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How to manipulate the upper critical solution
temperature (UCST)?

Jukka Niskanen and Heikki Tenhu*

In this mini-review, we discuss multi-stimuli-responsive polymers, which exhibit upper critical solution
temperature (UCST) behavior mainly in aqueous solutions. Firstly, we discuss both the lower and upper
critical solution temperature behavior of thermoresponsive polymers, to understand the differences
between the two. This will be followed by examples of polymers that undergo a UCST phase transition.
Secondly, we show how the solution properties of multi stimuli-responsive polymers can be influenced
by several factors in addition to temperature, such as counter ions, electricity, light, or pH. Common to all
stimuli are their capabilities to induce changes in the conformations and interactions of the polymers.
With UCST polymers, the thermoresponsiveness is predominantly dependent upon the presence of
strong supramolecular interactions between the polymer side groups. These are known to be affected by
the molecular weight of the polymer, the solution concentration, and the presence of salts. With all these
different ways to affect the cloud point of the polymers, we have systems that are readily tunable to many

www.rsc.org/polymers applications.
Introduction
Stimuli-responsive  polymers undergo a conformational

change, a coil-to-globule transition, upon some external
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stimuli, such as a change in the temperature, pH, or
irradiation with light. Materials produced from stimuli-respon-
sive polymers range from membranes and films to micelles
and polymer brushes." These materials provide a promising
array of materials for controlled and targeted drug delivery,
which would be especially important in delivering drugs with
severe side effects, as often is the case with cancer treatments.
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1992. His research interests
include synthesis and character-
ization of amphiphilic polymers,
thermally responsive polymers,
polyelectrolytes and polyelectro-
lyte complexes. Recently, much
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hybrid nanomaterials. An impor-
tant part of the research is
characterization of self-assem-
bling systems in aqueous solu-
tions by scattering, spectroscopic
and rheological methods.
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Other inspiring areas for applications are in the field of
sensors or even actuators."

Thermoresponsive polymers comprise the bulk of the
stimuli-responsive polymers studied. Two very well-known
examples of thermoresponsive polymers are polystyrene in
cyclohexane and poly(N-isopropyl acrylamide) (PNIPAM) in
water. Both undergo a change in their solubility with increas-
ing the temperature of the solution.>* Polystyrene will dissolve
in cyclohexane, in an upper critical solution temperature
(UCST) type process. PNIPAM, on the other hand, will precipi-
tate out from the solution in a lower critical solution tempera-
ture (LCST) process. However, it should be noted that both the
UCST and LCST are single distinct points in a phase diagram,
depicting the solution behavior of the polymer as a function of
temperature versus the polymer concentration. In the diagram,
the minimum or the maximum point of the solubility curves
are the respective LCST and UCST points.>™* Any other point
along the respective curve is referred to as a cloud point (Tp)
or a demixing (Tyem) point, depending on the method (turbidi-
metric or calorimetric, respectively) used for detection (Fig. 1).
The solvent plays a key role in the solution behavior of poly-
mers, as some thermoresponsive polymers can exhibit LCST
behavior in one solvent and UCST in another. For example,
PNIPAM displays UCST behavior in water/alcohol binary
solvents.®

The temperature induced phase transition may go hand in
hand with other stimuli, such as a change in the pH of the
solution, as is the case with poly(dimethylaminoethyl metha-
crylate) (PDMAEMA) and polymers with similar structures. For
these polymers, the phase transition is greatly affected by the
charge of the polymer, i.e. the pH of the solution.””®

There are numerous studies on the thermal response of
LCST polymers, however, there are far less conducted on poly-
mers expressing the UCST behavior.>>® UCST polymers were
recently discussed in a review by Seuring et al. together with
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Fig. 1 A phase diagram showing the UCST (red) and LCST (black) points
for a thermoresponsive polymer.
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an extensive discussion about the thermodynamics of the
phenomenon.® Changing the solvent quality or polarity can
induce a UCST phase transition for several polymers. This
aspect will only be briefly discussed in this review, as it was
recently discussed in a review by Zhang et al.® We focus on the
stimuli that change the properties of polymers in solution
either by electrochemical reactions, light-induced photoiso-
merization, bridging bonds via counterions, increasing the
hydrophobicity of the polymers by complexation with hydro-
phobic counterions, or affecting the hydrogen bonding by
changing the pH of the solution. All of these are dynamic
effects; that is they are affected by several factors, including
the temperature, concentration, molecular weight of the poly-
mers, and the nature of the solvent. In this review, the focus
will be on systems that show multi stimuli-responsive behavior
in aqueous solutions, with only a few examples of systems in
alcohols.

Upper and lower critical solution
temperature

Let us first briefly consider polymers in aqueous solutions.
Water is a structured solvent, as the molecules arrange them-
selves due to hydrogen bonding. Polar groups of the dissolved
polymers affect the structure of the water, whereas charge
neutral zwitterionic polymers have little effect. Hydrophobic
groups, on the other hand, are contained in a cage of water
molecules. The larger or more hydrophobic the groups are, the
more easily the cage is broken and the polymer precipitates.
The structure of water is suggested to be different in dilute
and semidilute polymer solutions. Ultimately, all of these
observations tell us about the interactions between the solubil-
ized polymer and water. The addition of alcohols in water
rearranges the structure of water and clusters formed.
Increasing the fraction of alcohol results in smaller and
smaller clusters of water. In binary alcohol-water mixtures
either co-solvency or co-non-solvency may take place. In the
case of co-solvency the polymers are solubilized via an alcohol
layer around the hydrophobic parts of the polymer and these
alcohol molecules can, in turn, participate in hydrogen
bonding with the surrounding water. Co-non-solvency is
observed when the polymer preferably takes part in hydrogen
bonding with either water or alcohol and thus, the compatibi-
lizing layer around the polymer will be lost.>****

In order to understand how the UCST behavior can be
tuned to specific applications, we need to examine the mecha-
nisms of dissolution, and how UCST systems are different
from LCST systems. In aqueous solutions, polymers are solu-
bilized mainly via dipole-dipole interactions and hydrogen
bonding between the polar groups present in the polymer. The
nonpolar parts of the polymers are surrounded by a cage of
water molecules. The interactions between the nonpolar
groups and water are much weaker than the hydrogen bonds
between water molecules. Thus the water molecules prefer to
bond with each other, resulting in a cage of organized water
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Fig. 2 The structures of PNIPAM (left) and PNAGA (right).

molecules bound to the polymers.>® To understand the
origins of the UCST we will first briefly examine the solution
properties of poly(N-acryloyl glycinamide) (PNAGA, Fig. 2), a
non-ionic UCST polymer. For comparison, we will also briefly
discuss the solution behavior of PNIPAM (Fig. 2).

