014, 5, 25-36 | 29


https://doi.org/10.1039/c3py00880k

Published on 07 2013. Downloaded on 21.06.2026 4:45:30.

Polymer Chemistry

photo-responsive

N s G 0 e S e S S S 0 e S i

temperature-responsive

Fig. 4 Triple responsive system, bearing thermo-, pH- and photo-
sensitive moieties.>*

might be unfavourable in some applications. It therefore can be
that the subsequently applied second stimulus is suppressed by
the state that was generated by the impact of the first applied
stimulus. In the case of the poly(NIPAM-co-NHMA-co-DNQ)
polymer each responsive moiety can be stimulated indepen-
dently, even after the application of one orthogonal stimulus. In
other words, the LCST can still be shifted by increasing or
decreasing the pH value, even after UV irradiation. Clearly, one
drawback in this system is the irreversibility of the photo-
induced rearrangement, which led to an increase of the LCST,
but this change has permanently no chance to recover the initial
LCST values.

Light-, redox- and temperature-responsive polymers

Depending on the redox-active moiety employed, different
classes of triple light-, redox- and temperature-responsive poly-
mers can be defined. At first, the redox-active group 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) is discussed. Theato et al.
prepared PNIPAM copolymers, containing 4-amino-2,2,6,6-tetra-
methylpiperidine-1-oxyl (amino-TEMPO) and amino functional-
ized azobenzene moieties linked via an amide bond of the
polymer backbone, and it can be considered as a system with
serial interplay."* The TEMPO moiety is redox-sensitive and can
be reduced and re-oxidized in a reversible fashion, either chem-
ically using ascorbic acid as a mild reducing agent and red
prussiate as an oxidising agent or electrochemically.

The reduction of the TEMPO moiety to the corresponding
hydroxylamine resulted in a shift of the hydrophilic/hydro-
phobic balance to an increased hydrophilicity and thus led to an
increase in LCST. It is noteworthy that the LCST could be fine-
tuned simply by the degree of reduction of the TEMPO moieties.
Additional irradiation with UV light in order to stimulate the
azobenzene chromophore led to a further increase of LCST. The
independent addressing of the two responsive groups was
investigated by the sequence of the applied stimuli. Although
there was no difference in terms of the final LCST, a huge
difference in the “intermediate” LCST was observed depending
on the stimulation sequence (Fig. 5). When the azobenzene was
stimulated first, the impact of the azobenzene moiety was 60%
stronger in comparison to an already reduced copolymer, which
is believed due to the increasing polarity influence of the
azobenzene isomerized in a hydrophobic copolymer compared
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Fig. 5 Triple-responsive polymer, equipped with the redox-sensitive
moiety TEMPO, the light-responsive azobenzene and NIPAM, which is
sensitive towards temperature (A) LCST depending on the stimulation
sequence (B).

to the influence of the isomerization within an already hydro-
philic copolymer. Due to the reversibility in combination with
the stability of each state, this terpolymer was proposed as a
logic gate.

Environmental-, pH- and temperature-responsive polymers

The group of Uchiyama prepared a random copolymer
composed of PNIPAM, poly(dimethylaminopropyl acrylamide)
(PDMAPAM) and N-{2-[(7-N,N-dimethylaminosulfonyl)-2,1,3-
benzoxadiazol-4-yl-|(methyl)amino}ethyl-N-methylacrylamide
(DBD-AA) (Fig. 6).° Besides the already well-known PNIPAM, the
PDMAPAM moiety belongs to the class of pH-responsive groups,
while the benzofurazan derivative is considered as a polarity
sensitive fluorophore. Keeping the temperature fixed at 50 °C
(i.e. above LCST of PNIPAM), the copolymer existed in the
hydrated open form under acidic conditions, due to the high
hydrophilicity induced by the protonated dimethylamino group.
As soon as the pH was increased the copolymer chains
collapsed. The improved hydrophobic interaction between
PNIPAM and DMAPAM units led to an increase of the DBD-AA
fluorescence, because the water molecules were repelled from
the collapsed polymer chain. For the hydrophobic collapsed
polymer chain the fluorescence intensity was 6.6-fold stronger
compared to the hydrophilic regime and exhibited a very sharp
and distinct transition (within almost one unit), which suggests
these materials as advanced pH sensors. They found that the pH
range can be fine-tuned by variation of the ionic moiety: incor-
poration of a weaker proton receptor resulted in a transition
under more acidic conditions, while a stronger proton receptor
led to a shift of the fluorescence response at more basic pH

