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Cononsolvency is an intriguing phenomenon where a polymer collapses in a mixture of good solvents.

This cosolvent-induced modulation of the polymer solubility has been observed in solutions of several

polymers and biomacromolecules, and finds application in areas such as hydrogel actuators, drug

delivery, compound detection and catalysis. In the past decade, there has been a renewed interest in

understanding the molecular mechanisms which drive cononsolvency with a predominant emphasis on
Received 28th January 2022, its connection to the preferential adsorption of the cosolvent. Significant efforts have also been made to
Accepted 14th March 2022 understand cononsolvency in complex systems such as micelles, block copolymers and thin films. In this
DOI: 10.1039/d2sm00146b review, we will discuss some of the recent developments from the experimental, simulation and

theoretical fronts, and provide an outlook on the problems and challenges which are yet to be
rsc.li/soft-matter-journal addressed.
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Fig. 1 Schematic representation of the coexistence line in dependence
on cosolvent fraction (green line). The chain conformations in the water-
rich and the cosolvent-rich region as well as in the miscibility gap are
sketched.

with increase in the cosolvent concentration as shown in Fig. 1.
The cononsolvency effect has been employed in a wide range
of applications such as sensing for detecting volatile organic
compounds® or enantiomeric excess,” catalysis,® hydrogel
actuators,” regulation of transport through nanopores,
separation processes based on selective precipitation,'™'> and
the formation of self-assembled nanostructures.”* Additionally,
the cononsolvency effect of thermoresponsive polymer brushes
has been utilized for the transportation of nanoparticles,"* and
the development of surfaces with tunable friction.">™'” Conon-
solvency has been observed in a wide variety of polymer and
bio-macromolecular solutions, to different extents, with a
broad range of cosolvents such as alcohols, acetone, dimethyl
sulfoxide and dimethyl formamide. Some of the well known
polymers which exhibit cononsolvency are poly(N-isopropyl-
acrylamide) (PNIPAM), other poly(acrylamides),'® poly(n-propyl-
2-oxazoline),”® poly(N-vinylcaprolactam)*>*' and elastin-like
polypeptides.” However other chemically similar polymers such
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as poly(2-cyclopropyl-2-oxazoline), do not feature conon-
solvency,”* and the reasons have not been clarified yet.

Although the cononsolvency phenomenon has been known
for the past 30 years, there is still no consensus on the driving
mechanism and the associated molecular interactions. An
important aspect which has been studied alongside cononsol-
vency is the preferential accumulation of the cosolvent on the
polymer. Intuitively, cosolvents which preferentially bind to the
polymer would promote polymer swelling due to the presence
of favorable polymer-cosolvent interactions. Conversely, cosol-
vents which deplete from the polymer surface would drive
polymer collapse. However, several recent observations have
shown that this simple picture is not generic and that prefer-
ential interactions with cosolvents,?*™2° specific salts*** and
cosolutes®*™? can trigger both polymer collapse and polymer
swelling. Over the past 10 years, there have been numerous
experimental, theoretical and simulation efforts to understand
the cononsolvency phenomenon and its connection with the
preferential adsorption of the cosolvent.

A number of experimental investigations
reported, addressing different aspects of the phenomenon,
such as cloud point variation,?*****™*> the energetics of the
transition,*® the dynamics of certain segments of the side group
or of the chain,*’™*° the solvent dynamics,*****° and the chain
size.>"** For studying these aspects, methods as different as
differential scanning calorimetry (DSC),*® nuclear magnetic
resonance spectroscopy (NMR),*” broadband dielectric spectro-
scopy (BDS),*® quasi-elastic neutron scattering (QENS),***° and
fluorescence correlation spectroscopy (FCS)>* were used.
Different polymers in large concentration ranges as well as
different cosolvents were addressed; however, most studies
focused on the PNIPAM/water/methanol system. Pressure was
found to reverse cononsolvency.’”>*~>® Recently, the effect of
cononsolvency on complex systems was investigated as well,
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such as polypeptides,® (micro)gels,” block copolymers,*>”>® thin
films®® and grafted polymer brushes."®

Simulation studies have predominantly focused on the con-
onsolvency and preferential adsorption in PNIPAM/water/alcohol
mixtures. To understand the molecular driving forces, a wide
variety of model systems ranging from generic bead-spring poly-
mer solutions®* to fully atomistic models™****"*7%3% have
been employed. In contrast to experiments, the simulation studies
have focused primarily on the effects of the cosolvent on the
single chain coil-to-globule transition. Such an approach is mean-
ingful as it is known that the bulk phase behavior in the polymer
solutions is coupled to the single chain coil-to-globule transition
at low cosolvent concentrations.>”° In the addition to simulations,
significant efforts have been made to develop theoretical ideas,
such as the adsorption-attraction model,”*”* scaled particle
theory approach,”* Flory-Huggins type mean-field theory,”>””
field theory approach,”®”® and cooperative hydration,**®
understand and compliment the experimental and simulation
results. Some of the prominent mechanisms which have been
proposed in the literature are based on attractive solvent-cosol-
interactions, polymer—cosolvent bridging interactions,
cosolvent-induced geometric frustration and cosolvent surfactant
effects. These will be discussed in detail in the forthcoming
sections.

Previous reviews addressed the cononsolvency behavior in
aqueous PNIPAM solutions, comparing the behavior of micro-
gels to the ones of homopolymers and macrogels.”> Mukherji
et al. contrasted the cosolvency and the cononsolvency behavior
in different polymer solutions.®* The cononsolvency in solu-
tions of polymers, chemically different from PNIPAM, has also
been discussed in a few earlier reviews.®*%> In attempting to
understand cononsolvency of polymers chemically distinct
from PNIPAM at a fundamental level, a combined use of
experiments and simulations is required to obtain a complete
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picture of all relevant molecular interactions. While spectro-
scopic methods provide ways to probe these interactions, it is
often difficult to separate their contributions in complex poly-
mer/water/cosolvent systems where the various length scales
pose additional problems. Molecular simulations provide com-
plementary information at the atomic level that can aid the
interpretation of experiments, but require the availability of
well-balanced force fields. These should be sufficiently accurate
to reproduce experimental data, such as the enthalpy of the
coil-globule transition, which depends on the strength of the
hydrogen bonds between polymer and water. While this accu-
racy has been achieved for PNIPAM,°*®® no further studies have
been reported to our knowledge that validate force fields for
responsive polymer systems based on different chemical con-
stituents. Therefore, experiments and simulations should go
hand in hand to investigate effects related to cononsolvency
beyond the application to PNIPAM. As specific chemistry is
used to tune swelling and collapse transitions in applications
of the cononsolvency effect, a detailed understanding of all
relevant interactions involved is needed.

Here, we summarize the recent experimental, simulation
and theoretical developments, focusing on the connection
between the preferential adsorption of the cosolvent and con-
onsolvency. A significant emphasis has also been placed on
understanding the cononsolvency phenomenon in biomacro-
molecules and complex systems. In this review, we highlight
the connections, or lack thereof, between the experimental
findings and the simulation or theoretical observations.
We also discuss aspects which are yet to be understood and
provide an outlook to the associated problems and challenges.
The review is structured as follows: We summarize experimental
findings on interactions between the polymers, the solvent and
the cosolvent and their effect on the chain conformation and
dynamics. After a description of the PNIPAM/water/methanol
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system, we address the effect of other alcohols and the conon-
solvency effect in other polymers. In the subsequent section, the
mechanisms, proposed from simulation and theoretical studies,
and the associated shortcomings are described. In the third
section, further developments, such as studies on the effects of
pressure on cononsolvency as well as the cononsolvency effect in
polypeptide solutions, microgels, self-assembled micelles and
thin films from thermoresponsive polymers are discussed.

2 Polymer-solvent/cosolvent
interaction

This section focuses on the interactions between the polymer
segments with the solvent and the cosolvent. In the first part,
experimental findings are reviewed and discussed. The second
part revisits the underlying thermodynamics and describes
results from simulations.

2.1 Experiments

Most experimental studies of the interactions between the
polymer segments, water and the cosolvent with the aim of
understanding the molecular origin of the cononsolvency effect
were carried out on PNIPAM solutions in water/methanol
mixtures. A few recent investigations are discussed in the first
part of this section. Afterwards, we summarize findings
from studies using alcohols other than methanol. Finally, the
cononsolvency effect in solution from polymers chemically
different from PNIPAM is described.

2.1.1 The PNIPAM/water/methanol system. In the PNI-
PAM/water/methanol system, the radius of gyration of the
polymer chain assumes a minimum at a methanol volume
fraction in the range of ca. 20-35%, when the temperature
is below the cloud point of PNIPAM in pure water, with the
exact value depending on the PNIPAM molar mass®" and
concentration.”® A number of methods have been used recently
to characterize the energetics of the transition and the
monomer-solvent interactions as well as the dynamics on
different time scales.

The energetics of the phase transition of PNIPAM solutions
in water-methanol mixtures were addressed by Grinberg et al.
using differential scanning calorimetry (DSC) on solutions
covering a wide range of polymer concentrations.*® Fundamen-
tally different behavior was found for methanol molar fractions
below and above x,,, = 0.35, where the transition temperature
assumes a minimum. Below this value, the dependence of the
transition temperature, the transition enthalpy and the width
could be quantitatively explained by the Okada-Tanaka model
(Fig. 2).%° The authors assign this finding to the importance of
the cooperative hydro-solvation in the shell formed by water-
methanol complexes. In contrast, at x,, > 0.35, the behavior
was found to be similar to that of polymer solutions in organic
solvents, that feature Flory-Huggins type behavior.