Strong supramolecular interactions govern the UCST behav-
ior of polymers in water. These interactions can be either
hydrogen bonds, as in the case of PNAGA, or electrostatic
bonds occurring in and between zwitterionic polymers
(Scheme 1). PNAGA is a non-ionic polymer that exhibits UCST
behavior in water. Seuring et al. have shown that the thermore-
sponsiveness of PNAGA is due to the hydrogen bonding
between the polymer side groups. They found that the cloud
point of PNAGA is shifted to lower temperatures, eventually
disappearing completely, by adding increasing amounts of
sodium thiocyanate, which disrupts hydrogen bonds."***

Upon dissolution of PNAGA in water, the hydrogen bonds
between the carbonyl and amine groups are broken in an
endothermic process and replaced by hydrogen bonds with
water in an exothermic process. Thus, the overall enthalpy of
the dissolution process is low and ultrasensitive calorimeters
are needed to measure it. For comparison, the enthalpy of the
phase transition of PNAGA is reported to be 90 J mol™" (0.7
J g "),"* whereas for PNIPAM it is 4-6 kJ mol™.> In general,
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Scheme 1 Schematic representation of hydrogen bonds between
PNAGA side chains (left) and electrostatic bonds between zwitterionic
groups in poly(N,N’'-dimethyl(methacryloylethyl)lammonium propane-
sulfonate), PDMAPS, responsible for the thermoresponsive behavior of
the respective polymers.
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the entropy of mixing for polymers is much lower than that for
small molecules. An increase in the molecular weight
decreases the entropy of mixing even further, making the solu-
bility of the polymer more sensitive to other interactions.
Therefore, a strong influence of the molecular weight on the
cloud point is observed.> For a polymer to be dissolved in a
solvent, the Gibbs energy of dissolution needs to be negative.
The Gibbs energy of dissolution turns positive at temperatures
lower than the cloud point of a UCST polymer (eqn (1)). Thus,
at the cloud point T, = AH/AS the cloud point can be affected
by changing the AH and/or AS. Both can be affected by copoly-
merization or by the presence of solutes in a polymer solu-
tion."> Herein emerges the possibility to induce the UCST
behaviour for polymers via external stimuli or additives.

AGy = AHy — TASm (1)

PNIPAM is probably the most famous thermoresponsive
polymer. The phase separation of the solutions of PNIPAM or
other LCST polymers is driven by the association of the
polymer backbone and other nonpolar groups. The phase sep-
aration is dependent on pressure and the polydispersity of the
polymer. Also, when determining the cloud point, heating and
cooling rates have a significant influence. It should be noted
that the redissolution of the polymer is slower than the col-
lapse of the polymer coil. The solubilisation process of
PNIPAM involves re-establishing the hydrogen bonds between
water and the polar groups of the polymer, along with the for-
mation of a cage of water molecules around the nonpolar parts
of the polymer, resulting in a hydrated and swollen polymer
coil. Upon raising the temperature above the phase transition
temperature the hydrogen bonds between the polymer and
water molecules are broken, and water is released, allowing
the nonpolar parts to associate along with intramolecular
hydrogen bonding of the amine and carbonyl groups, ulti-
mately collapsing the polymer coils.

As in the case of UCST polymers at temperatures lower than
the cloud point, at temperatures higher than the cloud point
of an LCST polymer (eqn (1)), the Gibbs energy of dissolution
turns positive. The dehydration of the polymer coil leads to a
change in the entropy of the system, and this overrules the
enthalpy of the hydrogen bonding of the polar groups. As a
result, the total energy of mixing turns positive and phase sep-
aration occurs.’

Hydrogen bonding or zwitterionic
UCST polymers

In this part, we will briefly discuss polymers that exhibit UCST
behavior due to hydrogen bonding or zwitterionic interactions.
We also look into what kinds of factors (polymer structure,
salts, molecular weight, etc.) affect the temperature dependent
solution behavior of the polymers, to understand how the
cloud points could be affected and tuned by additional
stimuli.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Polymers showing UCST behavior in aqueous solutions.'>?1:22:2%

There are only a few known polymers that exhibit UCST be-
havior at temperatures between 0 and 100 °C (Fig. 3). PNAGA is
the most studied of these and controlled polymerization using
both RAFT (reversible addition-fragmentation chain-transfer
polymerization)'®'” and ATRP (atom transfer radical polymeriz-
ation)" techniques have been reported. It is known that the
hydrophobicity of the polymer affects the cloud point tempera-
ture. Thus the copolymerization of hydrophobic monomers,
butyl acrylate or styrene, caused an increase in the cloud
point.”> On the other hand, the copolymerization of NAGA with
the hydrophilic N-acetyl-acrylamide lowered the cloud point,
with increasing the molar fraction of N-acetyl-acrylamide."?
Similar observations were made by Mékinen et al. while they
prepared triblock copolymers of PNAGA, PNIPAM, and poly
(ethylene oxide) (PEO). The authors found that the block for-
mation of PNAGA and PNIPAM increased both the UCST and
the LCST cloud point temperatures of the respective polymers.
Also, the order of the blocks in the triblock copolymer had an
effect on the thermoresponsiveness of the polymers."”