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Stimuli responsive polymer system with causal interaction (left).
The fluorescence intensity depending on the pH value (right). Graphs
reprinted from ref. 6.

values.® In another study Uchiyama et al. reported about a
similar polymer and suggested its potential application for
information processing.*

The causal interaction of multi-stimuli responsive groups in
copolymers is rather fascinating, because these kinds of mate-
rials offer the possibility of converting signals from one
dimension into another. In the above-mentioned example the
impact of ionic strength or temperature was converted into light
response, i.e. emission of the fluorescent dye.

Responsive block copolymer
structures

Block copolymers are able to self-organize in solution or bulk.*
A copolymer consisting of at least two segments, which are
thermodynamically incompatible, can phase separate and
nanoscale morphologies can be achieved. The obtained
morphology is dictated by the molecular architecture, i.e. the
choice of the monomer, the composition ratio and the degree of
polymerization.**

The most commonly used method for realizing a block
copolymer self-assembly in solution is the utilization of
amphiphilic diblock copolymers, for example in water. In
general one block can be solubilized in a surrounding solvent
and the second block tends to separate from the main phase,
leading to self-assembly in solution. In many cases spherical
micelles are obtained.®* The micelles are not necessarily a stable
construct, but are rather fragile and hence they can be disrupted
by small perturbations, e.g. by adjusting the pH value when the
self-organization is driven by electrostatic interactions,* by
changing the solvent composition,* by addition of CO, (ref. 43,
44 and 65) or by changing the temperature.*® Or in other words,
such micelles can be rendered stimuli responsive.

Double-hydrophilic block copolymers

Despite the requirement of incompatible segments in order to
form micelles, Laschewsky and coworkers demonstrated that
even double-hydrophilic block copolymers, i.e. polymers con-
taining two hydrophilic blocks, are able to self-assemble into
micelles.®” They synthesized a diblock copolymer consisting of
poly(N-isopropylacrylamide) (PNIPAM), exhibiting a LCST char-
acteristic, and poly(3-[N-(3-methylacrylamidopropyl)-N,N-die-
mthylJammoniumpropane sulfonate) (PSPP), which is known
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for its upper critical solution temperature (UCST) behaviour in
aqueous solution. At low temperatures the polarity of PSPP
decreases, the block collapses, which is accompanied by the
exclusion of water, and accordingly a micelle with a PNIPAM
corona is formed. When the temperature is increased above
UCST, but still below LCST, the micelle disrupts and a clear
homogeneous solution is obtained. But when the temperature
is further increased above the LCST of PNIPAM, the PNIPAM
block collapses and micelles are formed again. However, in
this case the core consists of the “hydrophobic” PNIPAM and
the shell of PSPP. The combination of both LCST and UCST in
one polymer enables not only a controlled micelle organiza-
tion at two specified temperatures, but also the thermally
triggered exchange of molecular fragments, in order to
control the composition of the inner core as well as the shell of
the micelle.

Schubert and coworkers reported a similar double hydrophilic
block copolymer, poly[2-(dimethylamino)ethyl methacrylate]-
block-poly[di(ethyleneglycol) methyl ether methacrylate] poly-
(DMAEMA)-b-poly(DEGMA), which undergoes a two-step thermo-
induced self-assembly. First, multilamellar vesicles are formed at
33 °C. Heating to 50 °C resulted in the rearrangement into uni-
lamellar vesicles.* The self-assembly of double hydrophilic block
copolymers into micellar structures has also been utilized in
biological context. For example, double thermo-responsive
diblock copolymers, poly(oligo(ethylene glycol)monomethyl ether
methacrylate)-block-poly(N-isopropyl methacrylamide) (POEGMA-
b-PNIPMAM), have been prepared in order to selectively screen a
biotin end-group in the hydrophobic PNIPMAM micelle core,
which is obtained when heated above 45 °C.”