Using 1H nuclear magnetic resonance (NMR) spectroscopy,
Mukherji et al. showed that the mobility of the side group of
PNIPAM is reduced with increasing methanol content.*’ It was

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Results from DSC on PNIPAM solutions (2-150 mg ml™) in
different water/methanol mixtures. (a—d) Excess heat capacity functions
of PNIPAM per monomer unit at the methanol weight fractions of (a) 5,
(b) 10, (c) 20, and (d) 30% (symbols). Lines are calculated following the
Okada-Tanaka model. (e) Symbols: resulting correlation between the
measured calorimetric enthalpy of PNIPAM (per PNIPAM monomer unit)
and the transition enthalpy corresponding to the polymer dehydration
heat calculated on the basis of the Okada—Tanaka theory. Red line: linear
fit. Adapted with permission from ref. 46. Copyright 2020. Reproduced
with permission from The American Chemical Society.

suggested that the reduced mobility is due to the accumulation
of side groups in the inner part of the globules, leading to an
encapsulation of methanol inside the globules due to preferential
adsorption of methanol at the side groups. This claim was
supported by complementary molecular dynamics simulations.
In a time-resolved NMR study of the osmosis of methanol through
a membrane, that was impermeable for PNIPAM, information
about the behavior of methanol could be obtained.*” For a molar
fraction of methanol x,, = 0.15 and a temperature of 25 °C, the
amount of methanol in the compartment containing only the

Soft Matter, 2022, 18, 2884-2909 | 2887
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solvents decreased with time before it stabilized after ca. 150 h.
This decrease was assigned to the preferential adsorption of
methanol at the polymer, which was assumed to drive the
polymer collapse observed for this solvent composition. Several
studies indicate an enrichment of alcohol for the case of PNIPAM
gels in binary water-alcohol mixtures, as will be discussed in
more detail further below.?” %

It emerged recently that the dynamics of the chain and of the
solvent molecules are sensitively affected by a cosolvent,>®83%%
Using broadband dielectric spectroscopy (BDS) on dilute solutions
of PNIPAM in a series of water/methanol mixtures covering the
entire composition range, Yang and Zhao identified a number of
relaxation processes at room temperature.*® These comprise the
global motion of the chain, the local motion of the backbone, the
motion of the side group, and the dipole orientation of the solvent
molecule. For x,, increasing from 0 to 0.15, the PNIPAM chains
collapse, and the solvation unit that solvates PNIPAM is composed
of one water molecule (Fig. 3). For x,, = 0.15-0.50, methanol
molecules attach to the water molecules in the solvation unit.
Since they attach mainly with their hydroxyl unit, a hydrophobic
layer can be expected to be formed by the methyl groups on the
surface of the solvated PNIPAM chain. These findings indicate
that the PNIPAM chains are collapsed, even though they are
immersed in a water-rich environment. For x,, > 0.50, more
and more methanol molecules participate in the solvation of
PNIPAM by forming water-methanol clusters. This clustering
reduces the hydrophobic effect and causes a reswelling of the
chains. Finally, as x,,, = 1.0 is approached, the solvation unit is
composed of three methanol molecules. The results highlight the
importance of the composition of the solvation shell of the
polymer for the cononsolvency effect.

Exploiting the possibilities for contrast variation in neutron
scattering, the dynamics of the water molecules in the solvation
shell are accessible using quasi-elastic neutron scattering
(QENS). A concentrated solution of PNIPAM (25 wt%) in a
mixture of H,O and fully deuterated methanol, CD;OD, with
a volume fraction of CD;OD of 15% was investigated by

hydrophobic surface
formed by methanol

hydrophobic

collapse 2
P _--—=-effect decrease

solvation unit

(a) (b)

hydrophobic surface

View Article Online
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Kyriakos et al. in dependence on temperature across the cloud
point.?® For this choice of solvents, the scattering signal of H,O
dominates, and two types of water could be distinguished,
namely strongly arrested and weakly arrested water. Upon
heating through the cloud point, the strongly arrested water
is partially released from PNIPAM. In contrast, the dynamic
properties of the weakly arrested water species are similar to
the ones in the absence of PNIPAM. Above the cloud point, its
residence time decreases, while its fraction increases. Overall,
these two types of water behaved very similarly to water in a
purely aqueous solution of PNIPAM. In a complementary QENS
experiment, the dynamics of methanol was addressed in solu-
tions of the same polymer having the same composition, now
using a mixture of D,O and CH;OH as a solvent.?® Methanol
was found to both form complexes with D,O and to be
associated with the PNIPAM chains. Thus, methanol is present
in the hydration shell of PNIPAM. Later, temperature-resolved
QENS experiments by Niebuur et al. were carried out across the
cloud point of a 25 wt% solution of PNIPAM in a mixture of
H,O and CD;OD with a similar volume fraction of CD;0D,
namely 20%.>° Converting the dynamic structure factor into the
dynamic susceptibility revealed more detailed information on
the dynamics of the hydration and the bulk water than the
analysis of the dynamic structure factor, as carried out by
Kyriakos et al.*® Especially, the dynamics of the hydration water
can be clearly distinguished from the one of the bulk water. Far
below the cloud point, the solvent phase was found to be
enriched with water, thus methanol is preferentially adsorbed
on the chains. Close to the cloud point, the effective solvent
composition approaches the nominal ratio, i.e. preferential
adsorption is diminished. A weakening effect of adsorbed
methanol molecules on the binding strength of water with
PNIPAM was observed. Moreover, the previously observed
release of a part of the polymer-bound water at the cloud point
could be confirmed. The interaction between the solvent mole-
cules and the hydrophobic groups of PNIPAM were probed
in complementary temperature-resolved Raman spectroscopy

re-extend re-extend

(c) (d)

Xmelh:mol:O “(melh:mol:o'z-i

~_  PNIPAM

xnn‘lhanol:()- 75 xme?h.mol: 1
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Fig. 3 Results from BDS on a dilute solution of PNIPAM in a series of water/methanol mixtures having different compositions. The interactions between
the solute PNIPAM and the solvation units (blue shadow) differ as the methanol content is increased, because the composition of the solvation unit
changes from being water-rich to methanol-rich. For compositions in the miscibility gap, the surface of the solvated chain appears hydrophobic.
Adapted with permission from ref. 48. Copyright 2017. Reproduced with permission by Wiley Periodicals Inc.
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measurements across the cloud point, confirming that the
hydration of the hydrophobic groups of PNIPAM in the
presence of methanol below the cloud point is weaker than in
a purely aqueous PNIPAM solution.>® Thus, it could be con-
cluded that, below the cloud point, at the hydrophobic groups,
a fraction of the hydration water is partially replaced by
methanol.

In a combined dynamic light scattering (DLS) and neutron
spin-echo (NSE) study, Raftopoulos et al. investigated the chain
dynamics of PNIPAM dissolved in mixtures of D,O and fully
deuterated methanol having different compositions (0-15 vol%
of CD;0D).*® The polymer concentration was chosen at 9 and a
25 wt%. DLS revealed two dynamic processes (Fig. 4(a)). The
fast diffusive process, that is also observed in the intermediate
structure factor from NSE, was attributed to the relaxation of
the chain segments within the blobs, with the corresponding
diffusion coefficient decreasing with increasing methanol content.

~~
Q

Autocorrelation function ™~

pure D,O
10 vol% CD,0D
15 vol% CD,0D

-—d
o
'

s p un/

o
™
2

o
(o)

o
s

O
(¥

0.0 S— -
102 102 10" 10° 10" 102 10° 104
(b) Delay time (ms)
E T
£
< 20
k)
o
o
5101 -
®
()
=
(o]
(&)
o
£
O
E
o 2 .
1 10 30

Tc =T (K)

Fig. 4 Results from DLS on a semidilute solution of PNIPAM (9 wt%) in
mixtures of D,O and CDsOD having the CDsOD volume fractions given in
(a).*° (a) Representative normalized intensity autocorrelation functions at
22 °C. (b) Dynamic correlation length from the fast mode of all solutions vs.
T—T in a double-logarithmic representation, where T. is the critical
temperature. Same symbols as in (a). The lines have a slope of —0.63.
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The corresponding dynamic correlation length of concen-
tration fluctuations follows critical scaling with temperature,
and the values of the exponent point to 3D Ising rather than
mean-field behavior (Fig. 4(b)). The authors speculated that this
is related to the additional observed slow dynamic process,
which is due to large-scale dynamic heterogeneities (Fig. 4(a)).
Since these are even more pronounced for the higher polymer
concentration, they seem to be related to interchain inter-
actions. These observations on the fast and the slow dynamic
process point to the importance of methanol on the chain
dynamics and the interchain interactions, resulting in strong
large-scale heterogeneities.

To summarize, PNIPAM in water/methanol was investigated
in a large range of PNIPAM concentrations and in a large range
of solvent compositions. Methods addressing different aspects
have been used: Various spectroscopies (NMR, Raman, BDS
and NSE) and DLS gave information about the segment
dynamics of PNIPAM in presence of the two solvents, QENS
elucidates the fraction and dynamics of the hydration water
and the cosolvent, while DSC allowed quantifying the ener-
getics of the transition. The picture that emerges is that the
cosolvent methanol is present near the chain and perturbs the
hydration water shell. At larger length scales, the cosolvent has
a strong effect, which points to an alteration of the interchain
interaction.

2.1.2  Other alcohols. The effect of the cosolvent ethanol on
the chain conformation in extremely dilute aqueous solutions
of PNIPAM was investigated by Wang et al. using fluorescence
correlation spectroscopy (FCS) on dye-labeled polymers.>
Studying dye-labeled polymers having different molar masses
and narrow molar mass distributions allowed accessing the
hydrodynamic radii and the Flory exponent v (Fig. 5). The
exponent is 0.57 in both neat water and neat ethanol, confirm-
ing the good solubility of PNIPAM in the neat solvents. In the
mixtures, the v values decrease to ca. 1/3 at molar fractions of
ethanol of 0.09 and 0.25. In-between, polymer aggregation
hampers the determination of the exponent. From the absence
of a polymer concentration dependence, the authors concluded
that the polymer-induced formation of complexes between the
two solvents cannot be at the origin of the cononsolvency effect.
The shape of the dependence of v on the molar fraction of
ethanol—a sharp decrease on the water-rich side and a more
progressive increase on the ethanol-rich side—supports the
mechanism of cooperative adsorption of the water, which is
perturbed by the less cooperative adsorption of ethanol. The
sharpness of the v curve increases with the molar mass of
PNIPAM.

A dilute solution of PNIPAM in a series of mixtures of D,O
and deuterated ethanol (d-ethanol) was investigated by
Hore and Hammouda in dependence on temperature using
small-angle neutron scattering.>® In this system, lower critical
solution temperature (LCST) behavior is encountered at low
d-ethanol fractions, a miscibility gap at intermediate composi-
tions, and upper critical solution temperature (UCST) behavior
at high d-ethanol fraction. Using the random phase approxi-
mation model and assuming an excluded volume chain
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lines denote the theoretical values of the static scaling index for a random coil (0.588), an undisturbed coil (0.5), and a compact globule (1/3). Copyright

2012. Reproduced with permission from The American Chemical Society.

conformation, the Flory-Huggins interaction parameters between
the three components could be deduced from the shape of the
scattering curves. It emerges that, for D,O fractions up to 40 vol%,
interactions between PNIPAM and d-ethanol are favored over
those between PNIPAM and D,O and between D,O and d-
ethanol. The non-linear composition dependences of the inter-
action parameters led the authors to speculate that a competition
between the formation of D,O/d-ethanol complexes and the
solvation of the PNIPAM chains is at play and that the former
may dominate in the intermediate composition range.