Copolymers of acrylamide and acrylonitrile, as well as the
homopolymer of methacrylamide, have been shown to exhibit
UCST behavior in aqueous solutions. In the case of the acryl-
amide and acrylonitrile copolymers, the cloud point was found
to be dependent on the monomer ratio, as the cloud point
increased with the increasing acrylonitrile content.">' In the
case of poly(methacrylamide), the polymerization process was
of importance. Free radical polymerization using AIBN as an
initiator, resulting in hydrophobic end groups, yielded poly-
mers with a cloud point at 40 °C (1 wt% solution)."” In a pre-
vious study poly(methacrylamide) was obtained using potass-
ium persulfate; the theta point for an aqueous solution was
reported at 6 °C.>°

Ureido polymers, that is, poly(allylamine)-co-poly(allylurea)
and its derivatives, have a high number of hydrogen bonding
sites. In addition, the structures are resonance stabilized
which may enhance the hydrogen bonding and the possibility
of additional n—n interactions. The cloud points increase line-
arly with the increasing ureido content and are lowered by an
increase in the molecular weight.>'* Glatzel et al. report on
the UCST behavior of poly(N-acryloylaspargineamide), which
has a similar structure to the ureido polymers. The cloud
point of this polymer depends on both the molecular weight
and concentration.> These types of polymers are discussed in
detail in a recent review by Seuring et al.> Worth mentioning is
that thermoresponsive polymers, such as poly(N-methacryloyl-
glutamineamide) and its derivatives, were patented by
Nagaoka et al. in 2010.%°

This journal is © The Royal Society of Chemistry 2017
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Zwitterionic polymers, such as poly(sulfobetaine)s and poly
(phosphorylcholine)s, show UCST behavior in aqueous solu-
tions (Fig. 4). Of these two, poly(sulfobetaine)s are the most
studied ones with respect to the thermoresponsive properties.
The solution properties of polysulfobetaines are influenced by
several factors, such as the concentration, molecular weight,
presence of salts, branching of the polymer, and the spacing
between the ionic units.”” > For example, in the case of poly
(N,N-dimethyl(methacryloylethyl )Jammonium  propanesulfo-
nate), PDMAPS, the molecular weight of the polymer has a
strong influence on the cloud point. Short polymers under
20 kg mol™' show no thermoresponsiveness, whereas a
50 kg mol™" polymer has a cloud point at 11 °C, and a
200 kg mol ™" at 26 °C.*®

The presence of salt affects the solution properties of zwit-
terionic polymers in several ways, as salts screen the charges
on the polymer. The screening of the charges affects the intra-
and intermolecular electrostatic attractions between the zwit-
terionic groups, resulting in an antipolyelectrolyte effect.”**>*
This effect is characterized by the extension of the polymer
chain and an increase in the reduced viscosity, together with a
lowering of the cloud point. Hydrogen-bonded water is
released to the bulk when the salt breaks bonds between the
zwitterionic groups. Additionally, binding of cations to the
polysulfobetaine can cause an additional positive charge on
the polymer and thus result in charge repulsion.>®

The cloud point is affected by the concentration of the
polymer. In dilute solutions, intramolecular interactions
between close by side chains or folding of the individual side

Poly(sulfobetaine)s Poly(phosphobetaine)s

\ 3

O0=5=0 N\

[

o
poly{N,N'-dimethyl(methacryloylethyl)
ammonium propanesulfonate)

poly(2-(methacryloyloxy)ethyl
2-(trimethylammonio)-
ethyl phosphate)

Fig. 4 Examples of zwitterionic polymers showing UCST behavior in
aqueous solutions.
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chains, are favored, which would also be true for hydrogen
bonding polymers. Intermolecular interactions are introduced
first when the polymer concentration is increased to the over-
lapping concentration. In the case of poly(sulfobetaine)s in
dilute solutions (<0.8%), additional polymers act like added
salts. Under these conditions, when the concentration reaches
the overlapping concentration, intramolecular bonds are
replaced by intermolecular bonding and the polymer
redissolves.”

Finally, it should be noted that there are several reports on
poly(ethylene oxide),>*>?¢ poly(vinyl methyl ether)s,>””*® poly-
vinylalcohols,*® and poly(hydroxymethylacrylate)s*® expressing
UCST behavior. However, in most of the cases, the cloud
points are either below 0 °C or close to and above 100 °C.

Counterion-induced UCST behaviour
of polyelectrolytes

The solution properties of polyelectrolytes are affected not only
by the counterions present but also by the addition of salts;
that is the introduction of more or different counterions. In
this case, the nature of the salt is of importance because some
salts may induce the UCST behavior in polyelectrolyte solu-
tions. These interactions are a complex interplay affected not
only by the size, polarizability, and valency of the ions, but
also by their hydrophobicity.

Metal cations

Mono or divalent cations can induce UCST behavior in par-
tially neutralized poly(acrylic acid), PAA, solutions. Flory et al.
reported already in 1954 on the UCST behavior of one-third
neutralized PAA in saline solution (1.245 M NaCl). In their
studies, they used fractionated PAA, with molecular weights
ranging from 134 to 900 kg mol . The phase separation temp-
erature was found to be affected both by the polymer concen-
tration and molecular weight. However, no clear dependence
between the molecular weight of the polymer and the cloud
point could be observed. In solutions with 10% neutralized
PAA, it was shown that the viscosity of PAA solutions was sup-
pressed in the presence of the divalent cations, Ca** or Cu*",
of which the copper ions had the most prominent effect
(Fig. 5).*" The triblock copolymer PAA-Poly(propylene oxide)-
PAA exhibits both UCST and LCST behavior in saline solutions.
The cloud point was observed to depend on the degree of neu-
tralization and the length of the PAA blocks, which is related

’ l-n ‘ . ‘
/)/H 5
HO 0 O 0

73 pm B r=
100 pm 102 pm
Poly(acrylic acid)

Fig. 5 Partially neutralized poly(acrylic acid) (left) exhibits UCST behav-
ior in the presence of various cations (right, presented with their
respective effective radii).**
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to the amount of hydrogen bonds between the different
polymer blocks and water.”” Copolymers of methacrylic acid
and dimethylaminoethyl methacrylate (DMAEMA) were
recently shown to express UCST behavior in alcohols.*?