Further examples of polymers exhibiting similar behaviour
could be achieved with POEGMA-b-PDEAM (poly(diethylacry-
lamide)),”* poly(N-isopropyl acrylamide)-block-poly(dendronized
methacrylates),” poly(ethylene oxide)-block-poly(glycerol mon-
oacrylate)® or poly(ethylene glycol)-block-poly(N-isopropyl
acrylamide) polymers functionalized with cyclodextrin moiety
induced self-assembly to rod-shaped nanostructures below
LCST and reconstruction into micellar structures above LCST.”

Schizophrenic block copolymers

The inversion of micelle core and corona, also called “schizo-
phrenic” behaviour,” inspired other groups to develop even
more advanced diblock copolymers. In the examples mentioned
above each block responses differently to one stimulus. The
next step was the investigation of block copolymers in which
each block can be addressed independently by applying a
different stimulus. The Sumerlin group reported on a diblock
copolymer based on poly(3-acrylamidophenylboronic acid)
(PABA) and PNIPAM.”® The block copolymer combines both the
pH- and diol-sensitive solubilities of boronic acid with the
thermo-responsive nature of PNIPAM leading to triple respon-
sive block copolymers, which are capable of self-assembling
into micelles or inverse micelles depending on the environ-
mental conditions. Below LCST of PNIPAM the polymer solu-
tion contains molecularly dissolved unimers, which self-
assemble into micelles with a PNIPAM core and a PABA shell
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once the temperature is raised above LCST. However, changing
the pH at temperatures below LCST results in micelles with a
PABA core as soon as pH falls below the pK, value of boronic
acid. These aggregates dissociate as soon as they are exposed
to either an increase of the pH value or the addition of small
molecular weight diols. This example demonstrated impres-
sively the possibility of constructing micelles with different
molecular design for the corona as well as for the core trig-
gered by the impact of orthogonal stimuli. It is noteworthy
that, the molecular fragment that forms the corona was
determined by the “quantity” of one stimulus, i.e. the amount
of diol that was added. In comparison with the previous
single-stimulus responsive examples this approach may prove
to be unfavourable when the switching window is very narrow
and the response will not be precise or when systemic
temperature fluctuations are quite large. Decoupling the
different stimuli from each other not only improves the degree
of precision and complexity of the system but also promotes
the simplicity of the application likewise.

The fragile character coupled with the responsiveness allows a
specific assembly or rupture of the micelle structure. This is
extremely attractive in modern biotechnology applications for the
delivery of pharmaceutical drugs, which are mostly of hydro-
phobic nature. Using this concept, micelles can be utilized for the
non-covalent drug delivery by encapsulation of drug molecules in
the hydrophobic micelle core and the triggered rupture of the
micelle can be achieved with spatial control. During the last few
decades, numerous examples on micelles have been published,
whose assembly and disassembly can be triggered by applying an
external stimulus.®®”” For example, in 1999 Okano et al. synthe-
sized a diblock copolymer comprised of thermo-responsive
poly(N-isopropylacrylamide) (PNIPAM) and poly(n-butylmetha-
crylate) (PnBMA), by coupling hydroxyl functionalized PNIPAM
(molecular weight 6.100 ¢ mol ") and carboxylic acid terminated
PBMA (molecular weight 8.900 ¢ mol ™) (Fig. 7).%®