2.1.3 Other polymers. Cononsolvency was also found in
solutions of polymers chemically different from PNIPAM. Find-
ings until 2015 were summarized in a review article by Zhang
and Hoogenboom.?*

Analogs of PNIPAM were investigated with respect to the
structure of the entire polymer (linear PNIPAM vs. 4-arm PNIPAM
stars), the nature of the side groups (linear poly(N-n-propyl-
acrylamide) vs. PNIPAM) and the hydrophobicity of the terminal
groups.*> As solvent, mixtures of water and propanol were
chosen. The critical solution temperature was found to be
affected by the size and shape of the hydrophobic region of
both the solvent and n-alkyl acrylamide monomer.

Poly(N-vinylcaprolactam) (PVCL) was reported by Kirsh et al.
to feature peculiar behavior in different alcohols.”’”*! Upon
addition of methanol to aqueous PVCL solutions, the cloud
point increases weakly up to a volume fraction of methanol
of 40% and steeply above. The addition of ethanol, iso- or
n-propanol or tert-propanol lowers the cloud point up to
10-20 mol% of the respective alcohol, while the cloud point
increases sharply to >60-80 °C at higher mole fractions.

Complex behavior was found by Su et al. in poly[N-(4-vinyl-
benzyl)-N,N-diethylamine]: while it shows UCST behavior in pure
isopropanol, it features a LCST transition in isopropanol/water

2890 | Soft Matter, 2022, 18, 2884-2909

mixtures having water contents higher than 15 wt%.** In the latter
mixtures, the cloud point decreases with increasing water content.

Pooch et al. investigated various poly(2-oxazoline) homopo-
lymers in water/methanol mixtures (Fig. 6(a)).”> In water/
methanol mixtures, a depression of the cloud point tempera-
ture was observed for poly(n-propyl-2-oxazoline) (PnPOx), which
is most pronounced at a methanol content of 35 vol%, but this
was not observed for poly(2-isopropyl-2-oxazoline) (PiPOx) or
poly(2-cyclopropyl-2-oxazoline) (PcyPOx, Fig. 6(b)). By means of
high-resolution 1H NMR spectroscopy, the bond rotations
depicted in Fig. 6(c) were characterized. From the endotherms
observed in calorimetric experiments at the cloud points
(Fig. 6(d)-(f)) and by comparing them to the ones in the
corresponding PNIPAM solutions, the authors identified a
sharp and symmetric shape of the endotherm as a character-
istic of a cooperative transition. By comparing the behavior of
poly(n-propyl-2-oxazoline), that features cononsolvency, with
the ones of of poly(2-isopropyl-2-oxazoline) or poly(2-cyclo-
propyl-2-oxazoline), which do not show a cononsolvency effect,
they identified the extent of rotational freedom of the side
group as a controlling factor determining the occurrence
of cononsolvency by affecting the entropy/enthalpy balance.
This aspect has so far not been considered in theoretical
approaches.

The thermoresponsiveness of the random copolymer
poly(N-acryloylpiperidine-random-N-acryloylpyrrolidine) was investi-
gated by Lucht et al in mixtures of water with different
mono- and bivalent alcohols.** Depending on the nature of the
alcohol, the cloud point is shifted upwards or downwards. The
results were discussed in terms of polymer-additive as well as
additive-water interactions: Hydrophobic interactions between
the polymer and the hydrophobic part of ethanol and the
resulting overall hydrophilic appearance of the polymer-ethanol

This journal is © The Royal Society of Chemistry 2022
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(@) Chemical structures of the polymers investigated. (b) Cloud points of the

different polymers in water/methanol mixtures as a function of MeOH volume fraction, as determined using turbidimetry. Same colors as in (a). (c) Three-
dimensional representation of one PcyPOx repeating unit. The slowly rotating bonds CO-N () and C-CO (f) are indicated. (d—f) Thermograms of (d)
PnPOx, (e) PiPOx, and (f) PcyPOx in aqueous methanol solutions for the methanol volume fractions given. Copyright 2019. Reproduced with permission

from The American Chemical Society.

complexes were suggested to be responsible for the increase of
the cloud point. The authors speculated that the formation of
hydrogen bonds with the OH-groups of the alcohols may result
in an overall hydrophilic appearance, for instance for bivalent
alcohols.

To summarize, these experiments gave valuable and detailed
insight into molecular aspects like the composition of the
solvation shell, the arrangement of the two solvents on the
chain, their way of binding and their dynamics, the composi-
tion of the bulk solvent mixture, the role of the chemical nature
of the segment and the energetics of the transition in solvent
mixtures as well as on the dynamics of the chain and its
segments in the solvent mixtures. Moreover, not only the
solvent molecules being in direct contact with the polymer
may play a role, but also those in the second and third solvation
shells. These aspects have to be studied in atomistic simulations,
which, to date, are limited to single, short chains. For most
experimental methods, however, a certain polymer concentration
is necessary to obtain sufficient signal.

Single-molecule experiments with atomic force microscopy
or optical tweezers might fill this gap, such as those carried
out by Kutnyanszky et al.®* and Kolberg et al.®* In the latter
study, the force-extension behavior of single PNIPAM and
poly(ethylene glycol) chains in aqueous environment was studied
with AFM and molecular dynamics (MD) simulations, and
the relation between hydration interactions and temperature-
dependent effects was determined from the corresponding
force-extension curves.”” Possibly, such experiments can in

This journal is © The Royal Society of Chemistry 2022

the future be used to provide information on the interactions of
water and cosolvents with the polymer and the resulting chain
conformation. Such results could be linked to simulations.

Further insight on the composition of the solvation shell as
well as the dynamics and the interactions between the compo-
nents may be gained from modern spectroscopy methods.
For instance, ultrafast optical Kerr-effect spectroscopy allows
characterizing the water dynamics in the solvation shell.”®
A combination of Raman spectroscopy and Multivariate Curve
resolution (MCR) techniques have been utilized to study the
structure of the solvation shell and its dependence on pertur-
bations such as addition of cosolutes and conformation
change.* ¢

2.2 Theory and simulations

Theoretical and simulation studies on cononsolvency have
predominantly focused on the coil-to-globule transitions of short
single polymer chains in water/alcohol mixtures.>3>6-27:60:63-66,68,69
Understanding these single chain transitions can provide insights
on the experimental results from bulk systems, as it has been
shown that the transition temperatures of the coil-to-globule
transition of linear PNIPAM chains or the volume phase transition
of PNIPAM microgels coincide with the phase transition tempera-
ture in water/alcohol mixtures in the regime of low alcohol
content.>%” Additionally, the results from these simulations can
be linked to observations from experiments on single molecules
(atomic force microscopy) and dilute polymer solutions, as dis-
cussed in the previous section. An important point which has
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emerged from the experimental studies (see Section 2.1.1) is that
alcohol molecules accumulate near the chain and significantly
alter the local environment of the polymer. In agreement with
these experimental findings, simulations studies have also shown
that the cononsolvency behavior with amphiphilic cosolvents,
such as alcohols and acetone, is accompanied by the preferential
adsorption of the cosolvent.>**®?7%36458 Although different
mechanisms have been proposed to explain the cononsolvency
phenomenon, its molecular origin remains incompletely
understood.

Before discussing the different mechanisms, it is important
to understand the thermodynamic relations between polymer
collapse and the preferential adsorption of the cosolvent.
Aqueous solutions of polymers such as PNIPAM and poly(N,N-
diethylacrylamide) (PDEAM) exhibit a LCST type phase transition
which is experimentally observed to be first order (two state coil-
globule equilibrium).”*'°> Note that simulation studies, with
short polymer chains, have shown that the coil-to-globule transi-
tions in these systems also exhibit a two-state behavior.***"
Given this two-state behavior, one can consider coil (C) and
globule (G) chains as two distinct species which are in
equilibrium,

C=2aG (1)

As a convention for ternary systems, the solvent (water) is
indexed by 1, the polymer by 2, and the cosolvent by 3. Then,
the free energy change associated with the coil-to-globule

transition Aug ¢ is

Aps™C = s — u§ (2)

where 45 and 45 are the excess chemical potentials of the
globule state and the coil state of the polymer, respectively.
Note that the polymer predominantly adopts a coil state when
Au$~¢ > 0, while it predominantly adopts a globular state
when Aus~¢ < 0. The dependence of the excess chemical
potentials corresponding to this two-state equilibrium on the
cosolvent concentration can be described with Kirkwood-Buff

theory and is provided by the following expression,"°®*”

3#5) i23 ;
= —RT , 1i=C, G 3
(3/’3 Tp p3(1 = p3(Ga1 — G3)) (3)

where p; is the molar concentration of the cosolvent, R is the
gas constant, T the temperature, and Gz;, G;; represent the
cosolvent-solvent and cosolvent-cosolvent Kirkwood-Buff
integrals of the bulk binary solvent mixture. The quantity I'b;
is the preferential adsorption coefficient defined as I'h; =
pS(Gi23 - Gi21) in which Gi; and G}, are the polymer-cosolvent
and polymer-solvent Kirkwood-Buff integrals for state i (coil or
globule) of the polymer. The Kirkwood-Buff integrals represent
measures for the affinities between solution components. The
cosolvent is preferential adsorbed when the polymer-cosolvent
affinity is larger than the polymer—solvent affinity, i.e. G5; >
Gy, orI''; > 0, and depleted otherwise, i.e. G < Gy orI'h; < 0.
Eqn (3) is exact in the limit of low polymer concentrations where
polymer-polymer interactions can be neglected. It expresses the
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intuitive fact and thermodynamic necessity that the chemical
potential of the polymer decreases as a function of the cosolvent
concentration when the cosolvent preferentially adsorbs on it.
Conversely, the chemical potential of the polymer increases as a
function of the cosolvent concentration when the cosolvent is
depleted from the solvation shell of the polymer. The dependence
of the polymer collapse free energy on the cosolvent concentration
can then be expressed in the following way

(6Au§"6> _ et AT
s )1, p3(1 = p3(G31 — G33))

4

where AI'S;"C = I'S, — I'S, is the difference between the
preferential adsorption coefficients of the globule state and
the coil state. The above relation elegantly captures the depen-
dence of the coil-globule equilibrium on the excess accumula-
tion of the cosolvent in the solvation shell of the coil and
globule states. Note that the coil-globule equilibrium shifts
towards the globule state when (9AuS ~%/dp;) < 0 and towards
the coil state when (OAuS ~©/dp;) > 0. Hence, another intuitive
fact and thermodynamic necessity which arises is that the
coil-globule equilibrium shifts towards the state to which
the cosolvent binds stronger. This essentially expresses Le
Chatelier’s principle because this state corresponds to the side
of the equilibrium that counters the change in cosolvent
concentration most effectively. Thermodynamically, for systems
exhibiting polymer collapse with preferential cosolvent adsorp-
tion, such as PNIPAM in water/alcohol mixtures, the chemical
potentials of the coil and globule states both decrease as a
function of the cosolvent concentration (eqn (3)) with a rate of
change that is higher for the globule state to which the alcohol
adsorbs stronger, (AI'S;”¢ > 0 in eqn (4)).