Halogen anions

Biswas et al. report that poly(triphenyl-4-4-vinylbenzyl phos-
phonium chloride) exhibits UCST behavior in the presence of
sodium salts (NaCl, NaBr, and Nal) (Fig. 6). In the absence of
these salts, the polymer showed no thermoresponsiveness at
all. The thermal responsiveness of the polymer was found to
be dependent on the polymer concentration, the salt concen-
tration, and the molecular weight of the polymer. For example,
a 0.5 wt% polymer solution required the presence of 0.475 M
NaCl concentration. The nature of the negative ions played a
significant role in inducing thermoresponsiveness of the
polymer. The larger the halide ion, and thus more polarizable,
the more profound was its capability to affect the solubility of
the polymer. For comparison, only 20 mM NaBr and 2 mM of
Nal are needed to turn the polymer insoluble at room tempera-
ture. On the other hand, cyanide and thiocyanide counterions
had no effect on the solubility of the polymer. Also, the pres-
ence of increasing amounts of cosolvents such as methanol,
dimethylformamide, or dimethyl sulfoxide decreased the
cloud points.**

Halide ions can induce UCST behavior in branched poly-
ethyleneimine (PEI) or partially quaternized PEI, under highly
acidic (pH < 0.6) conditions (Fig. 6). HCl, HBr, and HI are all
capable of inducing thermoresponsiveness in PEI. However,
the amount of acid needed was found to be dependent on the
size, polarizability and hydrophobicity of the halide ions. HBr
and HI are more efficient in inducing a cloud point than HCI.
When PEI is functionalized with 35 to 38% permanent

cr

H
OTO

Polyethyleneimine

HN
Poly(triphenyl-4-4vinylbenzyl
phosphonium chloride)
NH,
r= _ ‘
181 pm r= r=

196 pm
220 pm

Fig. 6 Poly(triphenyl-4-4vinylbenzyl phosphonium chloride)** and
polyethyleneimine®® (top) exhibit UCST behavior in the presence of
various halide anions (below, presented with their respective effective
radii).

This journal is © The Royal Society of Chemistry 2017
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charges, only the iodide anions were capable of inducing a
cloud point in the solution.*®

Hydrophobic counterions

Aqueous solutions of polymeric ionic liquids (PILs) express
thermoresponsive behavior in the presence of hydrophobic
counterions. Kohno et al. have recently reviewed in detail PILs
which express LCST, UCST, or both in aqueous or organic solu-
tions.”® Tetrafluoroborate (BF,”) is a hydrophobic anion that
can induce UCST behavior in several polymers, including PILs.
The concentration of the PILs, reported by Yoshimitsu et al.
(Fig. 7), had a stronger effect on the cloud point than the mole-
cular weight of the polymers. Substituents on the imidazolium
ring were found to have an effect on the polymer solubility in
water in the presence of BF,~, hexafluoroantimonate, or bis(tri-
fluoromethanesulfonyl)imide. However, none of these PILs
showed thermoresponsive behavior in the presence of the two
latter hydrophobic counterions. Polymeric ionic liquids with

I~ T °
n -
Bm\\\\F \ ~
0 F7ONF o
Ry
Tetrafluoroborate
/< Cinnamic acid
N

@/N——-Rz

Polymeric ionic liquids

Fig. 7 Structure of polymeric ionic liquids (left, Ry = —H or —CH3, R, =
—CHs, —C,Hs, —C4Hyg, or —CsHy,), which expressed UCST behavior in the
presence of BF,~ (middle).*” PEl can be turned thermoresponsive both
in the presence of BF,~ and cinnamic acid (right).“s'48
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one or two methyl substituents on the imidazolium ring dis-
played thermoresponsive behavior in aqueous solutions,
whereas butyl and pentyl substituted analogs were insoluble.
In addition to the substituents, the counterions had a signifi-
cant effect on the solubility of the polymeric ionic liquids.
With chlorine as a counterion, all polymers were readily
soluble in water, whereas the more hydrophobic hexafluoro-
antimonate or bis(trifluoromethanesulfonyl)imide turned the
polymers insoluble in water. The presence of NaCl readily
decreases the cloud points, as it disrupts the electrostatic
bonding between the polymers and the hydrophobic counter-
ions. Interestingly, these PILs show LCST behavior in organic
solvents in the presence of hexafluoroantimonate, SbFes™."
Tetrafluoroborate can also turn PEI thermoresponsive, as is
reported by Noh et al. in their studies with partially quater-
nized PEL* Cinnamic acid is another hydrophobic ion that
can induce UCST behavior in PEIL The cloud point could be
controlled in pH 7.0 buffer by varying the ratio of cinnamic
acid to the amino groups in the polymer. The UCST behavior
of the conjugate may be used as a triggering mechanism for
the release of the dye from liposomes functionalized with the
conjugate.*®

a-Helical polypeptides bearing imidazolium or pyridi-
nium®" groups in their side chains show UCST behavior in the
presence of BF,” in aqueous and alcoholic solutions (Fig. 8).
Poly(y-4-methylenebenzyl-r-glutamate)-N-butylimidazolium-
chloride becomes UCST thermoresponsive in water, when the
counterion is changed to I" or BF,  expressing T.,s at 35.6
and 69.1 °C, respectively. The cloud point temperatures were
observed to decrease with the addition of NaCl and increase
with the addition of Nal or NaBF,.*? Similar observations were
made for poly(y-propyl-i-glutamate)-N-butylimidazolium and