The block copolymer self-assembled into micelles in water,
which is attributed to the hydrophobicity of the PnBMA block.
Once the temperature was increased above LCST, the local
polarity of the PNIPAM block abruptly decreased, larger aggre-
gates formed and the entire solution became turbid due to
aggregation of the collapsed PNIPAM shells. When the micelle
was loaded with the anticancer drug adriamycin (ADR), the drug
was fully incorporated into the hydrophobic PBMA core below
LCST, but was released when the temperature exceeded this
critical temperature. The reversible character of the micelle
formation facilitates on/off switching behaviour of the drug
release and hence this system can guide in the direction of an
advanced controlled drug delivery, where the drug release is not
dependent on the diffusion of the load from the core into the
solution or any micelle degradation processes. Because of
the introduction of the stimuli responsive moiety, the load
and the efficiency of the release can be triggered simply by
temperature. This concept has been the focus of several other
studies, which utilized acid-sensitive amphiphilic block copol-
ymers to deliver anticancer drugs upon changes in pH,”
temperature and pH-responsive block copolymers,* pH- and
light-responsive microgels,®* pH-responsive hyperbranched
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Fig. 7 Diblock copolymer based on PNIPAM and PNBMA investigated in
the context of stimuli responsive drug delivery. Reprinted from ref. 68.

double hydrophilic block copolymer micelles,** or temperature-
and CO,-responsive block copolymers.**

Multi-stimuli responsive micellation

Most presented examples just respond towards a single external
stimulus. However, in nature the change of macromolecular
behaviour usually is not induced by a single stimulus, but a
consequence of the influence on several environmental
changes. Therefore there is a need to design materials that are
able to mimic these features. Thayumanavan and coworkers
published one very fascinating example in 2009. They synthe-
sized an amphiphilic diblock copolymer comprised of a PNI-
PAM block and a tetrahydropyran protected poly(hydroxyethyl
methacrylate) (PHEMA) block (Fig. 8).”® The hydrophilic PNI-
PAM block was linked with the hydrophobic HEMA block by a
disulfide group. Due to the combination of the three functional
elements, the prepared polymer was responsive towards (a)
temperature, due to the PNIPAM moieties, (b) pH, due to the
acetal protected HEMA moieties and (c) reducing agents, due to
the disulfide linkage, which can be cleaved resulting in the
release of the homopolymers. This triple-responsive polymer
was further investigated in respect of its micelle formation and
micelle disruption depending on the influence of an external
stimulus.

Tempertaure sensitive R0d0>f sensitive
(hydrophilic) / (linker)

S

\ Acid sensitive
hydr

ophobic)
Fig. 8 Triple-responsive disulfide linked diblock copolymer suitable

for supramolecular self-assembly and external triggered disassembly.
Reprinted from ref. 78.
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On one hand, when the pH value is decreased to mildly
acidic conditions (pH = 4) the acetal protecting group is
cleaved and the whole block is transformed into the hydro-
philic PHEMA, which causes disruption of the micelle due to
the dramatic change in the hydrophilic/lipophilic ratio. On
the other hand, the PNIPAM block turns hydrophobic when
the temperature is increased above LCST and results in a
double-hydrophobic block copolymer, which does not
maintain its micelle structure any longer. Last but not least,
the addition of DDT causes the reductive cleavage of the
disulfide linkage. As a consequence of the separation into
two blocks, the hydrophobic PHEMA block precipitates while
the hydrophilic PNIPAM stays in solution. Until now the
stimuli responsive functional groups have been investigated
only separately. The special attraction originating from this
polymer is the concerted stimulation of two or three
responsive moieties at once. Again the application dictates
the proper combination of stimuli-responsive groups. And
indeed the behaviour of the block copolymers, resulting
from the combinatorial interaction of multiple stimuli-
responsive groups, can be depicted in a different manner, as
shown in Fig. 9.