Note that I';; quantifies the effective polymer—cosolvent
(relative to polymer-solvent) thermodynamic affinity but does
not provide any information about the underlying intermole-
cular interactions involved. Although most of the proposed
mechanisms satisfy the aforementioned thermodynamic neces-
sities, they make different assumptions on the intermolecular
interactions responsible for cononsolvency and preferential
cosolvent adsorption. The different mechanisms will be dis-
cussed in detail in the forthcoming sections.

2.2.1 Attractive interactions in the bulk solvent-cosolvent
mixture. One of the earliest mechanisms attributed the coil-
globule-coil transitions of the polymer chain to the strong
attractive interactions between the solvent and cosolvent
molecules.'®®'%° At low cosolvent concentrations, the solvent-
cosolvent attractive interactions reduce the amount of solvent
available for solvating the polymer, which favors polymer
collapse (see Fig. 7(a)). In contrast, at high cosolvent
concentrations, the polymer chain is resolvated by the excess
cosolvent leading to polymer swelling.'’®'% Initially, this
mechanism was proposed on the basis of observations from
the three-component Flory-Huggins (FH) mean-field theory.'*®
In the FH theory, pairwise attractive interactions between
different components were modelled through effective inter-
action parameters, y;. For a miscible solvent-cosolvent mixture

This journal is © The Royal Society of Chemistry 2022
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(c) Geometric frustration

(d) Cosolvent surfactant mechanism

Fig. 7 Proposed mechanisms for the cononsolvency phenomenon. (a) Cosolvent—solvent attraction: strong attractive solvent—cosolvent interactions
lead to a decrease in overall solvation causing polymer collapse. (b) Enthalpic bridging: cosolvent-facilitated bridging interaction between monomer units
which causes polymer collapse. (c) Geometric frustration: the cosolvent preferentially adsorbs and geometrically frustrates the ability of solvent to form
hydrogen bonds with the polymer, leading to polymer collapse. (d) Cosolvent surfactant mechanism: amphiphillic cosolvents preferentially adsorb on the
polymer surface via a surfactant-like mechanism. This adsorption is stronger to the globule state, due to its smaller surface area, in comparison to the coil
state, thereby leading to polymer collapse. Red and blue beads indicate cosolvent and solvent molecules, respectively.

Zes < 2.0, while for a strongly associating solvent-cosolvent
mixture y.s < 0. Note that cononsolvency, within the scope
of FH theory, can only be observed for strongly associating
solvent-cosolvent mixtures. However, calculations based on
vapor-liquid equilibrium data of water/methanol mixtures
showed that y.s > 1 for all methanol concentrations.**° In this
regard, it was hypothesized that the attractive interaction
between the cosolvent and water is enhanced by the polymer
which leads to y.s < 0. Note that such a behavior was observed
in the work of Jia et al., where a combination of SANS measure-
ments and the random phase approximation model was
employed to estimate the FH interaction parameters for the
ternary PDEAM-D,0/d-ethanol mixtures.""" Their results are
shown in Fig. 8(a) where it can be seen that the D,O/d-
ethanol Flory Huggins parameter, in PDEAM-D,0/d-ethanol
mixtures, is negative.

Based on the correlation between the concentration depen-
dence of the LCST (in PNIPAM/water/alcohol mixtures) and the
enthalpy of mixing in water/alcohol solutions (see Fig. 8(b) and
(), Bischofberger et al. proposed that adding small amounts of
alcohol to a solution of a thermoresponsive polymer in neat
water leads to strengthening of the attractive energetic interac-
tions in the bulk water/cosolvent mixture. This, in turn, would
increase the solvation free energy of the polymer chain, thereby
causing it to collapse.”>®” The cononsolvency behavior was
then hypothesized to be dependent on the interplay between
the attractive polymer—(co)solvent interactions in the solvation
shell and the attractive energetic interactions in the bulk
solvent/cosolvent mixture where the former favors the coil state

This journal is © The Royal Society of Chemistry 2022

and the latter the globule state.”” Based on this mechanism, it
was hypothesized that PDEAM, due to its larger solvent acces-
sible surface area (SASA), has stronger attractive interactions
with the solvent/cosolvent mixture compared to PNIPAM, which
overcompensates the enhanced attractive interactions in the
bulk solvent/cosolvent mixture due to the addition of metha-
nol. This might be the reason for the absence of cononsolvency
in PDEAM/water/methanol systems.””

Although these mechanisms were able to rationalize the
coil-globule-coil transitions with the addition of alcohols, they
could not explain the preferential adsorption of alcohol mole-
cules. In the FH mean-field theory, the cosolvent-induced
polymer collapse leads to an increase in the solvation free
energy (and chemical potential) of the polymer. From eqn (3),
it can be seen that such a trend corresponds to the depletion of
the cosolvent. This was observed in simulations involving
a Lennard-Jones (LJ) polymer in an associating L] solvent-
cosolvent mixture.""* However, cononsolvency in alcohol/water
mixtures is accompanied by preferential adsorption of the
cosolvent which indicates that this mechanism may not be
applicable in such systems.

2.2.2 Polymer-cosolvent bridging interactions. To under-
stand the correlation between the polymer conformation and
polymer-cosolvent attractive interactions, Heyda et al.>* per-
formed MD simulations of a system consisting of a coarse-
grained homopolymer chain in an implicit solvent (solvent
effects are included in the polymer-polymer pair interaction
potential) and explicit cosolvent. They observed three different
regimes, corresponding to weak, intermediate and strong

Soft Matter, 2022, 18, 2884-2909 | 2893
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Fig. 8 Attractive interactions in the bulk solvent—cosolvent mixture:
(a) dependence of the Flory—Huggins interaction parameter, yp20-d-ethanol
on the temperature for different D,O wt% from ref. 111 (b) Dependence of the
cloud point temperature, T., on the alcohol molar fraction, Xacono. for
different PNIPAM/water/alcohol mixtures from ref. 97 (c) Dependence of
the excess enthalpy of mixing, AHg, on the alcohol molar fraction, Xaiconot for
different water/alcohol mixtures as measured at 25 °C from ref. 112 Data in
(a) has been reprinted (adapted) from ref. 111 Copyright 2016. Reproduced
with permission from The American Chemical Society. Data in (c) has been
reprinted (adapted) from ref. 112 Copyright 1965. Reproduced with permis-
sion from The American Chemical Society.

polymer—cosolvent attractions. Weak polymer-cosolvent attrac-
tions lead to preferential depletion of the cosolvent and collapse
of the polymer. Note that, in an implicit solvent model, weak
polymer—-cosolvent attraction can be interpreted as a conse-
quence of strong solvent-cosolvent attractive interactions.
Therefore, the mechanism driving polymer collapse in the weak
polymer-cosolvent attraction regime is similar to the one
discussed in the previous section. In contrast, intermediate
polymer-cosolvent attractions drive polymer swelling and
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preferential adsorption of the cosolvent. These two regions
are in agreement with conventional mechanisms which pro-
pose that cosolvent depletion drives polymer collapse while
cosolvent adsorption drives polymer swelling. In the strong
polymer—cosolvent attraction limit, the cosolvent preferentially
adsorbs on the polymer and leads to polymer collapse. Here,
the polymer collapse is driven by the monomer-cosolvent
bridging interactions which bind together distant monomers.
This correlation between the preferential adsorption of the
cosolvent and the collapse of the polymer chain was adopted
to explain the cononsolvency behavior in PNIPAM/water/
methanol solutions by Mukherji and Kremer.>®

Mukherji and Kremer performed atomistic simulations on
PNIPAM/water/methanol solutions where, in agreement with
experiments, they observed that the polymer size (radius of
gyration, Ry) undergoes coil-globule-coil transitions with the
progressive addition of methanol (see Fig. 9(a)).”® Further,
through simulations of a NIPAM monomer in water/methanol
solutions, they observed that the monomer-methanol Kirkwood-
Buff integral is larger than the monomer-water Kirkwood-Buff
integral, indicating a preferential accumulation of methanol
around NIPAM. Based on these two observations, Mukherji and
Kremer hypothesized that, at low methanol concentrations, the
collapse of PNIPAM was driven by the formation of PNIPAM-
methanol bridging interactions as shown in Fig. 9(a).

On the basis of these observations, Mukherji et al.®° studied
the properties of a generic bead-spring polymer model in a
Lennard-Jones solvent-cosolvent mixture. Based on the afore-
mentioned assumption of polymer-cosolvent bridging inter-
actions, only the monomer-cosolvent pair interaction was
attractive and all other pair interactions (monomer-monomer,
water-water, and monomer-water)
strictly repulsive. In this model system, at low concentration,

cosolvent-water were
the cosolvent molecules preferentially adsorb on the polymer
chain and bind distant monomers, via cosolvent bridging
interactions, to induce polymer collapse (see Fig. 9(a)). On the
other hand, at high concentration, there is a reduction in these
bridging interactions due to large number of adsorbed cosolvent
molecules which in turn leads to polymer swelling. In addition,
they also proposed a simple theoretical model which predicted
the fraction of bridging cosolvent particles.®® They then observed
that the non-monotonic dependence (increase followed by
decrease) of the fraction of bridging cosolvent on the cosolvent
concentration predicted by the theory matches with the calcula-
tions from their generic model (see Fig. 9(b)). This bridging model
has been employed alongside experiments to explain the effect of
temperature and ethanol volume fraction on the phase diagram of
PNIPAM-based microgels.'"*

On the theoretical front, models based on the statistical field
theory of a dilute polymer (implicit solvent and explicit
cosolvent)’”® and random phase approximation''® showed that
cononsolvency could be observed in two different regimes. The
first regime involves a strongly interacting solvent-cosolvent
mixture. Note that in an implicit solvent model, this would
correspond to a repulsive polymer-cosolvent interaction.”® The
mechanism here is similar to the one discussed in Section 8.