49,50

N@N,\/\

Fig. 8 «a-Helical polypeptides which show UCST behavior in aqueous and alcoholic solutions; poly(y-4-methylenebenzyl-L-glutamate)-N-
butylimidazolium (top left), poly(y-3-propyl-L-glutamate)-N-pyridinium (bottom left), poly(y-propyl-L-glutamate)-N-butylimidazolium (top right),
and poly(y-propyl-L-glutamate) bis(N-butylimidazolium) (bottom right).#°~>*

This journal is © The Royal Society of Chemistry 2017
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poly(y-propyl-i-glutamate)bis(N-butylimidazolium), as poly-
mers with BF,” as counter ions showed UCST behavior in
methanol and aqueous solutions. In ethanol, UCST was
observed with iodide as a counterion, whereas BF,™ resulted in
poor solubility of the polymers. In methanol and water, poly-
mers with a bis(N-butylimidazolium BF,) side chain had lower
Tps compared with the N-butylimidazolium side chain.
However, in ethanol with iodide as a counterion, the opposite
behavior was observed. From infrared spectroscopy data the
authors concluded that the polymer aggregation in ethanol
was driven by hydrophobic interactions at low temperatures. At
higher temperatures hydrogen bonds kept the polymers solu-
bilized. In aqueous solutions, it is believed that the UCST be-
havior is driven by electrostatic interactions between the imid-
azole moieties and their counterions.’® The solubility of poly
(y-3-propyl-L-glutamate)-N-pyridinium in water was affected by
the nature of the counterions and the location of a methyl sub-
stituent on the pyridinium ring. Polymers 3 substituted with
methyl groups show UCST behavior in water with CI~ or BF,~
as counterions. The cloud point was observed to shift to
higher temperatures with higher concentration, higher molar
mass, and upon changing the counter ion from Cl~ to BF,".>"
For comparison, neutral derivatives of the polypeptides with
alkyl or oligo ethylene side chains show UCST behavior only in
alcoholic solvents or water/alcohol mixtures.>*>?

Poly(dimethylaminoethyl methacrylate)) PDMAEMA, is a
pH and thermoresponsive polymer. It displays LCST behavior in
aqueous solutions, where the cloud point is affected by the
charge of the polymer, that is the pH of the solution.”** The
apparent pK, of the polymer is 6.22, thus at pH below 9 the
polymer has a positive charge and is thus susceptible to counter-
ions.>® The introduction of a permanent positive charge by
quaternization with methyl iodide of the amine yields a strong
polyelectrolyte, poly(2-methacryloyloxyethyltrimethylammonium
iodide) (PMOTALI), also susceptible to chosen counterions (Fig. 9).

In the presence of bis(trifluoromethane)sulfonamide (NTf,)
PDMAEMA aggregates and a UCST cloud point appears. It
should be noted that the association of NTf, with PDMAEMA
affects the pH of the solution. The formed tight ion pairs
shield the charge of the polymer and thus increase the ability
of the adjacent unit to protonate, increasing the basicity of the
polymer. This minute change in the pH changes the solution
properties enough so that the thermoresponsiveness of the
polymer is lost. Due to this, studies of the UCST (and LCST)
behavior of PDMAEMA have been conducted in buffered solu-
tions. As can be expected, the cloud point is significantly
affected by the amount of NTf, and the pH of the solutions. In
solutions with pH 7-9, the cloud points are shifted to higher
temperatures with increasing amounts of NTf,. The polymer
showed no thermoresponsive behavior in solutions with
PH above 9 or below 7 at a fixed (30 mol%) NTf, concentration.
At low pH, the polymers are strongly charged, and the excess
of positive charges keeps the polymer chains solubilized.>*

The introduction of permanent charges on PDMAEMA by a
conversion to PMOTALI increases its capacity for binding ions.
In this case, the presence of NTf, leads to insoluble aggregates.
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Fig.9 The polycations, poly(dimethylaminoethyl methacrylate)
(PDMAEMA), poly(2-methacryloyloxyethyltrimethylammonium iodide)
(PMOTAI), and poly(3-methyl-1-(4-vinylbenzyl)imidazolium chloride)

can be made thermoresponsive, expressing UCST behavior in saline
solutions, by the addition of hydrophobic counterions such as trifluoro-
methanesulfonate (OTf) or bis(trifluoromethane) sulfonamide(NTf,).>*>°

However, upon the addition NaCl, a UCST cloud point
emerged. Thus, with a fixed amount of NTf, in the solution
the cloud points shift to lower temperatures with increasing
additions of NaCl, up to a certain NaCl concentration. This is
because of the competitive binding of the chloride and NTf,
ions to the polymer; as the binding reaches equilibrium, the
cloud point is no more affected by the increased amount of
salt. Increasing the polymer concentration decreased the cloud
point temperatures at fixed PMOTAI/NTS, ratios.>® Alkyl substi-
tution of the ammonium position results in an increase of the
Tcp with increasing hydrophobicity of the alkyl chain and with
BF," as the counterion. In 5% w/v solution T, was observed at
13 °C with methyl substituents, at 16 °C with one ethyl substi-
tuent, and at 46 °C with a butyl group.”®

Similarly to PMOTAI, the polymeric ionic liquid, poly(3-
methyl-1-(4-vinylbenzylJimidazolium chloride), exhibits UCST
thermoresponsiveness in the presence of NTf, and trifluoro-
methanesulfonate (OTf) (Fig. 9). However, the cloud points are
at much higher temperatures than those in the case of
PMOTAI, due to the more hydrophobic structure of the PIL.
The counter ion OTf is less hydrophobic than NTf,, thus more
OTf is required to turn the PIL thermoresponsive. Similarly, as
in the case of PMOTAI, the presence of NaCl decreases the
cloud point temperatures. Interestingly, the concentration of
this particular PIL does not affect the cloud point temperature,
which is in contrast with the previously described PIL in the
presence of BF, .>