While temperature stimulation leads to the precipitation of
the polymer, the block copolymer exhibits no phase transition
behaviour at all when increasing the temperature and adjusting
the pH value to mild acidic conditions at the same time. This
can be explained by the increase of the polarity due to the
irreversible deprotection of the acetals. The enhanced hydro-
philicity can stabilize the hydrophobic tendency of the PNIPMA
block at higher temperatures and prevent precipitation or in
other words, the deprotection of the acetals inhibits the
temperature dependency of the polymer. Similar behaviour
could be observed when treating the copolymer with DDT. The
micelle disrupted, the PHEMA block precipitated in water and
after filtration of the aqueous solution the LCST, which could be
still observed, was dedicated to the PNIPAM polymer only. But
the combination of all three stimuli provided an unexpected
surprise: after the cleavage of both the disulfide linkage and the
acetal protecting group, the temperature dependent behaviour
of the aqueous solution should be determined by the LCST of
the pure PNIPAM, even though PHEMA is water soluble, it
features no LCST. But in fact no LCST could be detected at all,
due to the hydrogen bonding between PHEMA and PNIPAM.*
This example showed that the application of just one stimulus
leads to a very slow or incomplete release kinetic, but the
combination of two stimuli accelerates the release of the
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no assembly
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Fig. 9 Schematic representation of the polymeric response towards
the external stimuli. Reprinted from ref. 78.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Polymer Chemistry

encapsulated guest molecules, making drug delivery much
more efficient.

A second example was published by Dong et al. in 2013.*
Although the polymer is not as complex as the responsive
polymer mentioned in the previous example, it still can be
considered as a multi-responsive material. The polymeric
system is based on poly(dimethylaminoethyl methacrylate)
(PDMAEMA), which is pH- and temperature responsive, and the
third responsive group is introduced by quaternization of
13.9 mol% of the dimethylaminoethyl functions with 1-(bro-
momethyl)pyrene, which renders the pyrene modified part of
the system hydrophobic. When the polymer is dissolved in
water it forms micelles, with the hydrophobic pyrene compart-
ments forming the core and the dimethylaminoethyl (DMAE)
moieties forming the shell. They found that the DMAE moieties
became hydrophobic, which resulted in shrinking of the micelle
when the temperature is increased above LCST. However, the
micelle dissociates when the solution is irradiated with UV light
below LCST, due to the photo-induced solvolysis of pyr-
enylmethyl groups from the quaternized amine, which leads to
an increase of the hydrophilicity of the whole polymer.
Although the pH- and the temperature responsive behaviour is
fully reversible, the light responsive disruption of the micelle is
totally irreversible, i.e. after applying the light stimulus, the
micelle cannot be formed again and the polymer turns into a
double responsive polymer.

Conclusion and future perspective

Within the last few years tremendous efforts were devoted to
the area of stimuli-responsive materials, driven by the need
for precisely controllable material properties. Due to the
high degree of control, external stimuli as triggers that
induce changes of the physical properties of polymeric
materials proved to be a very promising approach. While in
the beginning the focus was laid on polymers bearing only
one responsive moiety, the focus shifted over the years to
multiple sensitive functions combined within one polymer.
This development is not only due to the improved diversity
of multi-stimuli materials, but is also evidence for the
significant progress in polymer synthesis over the last few
years. Developments of controlled polymerization tech-
niques, especially within the area of controlled radical
polymerization, led to the precise design of well-defined
polymeric architectures with high degrees of functionality,
which were not accessible by any previous method. Despite
the manifold contributions that were made in respect of
multi-responsive polymers, the number of responsive
groups is usually limited to only two. Clearly two stimuli are
more advanced than one stimulus, and hence, new possi-
bilities are available. However, as mentioned previously for
biomedical applications, multi-stimuli responsive polymers
are highly desirable and are motivated by examples in
nature.

Multi-responsive materials are not only important in life
science, but also equally essential for new developments in
information technology. Especially in the context of the
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orthogonal and independent addressing of the responsive
groups, parallel writing of information seems to be feasible.
Accordingly a dramatic increase of memory density can be
envisioned. To achieve these goals, the utilization and accurate
control of several stimuli responsive groups combined into one
polymer is mandatory. This requires new polymer chemistries.
Next, several responsive groups show only partial reversibility or
undergo irreversible changes upon stimulation. It would be
highly desirable to have access to fully reversible responsive
groups in these applications as well. And this requires the
development of new chemistries. Accordingly, the area of multi
stimuli-responsive polymers is a very interdisciplinary research
area. Hence, joint efforts will lead to novel materials with
properties beyond today’s imagination. New inventions and
more detailed research of multi-responsive polymers are crucial
to achieve the self-defined goals of control, accuracy and
sustainability.
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