This journal is © The Royal Society of Chemistry 2022
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and PNIPAM in water/methanol mixtures from ref. 26 and (b) dependence of the fraction of bridging cosolvent on the cosolvent mole fraction for the
generic polymer model and the theoretical model from ref. 60. (c) Schematic showing the preferential adsorption and bridging aspects of the
adsorption—attraction model from ref. 71. (d) Dependence of the normalized polymer brush height on the cosolvent chemical potential (increase in
Heosolvent l€ads to increase in cosolvent concentration) for water/ethanol and water/butanol solutions from experiments and the adsorption—attraction
model. The points represent the experimental data and the solid lines the theoretical fits.”® Data in (c) has been reprinted (adapted) from ref. 71 Copyright
2017. Reproduced with permission from The American Chemical Society. Data in (d) has been reprinted (adapted) from ref. 73 Copyright 2019.

Reproduced with permission from The American Chemical Society.

The other regime involves strong polymer-cosolvent attractive
interaction, where polymer collapse is induced by monomer-
cosolvent bridging interactions.”® Budkov et al further
extended their statistical field theory to an explicit solvent-
cosolvent mixture where, similar to model of Mukhetji et al.,
the polymer-cosolvent attraction is dominant.''® Here they
observed that the system exhibited cononsolvency and prefer-
ential adsorption, such that the extent of both increased with
increase in the polymer-cosolvent attraction strength.'®
Sommer”" proposed a theoretical framework which was able
to capture the correlation between the polymer conformation
and preferential adsorption of the cosolvent for systems, where
polymer collapse is driven by polymer-cosolvent bridging inter-
actions. The adsorption-attraction (AA) model proposed by
Sommer”"”? combined the Alexander-de Gennes approach for
polymer brushes and the polymer-cosolvent bridging inter-
actions to understand the cononsolvency phenomenon for
polymer brushes in mixed solvent solutions. The central
assumption in the model was that a cosolvent molecule can
be shared by two or more monomers which, because of the

This journal is © The Royal Society of Chemistry 2022

attractive monomer-cosolvent interaction, decreased the free
energy of the total system and favored chain collapse at low
cosolvent concentrations (see Fig. 9(c)). In his model, the
contribution from the monomer-cosolvent attractive interac-
tions to the free energy is the following”*

fmc = _amc(b - Zymcgmc(l)(l - ¢) (5)

where &, is the energy gain from the adsorption of a cosolvent
molecule on the monomer, ¢ is the fraction of monomers with
an adsorbed cosolvent and y,. is the parameter which indicates
the ability of the monomer-cosolvent combination to engage in
bridging interactions. Note that bridging interactions are
observed for y,. > 1. The first term corresponds to the
attractive interaction of a single monomer with an adsorbed
cosolvent molecule, and the second term represents the effective
attractive interaction between two monomers due to cosolvent
bridging. Note that the AA model clearly distinguishes between
the preferential adsorption of the cosolvent (&, > 0) and
monomer—cosolvent bridging interaction, where the former
is necessary, but not sufficient to induce polymer collapse
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(see Fig. 9(c)). Therefore, the AA model predicts polymer
collapse with preferential adsorption only, when ¢, > 0 and
Yme = 1. Sommer and co-workers employed a combination
of the AA model and generic polymer (similar to the model
by Mukherji et al.®®) simulations to extensively study the con-
onsolvency of polymer brushes in mixed solvents and its
dependence on parameters such as grafting density, polymer—
cosolvent attraction strength (&) and cosolvent concentration
(yme = 1 for all cases).”"'"” Both theoretical and simulation
studies showed that the polymer brushes collapse at low
cosolvent concentrations and underwent re-swelling at high
cosolvent concentrations. Furthermore, the polymer collapse
changed from a continuous to a discontinuous transition with
increase in the monomer-cosolvent attraction strength gp.
Sommer and coworkers’® employed the AA model in conjunc-
tion with ellipsometry experiments and studied the phase
behavior of PNIPAM brushes in different alcohol/water mix-
tures, ranging from methanol to 1-butanol. The numerical
fitting of the AA model to the experimental polymer brush
height profiles (with increasing alcohol concentration) showed
that the preferential adsorption of the cosolvent increased with
alcohol size, in agreement with experimental observations (see
Fig. 9(d)). The numerical fits deviated from the experimental
behavior at high alcohol concentration, which the authors
attributed to the absence of polymer-solvent and solvent-
cosolvent interactions in the theoretical model. Subsequently,
Sommer and co-workers'*® extended the AA model to include
the effects of polymer-solvent attraction, solvent-cosolvent
attraction and polymer architecture such as gels. The extended
AA model was then fitted to experimental results from PNIPAM
brushes and macrogels, where it was observed that the fit
parameters matched well with experimental observations.'*®
In all the studies, the extended AA model assumes that the
PNIPAM/alcohol combination has the ability to engage in
enthalpic bridging interactions, ynipam-alconol = 1. This assump-
tion is based on the simulation studies of Mukherji and
co-workers.>>*”® However, this concept of PNIPAM-methanol
bridging interactions is a poorly justified part of these models.
Note that there are well-characterized systems in which brid-
ging interactions have been observed. These include PNIPAM
in urea/water mixtures and elastin-like polypeptides (ELPs) in
water with guanidinium salts,*®***! where bivalent hydrogen
bonding or electrostatic interactions energetically stabilize
monomer-monomer contacts bridged by urea molecules or
cation-anion pairs. Such type of bridging interactions has
however not been observed for amphiphilic cosolvents such
as alcohols. MD simulations have in fact shown that the
effective  NIPAM (monomer)-methanol attraction (i.e. the
NIPAM-methanol potential of mean force) increases as a func-
tion of the temperature,*” indicating that it originates from
entropic effects presumably related to hydrohobic interactions
of methanol with the amphiphilic polymer chain.'*® If, instead,
PNIPAM-methanol hydrogen bonds or enthalpic bridging
interactions would dominate the binding of methanol to the
chain, an increase in temperature would lead to a decrease
in methanol binding, contrary to what has been observed.
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Additionally, MD simulations on PNIPAM/water/methanol
solutions by Dalgicdir et al.®>*® showed that, at low methanol
concentrations, the polymer-methanol attractive interactions
favored polymer swelling, which pointed to the absence of
bridging interactions. Based on MD simulations of collapsed
PNIPAM chains in water and in methanol/water solutions,
Rodriguez-Ropero et al. showed that the configurational
entropy, related to conformational fluctuations of the collapsed
chain, is larger for collapsed chains in a solution with 10%
methanol than in pure water.”” These authors also observed
that the osmotic compressibility of collapsed chains in the
solution with 10% methanol exceeds the corresponding com-
pressibility in pure water, suggesting that hydrogen bonding
and van der Waals interactions within the interior of globular
chains become weaker when methanol is added to the solution.

2.2.3 Cosolvent-induced geometric frustration. Dalgicdir
et al. performed large-scale atomistic simulations on PNI-
PAM/water/methanol solutions with several different starting
structures, which allowed adequate sampling of the PNIPAM-
water and PNIPAM-methanol interaction energies for both the
coil and the globule states at all methanol concentrations.®> %’
By means of this approach, simulation data could be compared
with experimental calorimetric (DSC) data on the coil-globule
transition. In aqueous solutions of PNIPAM (without cosolvent),
Dalgicdir et al. observed that the coil-to-globule transition is
accompanied by a large energy penalty that arises due to the
desolvation of chain segments. At 300 K (below the experi-
mental LCST), this energy penalty overcompensates the accom-
panying gain in translational entropy of the solvent, therefore
preventing its collapse. With the addition of methanol, this
energy penalty is reduced due to the preferential adsorption of
methanol molecules on both coil and globule states, which, in
turn, leads to polymer collapse at low methanol concentrations.
Based on these results, Dalgicdir et al. proposed that the
preferentially adsorbed methanol molecules geometrically
frustrate the formation of PNIPAM-water hydrogen bonds,
which reduces the dehydration energy penalty (see Fig. 10(a))
and leads to polymer collapse (see Fig. 7(c)).** Specifically,
it was found that the ability of water to form hydrogen bonds
with the amide oxygen was frustrated by the presence of
methanol.®>®” Weakening of PNIPAM-water interactions due
to the presence of methanol has also been observed experi-
mentally using QENS experiments.>® These experimental and
simulation results support the picture proposed by Pica and
Graziano that cosolvent-induced frustration of polymer-water
interactions may drive polymer collapse.”* Further evidence for
this mechanism has been reported in the simulation study on
PNIPAM/water/ethanol solutions by Tavagnacco et al.®® They
studied the temperature-induced collapse of PNIPAM in water/
ethanol mixtures. Their results showed that the total number of
PNIPAM-solvent (water + ethanol) hydrogen bonds decreased
with increase in the ethanol concentration. Furthermore, it was
observed that the temperature-driven polymer collapse was
accompanied by a decrease in the number of PNIPAM-water
hydrogen bonds (see Fig. 10(c)), whereas the number of PNIPAM-
ethanol hydrogen bonds remained the same (see Fig. 10(d)).

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 Cosolvent-induced geometric frustration: dependence of the (a) change in the PNIPAM—water interaction energy upon polymer collapse,

C->G

AUEJG, and (b) change in the PNIPAM-methanol interaction energy upon polymer collapse, AUgn, =, on the methanol mole fraction, Xueon. from the

atomistic simulations of Dalgicdir et al.®®

Dependence of the (c) number of PNIPAM-water hydrogen bonds and (d) PNIPAM—ethanol hydrogen bonds on

the temperature at Xgion = 0.07 (mole fraction) from the simulations of Tavagnacco et al.%® Data in (a) and (b) has been reprinted (adapted) from ref. 65
Copyright 2017. Reproduced with permission from The American Chemical Society. Data in (c) and (d) has been reprinted from ref. 68 Copyright (2020),

with permission from Elsevier.