Multivalent anions

UCST behavior may also be observed in PDMAEMA solutions
in the presence multivalent counterions, such as hexacyano-
ferrate, cobaltate, or chromate (Fig. 10).”°”°® As in the case
of OTf and NTf,, the polymer has to be sufficiently charged

This journal is © The Royal Society of Chemistry 2017
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Fig. 10 PDMAEMA shows UCST thermoresponsive behavior in the
presence of the multidentate anions, hexacyanochromate, -ferrate, or
-cobaltate. The size of the metal ion in the complex ion affects the
cloud points.”%7:58

(pH < 9) for a UCST cloud point to be observed in the presence
of hexacyano metal ions. Zhang et al. report that at pH 5 and
8, the cloud points are shifted to higher temperatures with
increasing the concentration of counterions and also, the
clouding occurs at a higher temperature at pH 5 than at pH
8. The authors report that the size of the metal cations in the
complex ion had an effect on the cloud points. The cloud
points shift to lower temperatures with the increasing atomic
number of the metal ions; that is, with decreasing ionic radii
of the metal ions. The charge densities of the ions change
with the increasing radius, and thus the binding affinities of
the metal hexacyano anions are different.”’”® By adjusting the
pH and the amount of the counterions, it is possible to
observe both the UCST and LCST behavior of the same
polymer. Also, the metal hexacyano anions are susceptible to
light and redox reactions.”*

Redox chemistry as a tool to affect the
cloud point of UCST polymers

Redox processes can affect the solution properties of the
polymer by changing either the structure of the polymer or the
oxidation state of a counterion. Both changes would affect the
intermolecular interactions of the polymers, thus inducing or
affecting the thermoresponsive properties of the polymers.
Recently Bertrand et al. reported on the thermoresponsive
behavior of poly(TEMPO methacrylate) (PTMA) in alcohol-
water solutions (Fig. 11). The cloud point temperature of the

o7 o ) o~ o
e
.
N N
. |
0

Fig. 11 The redox chemistry of poly(TEMPO methacrylate) affects the
solubility and hydrophilicity of the polymer, thus affecting the cloud
points in alcohol-water mixtures.®®
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Fig. 12 Protonated poly(ethylene oxide)-b-poly(2-vinyl pyridine) exhi-
bits UCST thermoresponsiveness in the presence of persulfate ions.

polymer increases with increasing polymer concentration,
increasing molecular weight, and decreasing polarity of the
solvent. The hydrophilicity of this polymer can be changed by
oxidizing the nitroxide radicals into oxoammonium cations.
This oxidation can be done electrochemically or chemically
with hypochlorite. The chemical oxidation is rather slow, and
the authors report on oxidation times up to 7 days, whereas
the electrochemical route is much faster, occurring within
5 hours. The oxoammonium anion can be reduced back to the
nitroxide radical. In general, the oxidation of the nitroxide
radical caused the cloud points to shift to lower temperatures,
as the polymers become more hydrophilic. In the electro-
chemical oxidation, the solubility (and the cloud point) of the
polymer can easily be cycled between soluble and insoluble
forms at a given temperature, by switching the potential.®°

Jia et al. report on the thermoresponsiveness and micelliza-
tion of protonated poly(ethylene oxide)-b-poly(2-vinyl pyridine)
in the presence of persulfate ions (Fig. 12). The divalent per-
sulfate ions were capable of inducing the formation of micelles
in aqueous solutions by complexing with the positively
charged pyridine moieties. Upon heating the micelles are
broken at 40 °C but are reformed after cooling to 25 °C, with
the reformed micelles being somewhat denser than the orig-
inal micelles. No noticeable change in the persulfate ion con-
centration was reported during repeated heating and cooling
cycles, confirming that the thermoresponsiveness was due to
decomplexation of the micelles, rather than the degradation of
the persulfate ions. A small amount of reductant was also
shown to disintegrate the micelles, which could be reformed
upon addition of persulfate. Increasing the molecular weight
of the poly(2-vinyl pyridine) block increased the cloud points,
whereas for oligomeric blocks no cloud points were detected.®*

Tuning the thermoresponsiveness of
polymers by light

Light can also manipulate the thermal properties of polymers
in solutions. Two known examples are polyelectrolytes with
light sensitive counterions and polymers with light sensitive
units in the main or side chains. Light sensitive multivalent
counterions can undergo a change in the valency upon
irradiation with light, thus changing the interaction between
the polymer and the ion. Conformational changes in the struc-
tural units of the polymers alter the solubility of the
macromolecules.
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Fig. 13 Transformation of the trivalent hexacyanocobaltate anion to a
divalent anion, via light-induced exchange of one cyano group with
water. 6263

Plamper et al. have observed that PDMAEMA shows UCST
behavior under the influence of hexacyanocobaltate counter
anions. However, the charge of the anion can be altered with
light. Under light irradiation one of the cyano groups of the
cobaltate is exchanged with a water molecule, resulting in a
divalent anion. The UCST behavior of PDMAEMA can be
turned off by irradiating the samples with UV light for
10 minutes at room temperature (Fig. 13).°>%

Azobenzene is a well-known dye that undergoes trans-to-cis
isomerization when irradiated with UV light (~320 nm) at the
n-n* absorption wavelength of the trans N=N double bond
(Fig. 14). The cis state will shift with time to the thermo-
dynamically more favorable ¢rans state due to thermal relax-
ation. The change can be accelerated thermally or by
irradiation with the wavelength of the cis state (n-n*,
~430 nm). The ratio between the trans and cis forms can be
followed by UV-Vis spectroscopy, from the absorbances of the
trans n-n* and cis n-n* transitions. Upon the trans-to-cis iso-
merization, the dipole moment of the azobenzene unit
increases from 0.5 to 3.1 D. This changes the solution pro-
perties of the molecule.®*

Wiktorowicz et al. incorporated azobenzene units in the
main chain of poly(azocalix-4-arene)s and poly(azidobenzo-18-
crown-6-ether)s (Fig. 15). Poly(azocalix-4-arene)s display UCST
behavior in methanol, ethanol, n-propanol, and 2-propanol.

trans-azobenzene cis-azobenzene

Fig. 14 The photoisomerization of azobenzene.

Re O N SO N SO

Fig. 15 Poly(azocalix-4-arene)s®® and poly(azidobenzo-18-crown-6-
ether)s®® exhibit photo tunable UCST phase transition in alcohols.
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The cloud point temperatures not only increase with the
increasing molecular weight or concentration but also with
decreasing polarity of the solvent, the least polar 2-propanol
giving the highest cloud points. The authors studied the effect
of the photoisomerization in ethanol and irradiated the poly-
mers with UV light at 365 nm at room temperature, a tempera-
ture above the cloud point of the polymer. The irradiation
caused a proportional decrease in the cloud point with increas-
ing the cis content in the polymer. The drop in the cloud point
indicates a better solubility of the polymer upon irradiation
and photoisomerization.®> A similar behavior is reported for
poly(azidobenzo-18-crown-6-ether)s, which exhibit UCST ther-
moresponsiveness in alcohols. As with the poly(azocalix-4-
arene)s the cloud point of poly(azidobenzo-18-crown-6-ether)s
increased with the increasing molecular weight of the polymer
or with the increasing polymer concentration. Irradiation of
the polymers shifted the cloud point from 45 to 15 °C, when
increasing the cis content from 35% to 65%. Complexation of
the crown ethers with barium increased the cloud point temp-
eratures but also diminished the shift of the cloud point
induced by irradiation, as the complexed barium ions acted as
cross-linkers in the polymer solution.®®

Azobenzenes as side groups in UCST polymers also have an
effect on the cloud point of the polymers. Zhang et al. pre-
pared a series of poly(methyl methacrylate) copolymers with
repeating units containing azobenzene (6-8%) and isopropyl-
amine or ethanolamine (6-8%). These copolymers show UCST
behavior in ethanol-water mixtures (Fig. 16). Upon irradiation,
the cloud points shift to lower temperatures due to the
increased polarity of the cis azobenzene group. The change in
the cloud point temperature caused by the photoisomerization
was observed to depend almost linearly on increasing the
water content. In pure ethanol, no change in the cloud point
was observed, but in 60% ethanol the cloud points changed 6
degrees during the irradiation.®”

Poly(N-isopropyl acrylamides) with 9 to 30% azobenzene
containing repeating units show a UCST phase transition in an
ionic  liquid  (1-ethyl-3-methylimidazolium  bis(trifluoro-
methane sulfone)amide) (Fig. 17). Upon irradiation and photo-
isomerization of the azobenzene groups, the cloud point

n m D <
o O HN 0 HT 0 R= or
R I
"
HN
N\ < >
\N
o)
Fig. 16 Poly(methyl methacrylate) copolymers with azobenzene

(6—8%) and isopropylamine or ethanolamine (6-8%) as side groups,
change their cloud point temperatures upon the photoisomerization of
the azobenzene groups.®”
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Fig. 17 The classical LCST polymer PNIPAM exhibits a phototunable
UCST transition in ionic liquids when copolymerized with an azo-
benzene containing a comonomer.%®

shifted from 50.9 to 7.9 °C. The transition broadened with the
increasing amount of azobenzene containing comonomers.
While the azobenzenes are in the cis-form, the polymer is
readily soluble at ambient temperatures. Illuminating the poly-
mers with light in the visible spectra turns the polymer in-
soluble, as the azobenzenes relax back to the planar and less
polar trans form.%®

Influencing the UCST phase transition
with pH

Protonation and deprotonation of functional groups is a way
to affect the hydrogen bonding and electrostatic interactions
of polymers. As has been shown above, both hydrogen bonds
and electrostatic interactions between polymers are important
in polymer solutions with a UCST transition. The interplay
between the two forces is delicate, as electrostatic interactions
can overrule the weaker hydrogen bonds, resulting in a loss of
the thermoresponsiveness of the polymers.

Higashi et al. prepared a series of poly(N-acryloyl amino
acid)s of the amino acids such as glycine, alanine, phenyl-
alanine, and valine (Fig. 18). The hydrogen bonding capabili-
ties of the polymers can be affected by protonation of the car-
boxylic acid. The polymers show thermoresponsive behavior in

% N
HN O
O,
R
OH

Fig. 18 pH sensitive poly(N-acryloyl amino acid)s (left)°” and the zwit-
terionic poly(L-serinyl acrylate) (right)’® that show pH dependent
thermoresponsiveness in agueous solutions.
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-CHz  Alanine

Q

HgN".
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solutions with pH under 3. In contrast, the methyl esters of
the polymers show LCST behavior. The solubility of the poly-
mers is also affected by the substituents in the side groups,
methyl and phenyl groups (alanine and phenylalanine) yield-
ing in less soluble polymers. The valine-derived polymer with
an isopropyl side group was not water soluble at all. The phase
transition of the phenylalanine-containing polymer was less
well defined than that in the case of the glycine and alanine
derived polymers.®’

Another example of a pH dependent UCST polymer is poly
(L-serinyl acrylate) (Fig. 18), which is thermoresponsive only at
low pH (2-3.5), where the polymer exists in its zwitterionic
form. As is typical for zwitterionic UCST polymers, the cloud
point shifts to higher temperatures upon increasing the mole-
cular weight of the polymer or the concentration of the solu-
tion. The addition of salt had an opposite effect, lowering the
cloud point. In the pH range of 2 to 3.5, the cloud point temp-
erature increased with increasing pH until a maximum was
reached at pH 2.8, after which the cloud point temperatures
started to decrease.”’