From these trends, they hypothesized that the polymer collapse
may be driven by an ethanol-induced geometric frustration
of PNIPAM-water interactions. Interestingly, Dalgicdir et al.
also found that the PNIPAM-methanol energetic interactions
favored polymer swelling at all methanol concentrations (see
Fig. 10(b)). Based on this observation, they claimed that PNIPAM
and methanol do not interact via bridging interactions. Here it
should be noted that, contrary to the case of methanol, urea forms
bridging interactions with PNIPAM,***! which are energetically
favorable and lead to a decreasing slope of the energy,*" as
opposed to what is seen for methanol in Fig. 10(b).
Interestingly, cosolvent-induced frustration of polymer-
water interactions has also been shown to play a major role
in the aggregation behavior of thermoresponsive core-shell
micelles in water/alcohol mixtures. Using a combination of
time-resolved small angle neutron scattering and the reversible
association model, Kyriakos et al.>® studied the aggregation of
thermoresponsive core-shell micelles with a PNIPAM shell in
different water/alcohol mixtures. From the growth rate of the
aggregates above the cloud point temperature, they obtained
the effective interaction potential between aggregates, consisting
of collapsed micelles, and observed that the aggregation tendency

This journal is © The Royal Society of Chemistry 2022

is higher in the presence of alcohols. Here, they hypothesised that
the repulsion between the aggregates at short distances was due
to the layers of structured water in the hydration shell of these
aggregates. In water/alcohol mixtures, the alcohol molecules
adsorbed on these aggregates and perturbed the formation of
structured water layers in the hydration shell (see Fig. 16 in
Section 3.3). This, in turn, diminished the repulsion between
these micellar aggregates. They also pointed out that the attrac-
tion between aggregates may also occur due to the presence
of alcohol mediated bridging interactions. However, this effect
was expected to be weak, as a larger concentration of alcohol
molecules would be needed to render bridging significant.
Dalgicdir et al. also calculated the potential of mean force
(PMF) between two isolated NIPAM monomers at different
methanol concentrations in water.®® This calculation provided
information on changes in the solvent-mediated monomer-
monomer attraction due to the change in solvent/cosolvent
composition. It was observed that the depth of the first mini-
mum in the PMF, corresponding to the contact interaction of
the two monomers, monotonically decreased (i.e. became more
shallow) as a function of the methanol concentration. Hence,
the effective monomer-monomer interaction became weaker as
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methanol was introduced, indicating that the cononsolvency
effect of PNIPAM cannot be rationalized at the individual
monomer level. Based on these observations, Dalgicdir et al
concluded that cooperative solvation effects, related to the
mechanism proposed by Okada and Tanaka,®® are important
in understanding the cononsolvency phenomenon of PNIPAM
in methanol/water solutions. In the cooperative hydration
model, Okada and Tanaka proposed that water molecules form
sequential hydrogen bonds (cooperative effects) with the poly-
mer chain, i.e. the hydrogen bonding of a water molecule to an
amide group of PNIPAM is facilitated by the water molecule
hydrogen bonded to the neighbouring amide group. Tanaka
et al. then hypothesised that the preferential adsorption of
alcohol molecules blocked the formation of these cooperative
PNIPAM-water hydrogen bond sequences and led to polymer
collapse.®”® Within the cooperative hydration model, the
temperature-induced polymer collapse is accompanied by a
sigmoidal decrease in the number of bound water molecules.
Such trends were also seen in the simulation studies on
both PNIPAM/water and PNIPAM/water/ethanol mixtures by
Tavagnacco et al.®®'*°

The cosolvent-induced geometric frustration mechanism
has only been studied in the context of aqueous alcohol
solutions of PNIPAM, and its application to other systems such
as PDEAM, which does not exhibit cononsolvency in water/
methanol mixtures, is yet to be explored. Additionally, this
model does not discuss the driving forces which lead to the
preferential adsorption of the cosolvent. Polyvinylcaprolactam
(PVCL) shows cononsolvency and preferential adsorption in
water/2-propanol mixtures.'*! Interestingly, the depth of the
first minimum of the PMF between two vinylcaprolactam
monomers exhibits a non-monotonic dependence, similar
to cononsolvency, on the 2-propanol concentration, which
indicates that cooperative effects may not play a dominant role
for all polymer solutions.

2.2.4 Cosolvent surfactant mechanism. The cosolvent sur-
factant mechanism is based on two main ingredients. First, a
two-state picture is used to describe the coil-globule transition
and second, it is assumed that the cosolvent preferentially
adsorbs to either of these two states.®*®* Indeed, small amphi-
philic organic molecules, such as methanol, ethanol, acetone,
to name a few, preferentially bind to amphiphilic polymers in
water. In line with their earlier ideas,"'* Bharadwaj et al.
recently reported a computer simulation study in which they
showed that alcohols preferentially bind to hydrophobic poly-
mers, regardless of whether or not attractive van der Waals
interactions between the polymer and the (co)solvent are taken
into account.®®* This observation is consistent with the obser-
vation that alcohols (and amphiphilic organic molecules in
general) lower the interfacial tension of the air-water
interface.’?>'** Quite remarkably, however, the calculations
also showed that the corresponding reduction of the excess
chemical potential of the polymer (up,,) did not drive polymer
swelling but instead triggered polymer collapse at low alcohol
concentrations, ie. ANS;G decreases as a function of alcohol
mole fraction (Fig. 11). In terms of the two-state picture, this
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means that alcohols reduce the excess chemical potential of
globular chains faster than they reduce the excess chemical
potential of swollen chains (see left panel of Fig. 11). The origin
of this observation is entropic: the fewer alcohol molecules it
takes to saturate the polymer-water interface, the smaller their
loss of translational entropy. Globular chains expose a smaller
polymer-water interface (or SASA) than swollen chains and
therefore bind the alcohol stronger (Kgiopue > Keoi in
Fig. 7(d)). According to Le Chatelier’s principle, discussed in
the thermodynamic relations in Section 2.2, this leads to
shifting the coil-globule equilibrium to the side of the globular
chains. Note that this mechanism should generically apply to
all amphiphilic polymers but was found to be compensated by
polymer—(co)solvent attractive (van der Waals) interactions,
which drive the coil-globule equilibrium to the side of the
more solvent-exposed coil-like chains.®*® Based on this inter-
play, Bharadwaj et al. attributed the experimentally observed
absence of cononsolvency in PDEAM/water/methanol mixtures
to the overcompensation of the entropic effect of methanol
molecules by the attractive PDEAM-methanol/water interactions.
Thus, the energy-entropy compensation between these two effects
is crucial in determining whether or not the cononsolvency effect
is observed. This compensation should depend on the chemistry
of the polymer and its specific interactions with the solvent
components. An alternative but equivalent description of the
cosolvent surfactant mechanism in terms of changes in solvent
entropy and the polymer-solvent interaction energy has been
discussed in ref. 124. Note that the surfactant mechanism does
not account for cosolvent geometric frustration effects, or any
other effects related to polymer-water and polymer-cosolvent
hydrogen bonding interactions. Interestingly, this entropic effect
has also been shown to favor the aggregation of larger nonpolar
solutes in water/trimethylamine N-oxide (TMAO) mixtures.'?’
Hereafter, this entropic effect will be referred to as the
surfactant-like effect.

Bharadwaj et al. also showed that the surfactant-like effect
was able to rationalize the effects of the cosolvent molecular
size (methanol versus ethanol) and degree of polymerization,
N, on the cononsolvency phenomenon.*® Specifically, they
observed that the alcohol concentration X yin, corresponding
to the minimum in Apy,”® and LCST, was related to the
concentration at which the solvation shell of the globule state
is saturated by alcohol molecules (see red markers in the left
panel of Fig. 11). Based on this observation, they proposed that
higher alcohols would reduce X, i, as the globule state could
be saturated by the larger sized cosolvent molecules at relatively
lower alcohol concentrations.®® This is in agreement with
experimental LCST measurements which show that the mini-
mum in the LCST, measured in PNIPAM/methanol/water solu-
tions, shifts to lower cosolvent concentrations when higher
alcohols such as ethanol and propanol are used to replace
methanol.”® The cosolvent surfactant mechanism also explains
the effect of N on the LCST in PNIPAM/water/methanol
solutions.>®' With increasing N, the collapse of the polymer
chain leads to a larger reduction in the macromolecular surface
area exposed to the solution. Correspondingly, the coil-to-globule

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 Surfactant mechanism: schematic illustration of the dependence of the free energy cost (u,,) of creating a repulsive polymer—water/alcohol
interface on the degree of polymerization N for the coil and globule states of the polymer (left panel). Amphiphilic cosolvents such as alcohols
preferentially adsorb to both the coil and globule states, leading to a favorable decrease of up , as a function of the alcohol mole fraction, Xaiconot in the
bulk solution. This surfactant-type effect is analogous to the reduction of the air—water surface tension by alcohols and other amphiphilic organic
compounds. The free energies (u,,) decrease as a function of Xaconol Until the polymer surface is saturated with the cosolvent (indicated by red and
yellow markers). The right panel shows the correlation between the LCST of PNIPAM/water/methanol solutions and the polymer collapse free energy,
Augfc, corresponding to the lengths of the arrows shown in the left panel, for short (blue) and long chains (green). The solvent accessible surface areas
(SASA) of both the coil and globule states increase as a function of N due to which the alcohol concentration required to saturate them also increases.
Note that uéf,o“) — uﬁ"b“'e) is an increasing function of N below the saturation point of the globule (the green arrows are longer than the blue arrows)
because the SASA of the coil state (SASAS ~ N*C) grows faster with N than that of the globule (SASAS ~ N%G) state, ac > ag. These are the two aspects
due to which the minimum in Augfc, and thereby the minimum in the LCST, becomes deeper and shifts to higher alcohol concentration with increase in

N, as observed experimentally.>®* The data has been reproduced from ref. 63, licensed under a Creative Commons Attribution 4.0 International License.

transition will be driven by a larger gain in translational entropy
leading to a deeper minimum in Agj,”® and LCST for higher
molecular weight chains (right panel in Fig. 11). Additionally,
X.min Will be shifted to higher alcohol concentrations because the
macromolecular surface of the larger N globular chain requires
more cosolvent molecules to reach saturation (see red markers in
the Fig. 11). These predictions are in agreement with experimental
results on PNIPAM/water/methanol mixtures, which show that
the minimum in the LCST becomes deeper and shifts to higher
alcohol concentrations with increase in PNIPAM molecular
weight.>%!

Thus, the cosolvent surfactant-mechanism is able to ratio-
nalize the preferential adsorption and coil-globule—coil transi-
tions in water/alcohol mixtures of acrylamide polymers. However,
the ability of this model to explain the macroscopic phase
separation in these systems is yet to be explored.