Poly(dimethyl 3,3"-(((1-(2-hydroxy-3-(methacryloyloxy)
propyl)-1H-1,2,3-triazol-4-yl )methyl)azanediyl) ~ dipropanoate)
and it derivatives (Fig. 19) show both UCST and LCST behavior
in phosphate buffered saline solutions (PBS), with pH from 4.7
to 7.8. Although all of these polymers showed both UCST and
LCST behaviors in PBS, only the carboxylic acid derivative
showed thermoresponsive behavior in water. In PBS, the LCST
cloud points of the polymers shifted to higher temperatures
with increasing pH and were between 40 and 60 °C. The UCST
cloud points, observed between 79 and 88 °C, are less affected
by the pH of the solution. The minute effect of pH on the
UCST cloud points is reasonable because the phase mixing

o)
R
R= H
N -OH
~
NNy 0
OH
—o0
R N

ol °

\

(e}

\

Fig. 19 Poly(dimethyl 3,3'-(((1-(2-hydroxy-3-(methacryloyloxy)propyl)-
1H-1,2,3-triazol-4-yl)methyl)azanediyl) dipropanoate) and it derivatives
show both the UCST and LCST behavior in buffered solutions, with pH
ranging from 4.7 to 7.8.7*
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occurs at a very high temperature where the polymers are
highly mobile, and both hydrogen and electrostatic bonds are
readily broken.””

Zhang et al. have demonstrated how the addition of pH sen-
sitive comonomers in a UCST polymer can be used to adjust or
change the cloud point of the polymer. Copolymers of acryl-
amide and acrylonitrile showed a cloud point at around 42 °C,
which is unaffected by a change in the pH from 3 to 10. pH
sensitivity was then created by adding comonomers carrying
either carboxylic or pyridine side groups to the structures. As a
next step, the authors synthesized a triblock copolymer with a
hydrophobic segment of poly(dimethyl acrylamide) as a
central block. The triblock copolymer had hydrophilic copoly-
mers at both ends, comprising of acrylamide, acrylonitrile,
and vinyl-4-pyridine. The triblock copolymers formed stable
micelles at the cloud point in solutions with pH ranging from
4.75 to 7.0. At a pH lower than 4.75, the micelles disintegrated.
These thermoresponsive micelles can thus release their cargo
by a change in the pH (or temperature, although the authors
did not discuss this aspect) of the solution.””

Ureido polymers discussed already above have also been
turned pH-responsive by succinylation or carboxylation
(Fig. 20). These derivatives contain both amino and carboxyl
groups, which make the polymers pH responsive. In solutions
where the amino or carboxylate groups are charged, the pres-
ence of salt decreases the cloud points. The carboxylate groups
are more affected by the salt than the ammonium cations, due
to the difference in their capabilities of forming hydrogen
bonds and affinities for counterions.*"**

Meiswinkel et al reported that copolymers of
N-vinylimidazole = and  1-vinyl-2-(hydroxymethyl)imidazole
exhibit UCST behavior in aqueous solutions, due to the hydro-
gen bonds between the -OH group and the basic nitrogen of
the imidazole (Fig. 21). An increase in the 1-vinyl-2-(hydroxy-
methyl)imidazole content shifted the cloud points to higher
temperatures, as it resulted in the formation of more hydrogen
bonds. The cloud points show pH dependency since the
amines can be protonated at low pH. Due to the high charge
of the polymer (vinylimidazole: 1-vinyl-2-(hydroxymethyl)imid-
azole, 1:1.2), no thermoresponsiveness was observed at pH
4. At pH 7, the cloud point occurred at 33 °C and in solutions
with pH 11 at 49 °C. The salt also had an effect on the cloud

NH NH NH NH
HZN/J\O o /l\o HzN/KO
O Carboxylated

poly(allylamine-co-allylurea)

Succinylated
poly(allylamine-co-allylurea)

Fig. 20 Ureido polymer derivatives containing amino and carboxyl
groups show a pH and salt-dependent thermoresponsive behavior.?+?2
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Fig. 21 The cloud point of poly(1l-vinyl-2-[hydroxymethyllimidazole-
co-vinylimidazole) is affected by the monomer ratio and the pH of the
solution, which both affect the overall amount of hydrogen bonds
between the polymers.”*

point of the copolymers, as it lowered the cloud pointofa1:1
copolymer from 41 to 26 °C in solutions with pH 7.”*

Conclusions

In this mini-review, we have collected examples of how stimuli-
responsive polymers, which undergo a UCST phase transition,
are affected by stimuli, such as ions, pH, light, and electricity.
These stimuli change the polarity of the polymers and thus
their capability of engaging in hydrogen or electrostatic inter-
actions, which are the key aspects in the solution properties of
UCST polymers. Although hydrophobic interactions are of
importance, their influence on the thermoresponsive behavior
of polymers in aqueous solutions is not as prominent as in the
case of LCST polymers. Due to the intense secondary bonding
between the repeating units, the cloud points of the thermo-
responsive materials are greatly influenced by the molecular
mass of the polymer, the polymer concentration in the solu-
tion, the presence of ions, and last but not least, the tempera-
ture of the solution. Together, all of these factors provide us
with a multitude of tools to tailor the solution properties of
thermoresponsive materials to meet the specific needs of any
application.

For several future applications, the UCST phenomenon is
worth further studies. The types of polymers discussed in this
review may be expected to find numerous uses, e.g. in drug
delivery systems where solid carriers dissolve upon heating.
Several UCST polymers as those based on amino acids, as well
as zwitterionic polymers are biocompatible. In diagnostic or
sensor devices one should be able to utilize the phase separ-
ation/mixing triggered by a certain analyte. Furthermore, UCST
polymers are excellent candidates as carriers for several types
of catalysts.
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