2.2.5 Summary. In summary, it can be inferred from the
theoretical and simulation studies that cononsolvency is due to
the complex interplay of polymer—(co)solvent and solvent-
cosolvent interactions which are sensitive to the underlying
polymer chemistry. To further understand the role of polymer
chemistry, it is essential to study polymer solutions beyond
aqueous alcohol solutions of PNIPAM. A major bottleneck in
this process is the lack of availability of good forcefields and,
correspondingly, experimental thermodynamic data for their
parameterization. An important study in this regard is the work

This journal is © The Royal Society of Chemistry 2022

of Polak et al.®® who used a combination of experiments,
simulations and Kirkwood-Buff analysis to efficiently para-
meterize the forcefield for NIPAM monomers.

Another aspect which is yet to be studied is the coupling
between the single chain coil-to-globule transition and the
macroscopic bulk phase separation. Experimentally, it was
observed that the LCST of PNIPAM decreases with the addition

%70 1n this concen-

of alcohol at low alcohol concentration.
tration regime, the bulk phase separation brought on increase
in the temperature beyond the LCST is accompanied by a coil-
to-globule transition at the single chain level. This coupling
between the bulk phase separation and the coil-to-globule
transition at low methanol concentrations (Xpeon < 0.2) is
also evident from the observation that the experimental trends in
the transition enthalpy of PNIPAM in water/methanol solutions,
from DSC measurements,*® are in agreement with the trends in
the polymer collapse energies obtained from atomistic simula-
tions of a single 40mer PNIPAM chain in water/methanol
solutions.®>®® At high alcohol concentrations, the LCST increases
with the addition of alcohol. However, in this regime, the bulk
phase separation beyond the LCST is not accompanied by any
coil-to-globule transition.>”® Although atomistic single chain
simulations show an increase in the polymer collapse energies
with increasing methanol concentration (0.2 < Xpyeon < 0.6),°>°°
such a trend is not observed in the transition enthalpy obtained
from DSC measurements.*® In order to understand this coupling,
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one requires multi-scale models, which can predict the bulk
phase behavior, while maintaining the effects from the mole-
cular chemical details. Hybrid particle-field (HPF) simulations,
which have been used to study a wide range of systems from
binary liquid mixtures to polymer solutions, melts and biological
phospholipids, in combination with atomistic simulations are
ideal candidates for such problems.'**"** Additionally, these
approaches may also be extended to simulate complex systems
such as micelles, crosslinked gels and polymer brushes which will
be discussed in Section 3.3.

3 Further developments
3.1 Effect of pressure on cononsolvency

Applying hydrostatic pressure changes the equilibrium state of
a system to the one with the lowest overall volume, which alters
the physical interactions. The phase behavior of ternary PNIPAM/
water/cosolvent solutions in dependence on pressure was subject
of several studies. As depicted in Fig. 12, the addition of a
cosolvent (dimethyl sulfoxide, ethanol or methanol) shifts the
maximum of the coexistence line in the pressure-temperature
frame to higher pressures and temperatures.”>*>® This implies
that, at low pressures, the cloud point of PNIPAM in neat water is
above the one of PNIPAM in water/methanol, while this behavior
is reversed above the pressures where the coexistence lines over-
lap, i.e. the cononsolvency effect breaks down at high pressure.

The experimental investigation of the origin of this behavior
is still in its infancy, presumably due to the technological
challenges regarding the design of high-pressure sample envir-
onments. Using small-angle X-ray scattering, it was found that,
at high pressure, nanogels do not collapse at the volume phase
transition temperature (VPTT), when methanol is present.”®
Using Fourier-transform infrared spectroscopy (FTIR), this
observation was related to the polymer-solvent interactions,
namely the decrease of the fraction of methanol molecules
attached to the carbonyl groups with increasing pressure, and
thus an increase in their degree of hydration.

Small-angle neutron scattering on PNIPAM homopolymers
in a mixture of water and methanol revealed that, in the one-
phase region, the application of pressure leads to a contrac-
tion of the chains, indicating a weaker overall solvation of the
chains.’® Relating the chain conformation to an effective Flory-
Huggins interaction parameter between the polymer segments
and the solvent mixture, it was found that local entropic effects,
e.g. the hydrophobic effect, are significantly weakened at
pressures above ~ 150 MPa. Moreover, enthalpic polymer-solvent
interactions are weakened at high pressure, pointing to a decrease
in the amount of water molecules adsorbed at the chains.

Quasi-elastic neutron scattering elucidates the water dynamics.
From the dynamic susceptibility spectra of a concentrated
PNIPAM/water/methanol solution measured below the cloud
point, it was found that, while at atmospheric pressure, methanol
is preferentially adsorbed at the chains, nearly all methanol
molecules are expelled from the chains at a pressure of
200 MPa.”® Complementary Raman spectroscopy experiments,
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acrylamide) in water/DMSO (a) and water/methanol (b) at mole fractions
of the cosolvent as indicated in the graph. (c) Chain solvation in the one-
phase state in dependence on pressure, as determined using various
methods.>%721%1132 The data in (a) has been reprinted (adapted) from ref.
53 Copyright 2012. Reproduced with permission from The American
Chemical Society. The data in (b) has been reprinted (adapted) from
ref. 56 Copyright 2020. Reproduced with permission from The American
Chemical Society.

specifically probing the hydrophobic groups of PNIPAM, indi-
cate that, at atmospheric pressure, this replacement of water by
methanol occurs at the hydrophobic groups. At high pressure,
the overall solvent adsorption at the hydrophobic groups is
weaker.

In large-scale molecular dynamics simulations, a change of
chain conformation from a globular state at atmospheric
pressure to an expanded chain conformation at 200 MPa was
observed,”' and explained in terms of polymer-cosolvent
bridging interactions (see Section 2.2.2): a decreased preferen-
tial presence of methanol in the solvation shell of PNIPAM was
suggested to lead to the disruption of bridges, breaking down
the cononsolvency effect.

Pica et al."*? explained the breakdown of the cononsolvency
effect at high pressure in terms of cosolvent-induced geometric

This journal is © The Royal Society of Chemistry 2022
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frustration, discussed in Section 2.2.3. At atmospheric pres-
sure, the results indicate geometric frustrations caused by the
competition between water and methanol to interact with the
polymer. The chains cannot realize all attractive interactions
that would be possible in pure water, leading to an overall
reduction of the chain solvation, and, as a result, a collapsed
conformation. The breakdown of the cononsolvency effect at
high pressure was shown to result from (i) the reduction of the
water-accessible surface area, which makes the chain collapse
less favorable, and (ii) the trend towards replacement of
methanol by water on the chains to enable a more efficient
packing of solvent molecules around the chains. Thus, geo-
metric frustrations are reduced at high pressure, because the
competition between water and methanol on the chains is
weakened.

The chain conformation of a polymer dissolved in a binary
solvent mixture was determined using self-consistent field
theory, taking only van der Waals and excluded volume inter-
actions into account.”” Whereas at low pressure, the radius
of gyration decreases with increasing mole fraction of the
cosolvent, it stays constant at high pressure. Thus, excluded
volume effects dominate over attractive interactions due to the
increased density of the system at high pressure. Moreover, it
was suggested, that the preferential adsorption of methanol at
the chains observed at atmospheric pressure is lost at high
pressure.

To conclude, a fairly consistent picture of the driving forces
behind the breakdown of cononsolvency at high pressure
emerges. Whereas the preferential adsorption of the organic
cosolvent leads to a reduction of the overall chain solvation
at atmospheric pressure, the loss of preferential cosolvent
adsorption at high pressure enhances the chain solvation by
two effects: firstly, the competition between the two solvents is
reduced, which allows for more enthalpic interactions between
the solvent molecules and the chain. Secondly, the solvent
phase is enriched with the organic solvent, which weakens
the hydrophobic effect driving the coil-to-globule transition.”®
However, further experiments and especially theoretical work
have to be carried out to substantiate these findings. At this,
predictions on experimentally accessible parameters should be
provided. Additionally, it emerges that the packing of solvent
molecules is altered by pressure, and the focus of both theore-
tical and experimental work should, therefore, shift to the until
now often overlooked volumetric properties of ternary polymer/
water/cosolvent systems.

3.2 Cononsolvency in aqueous polypeptide solutions

Besides synthetic polymers, also polypeptides are a class of
macromolecules, that may feature temperature responsiveness.
In contrast to polymers, polypeptides have a complex local
primary structure, ie. the type and sequence of amino acids
on the chain, and these control the phase behavior in
solution.’®® As a result, highly ordered secondary structures
accompanying the phase transitions may be present.”** Only
very recently, it was shown, that also certain polypeptides are
susceptible to the cononsolvency effect (Fig. 13).>'* 1t is
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expected that, in these systems, the local primary structure
determines the solvent affinity of that particular segment. The
sensitivity of different amino acids to water/alcohol mixtures
may lead to changes in the secondary structure, which influ-
ences the phase behavior of the system.'**

Polypeptides act as model systems for complex proteins,**’
and allow to study the isolated effect of certain repeat unit
sequences. In contrast to polymers, they are inherently
biodegradable,”** and can be employed as building blocks for
the formation of complex nanostructures, as they can adopt well-
defined anisotropic chain conformations."*® The research on the
effect of cosolvents, and cononsolvency specifically, in solutions of
polypeptides is important for various reasons. For example, in
biological systems, small organic molecules acting as cosolvents
can alter the folding/unfolding equilibrium of proteins."*
Cononsolvency may be employed in separation processes based
on selective precipitation,"""* as not all macromolecules are
subject to this effect. In addition, the effect can be employed to
induce the self-assembly of nanostructures composed of bioma-
cromolecules, similar to synthetic thermo-responsive polymers.™

A deeper understanding of the driving forces for cononsol-
vency in solutions of polypeptides was given by Zhao et al.**°
Using molecular dynamics simulations, the interaction
between cosolvents and ELPs was investigated. It was found,
that ethanol preferentially binds with all peptide residues,
leading to a strong cononsolvency effect. In the case of urea,
however, the cononsolvency effect is much weaker. This was
ascribed to weaker interactions of the cosolvent with especially
glycine residues, which confirms that the local primary structure
determines the solvent affinity.

Comprehensive experimental studies on the occurrence of
the cononsolvency effect in aqueous solutions of polypeptides
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as well as in-depth studies aiming to elucidate the underlying
mechanisms, are lacking. A better understanding of the phase
behavior, interactions and structural properties of ternary
polypeptide/water/alcohol systems will provide an important step
forward in designing polypeptides for nanostructure formation,
developing strategies for protein separation processes, and the
understanding of the phase behavior of proteins in cells.

3.3 Complex systems

Besides linear chains of homopolymers, more complex systems
have been investigated regarding their cononsolvency behavior
such as cross-linked gels,>>>"*1417146  pblock  copolymer
systems,'>>7*8117149 thin  films, and grafted polymer
brushes,'0141%:17:73:15L,152 pfierogels are macromolecular net-
works swollen by the solvent they are dissolved in. The size of
the microgels networks is in the range of several micrometers
down to nanometers (then sometimes called ‘“nanogels”).
They combine properties of flexible macromolecules, gels and
particles:'** In the collapsed state, they may resemble hard
colloids, but can still contain significant amounts of solvent.
When swollen, they are soft, their interior is characterised by
the mesh size of the network, and the surface is fuzzy with
dangling chains. Structural integrity is provided by cross-links,
and the degree of cross-linking determines the macromolecule-
to-particle transition. Microgels can be synthesised such that
they are colloidally stable even in the collapsed state, which is
relevant for applications as, for instance, in catalysis.®'>*
Furthermore, they allow probing the collapsed state in solvent
mixtures without disturbances caused by aggregation/floccula-
tion.>”°>1>% Scattering methods have been used to determine
the size and structure of microgels as a function of the solvent
composition. It was found that the composition range, in which
cononsolvency occurs, is almost independent of the cross-
linking density of the PNIPAM gels.> Furthermore, the influ-
ence of temperature on the cononsolvency behavior of PNIPAM
microgels and the temperature-dependent swelling behavior in
various water-alcohol mixtures were investigated by DLS.****!
A decrease of the VPTT was found with increasing fraction of
alcohol, until the behavior is temperature independent in
alcohol-rich mixtures. Backes et al.'™* combined DLS measure-
ments of PNIPAM microgels and molecular simulations of
linear chains. They concluded that, at T < VPTT, preferential
binding of ethanol and the collective formation of ethanol
bridges cause the collapse of the polymer network. In the
temperature-dependent measurements, an unexpected reswelling
of the PNIPAM microgels at higher temperature (T > 50 °C)
in water-alcohol mixtures with intermediate alcohol volume
fractions (e.g. 40 vol% MeOH, EtOH or ‘PrOH) was observed. They
rationalized the reswelling at high temperatures by the addition of
a good solvent (alcohol) to a poor solvent (water) for the polymer.
Additionally, the effect of pressure on cononsolvency of PNIPAM
nanogels was investigated using small-angle X-ray scattering
(SAXS) and FTIR as described in Section 3.1.>°

Cononsolvency and the above-mentioned preferential
adsorption of one of the solvents can lead to a different solvent
composition inside the macromolecule as compared to the

59,150

2902 | Soft Matter, 2022, 18, 2884-2909

View Article Online

Review

surrounding solvent mixture. Here, the rather well-defined
size and shape of micro- and macrogels allows probing a local
solvent composition, as it is easier to distinguish between
“inside” and ‘“outside” than for linear polymers. Various
spectroscopic techniques were applied to quantify the solvent
composition as well as to gain insights on local molecular
interactions. Several studies have addressed that issue for the case
of PNIPAM in binary water-alcohol mixtures, where a preferential
adsorption of alcohol by strong interactions with the PNIPAM
chain in the collapsed region was suggested.*”*” %1%

While Maeda et al.">’ reported on the preferential adsorption
of isopropanol to linear PNIPAM chains in water-isopropanol
mixtures, the case of polymer gels provides the opportunity to
distinguish between inside of the polymer and the polymer-free
surroundings. For macroscopic PNIPAM gels in water-alcohol
mixtures, evaluation of solvent partitioning in the ternary
system was carried out by determining the composition of the
surrounding and applying a mass balance to calculate the
solvent composition inside the gels (Fig. 14).#”%%'°® Raman
microspectroscopy was applied to measure the Raman spec-
trum of the surrounding solvent mixture next to the macrogel.*®
By spectral analysis using indirect hard modeling, the methanol
fraction could be quantified. Combined with a mass balance, an
enrichment of the alcohol was found. The extent of the accumula-
tion is influenced by the hydrophobicity of the alcohol species.
For example, a higher preferential adsorption was found for
ethanol compared to methanol.?”#%'>¢

Further Raman measurements inside the PNIPAM gels
additionally revealed insights into the molecular interactions,
as the positions of certain methanol bands depend on the
hydrogen bonding environment. Furthermore, variable-
temperature "H MAS NMR spectroscopy was applied to study
preferential interactions of solvents with PNIPAM microgels.®®
Here, the ternary systems of PNIPAM in water-methanol or in
water-ethanol mixtures with 2.5 or 5 mol% alcohol were
investigated. The coil-to-globule transition upon heating was
observed as a sudden decrease in the intensity of the 'H
resonance of PNIPAM. Peak splitting of the HOD signal and
the methyl signal of the alcohol allowed the distinction
between free solvent and confined solvent molecules bound
inside the gel. Quantitative analysis of the peak splitting
revealed a preferential adsorption of alcohol molecules within
the collapsed polymer network.

Not only investigations of PNIPAM in water-alcohol mix-
tures, but also in mixtures of water and other organic solvents,
such as N,N-dimethylformamide (DMF), acetone and dimethyl
sulfoxide (DMSO), have been conducted.®”**'*>1%8 7hy et al'*®
described the cononsolvency of PNIPAM microgels in water-DMF
mixtures. DLS measurements confirmed the typical dependence
of the hydrodynamic radius on the DMF mole fraction for various
temperatures. The cononsolvency effect was rationalized by
the preferential adsorption and additional bridging of the
DMF molecules in combination with mean-field approaches.
Wang et al.'*® discussed the necessity of preferential adsorp-
tion for cononsolvency by studying PNIPAM gels in water—
acetone and water-DMSO mixtures at high water contents

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 Comparison of the solvent composition inside the gel vs. outside the gel. (a) Experimental results and predictions for the partitioning of ethanol

between the poly N-isopropyl acrylamide hydrogel phase (éngSOH) and the surrounding coexisting agueous solutions of ethanol (5’C7H50H) at 298 K.

Experimental results (squares); predictions (line).8” (b) Experimental results for poly N-isopropyl acrylamide hydrogel in water—methanol.®° In both cases,
the alcohol is enriched in the gel phase in the concentration range where the presence of alcohol results in a shrinking of the gel. (a) has been reprinted
from ref. 87 Copyright (2004), with permission from Elsevier. (b) is reproduced from ref. 89.

using NMR spectroscopy. Both cosolvents comprise the same
hydrophobic group, and both water-cosolvent mixtures induce
the cononsolvency effect of the PNIPAM gels. For both, the peak
splitting in the "H MAS (Magic Angle Spinning) NMR spectra
above the VPTT and NOE (Nuclear Overhauser Effect) data
below the VPTT were evaluated. In the case of acetone, more
confined, thereby strongly adsorbed, acetone species were
found similar to the results previously described for water—
alcohol mixtures.®®™** In contrast, no preferential adsorption
of DMSO was observed. Preferential adsorption of acetone and
preferential exclusion of DMSO had also previously been
reported.®”'>® Thus, preferential adsorption is not a prerequi-
site for cononsolvency. This conclusion is in accordance with
theoretical studies (see Section 2.2.1)."*

Besides PNIPAM microgels, the cononsolvency of other
polymer gels, e.g. comprising PDEAM, has been reported.>*4>1%3
In contrast to PNIPAM, PDEAM does not exhibit a cononsol-
vency effect in water-methanol and water-ethanol mixtures.
The dependence on the solvent composition and temperature
of PNIPAM, bearing a secondary amide group, was compared to
PDEAM, which is a tertiary amide. For both systems, the phase
transition broadens with increasing methanol fraction, until
no more thermoresponsive behavior is observed. In case of
PDEAM, this change of behavior occurs already at lower mole
fractions than in case of PNIPAM. This suggests that methanol
has a higher affinity towards PDEAM and is a better solvent
compared to water. The transition temperatures in various
water-methanol mixtures up to Xyeon = 0.25 were determined
using DLS and DSC. The transition temperature drastically
decreased with the methanol fraction in case of PNIPAM, which
was explained by the exchange of polymer-solvent interactions
by intra- and inter-molecular polymer-polymer hydrogen
bonds. In case of PDEAM microgels, a slight increase of the
transition temperature or an unchanged transition temperature
were observed. As the monomer units only contain an H-bond
acceptor function, no intramolecular hydrogen bonds can be
formed, but hydrogen bonds with water are exchanged by

This journal is © The Royal Society of Chemistry 2022

hydrogen bonds with methanol.>® These findings stress the
importance of the amide proton for the interactions with the
solvents and thus the cononsolvency behavior."*> However, for
alcohols with larger hydrophobic groups such as iso- or
n-propanol, cononsolvency was also reported for PDEAM
gels.”® Liu et al® pointed out the importance of the hydro-
phobicity of the alcohol and concluded that the amide proton is
not the determining factor for the cononsolvency behavior.
Note that atomistic simulations of PNIPAM in water/methanol
mixtures have indicated that not the amide proton but instead
the amide oxygen that plays a decisive role in the cononsol-
vency effect observed in this system (see Section 2.2.3).°*%
In line with the interpretation of Liu et al.,*® Bharadwaj et al.
explained the cononsolvency in PDEAM solutions with higher
alcohols based on the surfactant mechanism (see Section
2.2.4).%%* Using variable-temperature "H MAS NMR spectro-
scopy of PDEAM gels in mixtures with 2.5 or 5 mol% alcohol,
Liu et al. reported an alcohol enrichment inside the high-
temperature collapsed PDEAM network. As mentioned above,
an increase in the hydrophobicity of the alcohol moiety also
results in a higher enrichment of the alcohol inside the
PDEAM gels.

The colloidal stability of microgels has been also exploited
to study the kinetics of the collapse. While the collapse transi-
tion of large microgels and hydrogels can be detected in optical
microscopy, the size evolution of small microgels can be
detected by time-resolved small-angle scattering.

While the prominent theory of Tanaka and Fillmore'*®
suggests a rather simple behavior with the relaxation time (t)
scaling with the square of the final radius R”, the experimental
studies concerning gels report very different types of behavior
during the collapse transition, see e.g. references in Nothdurft
et al.'*® Recent studies used cononsolvency as a trigger for
the collapse of small microgels and larger microgel beads and
found two relaxation times.'**'*® The first, fast process is
responsible for the major part of the volume transition. During
this transition, the microgel stays porous, and thus the process

Soft Matter, 2022, 18, 2884-2909 | 2903
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Fig. 15 Results of mesoscale hydrodynamic simulations of the time-
dependent structural evolution of a microgel. Snapshots illustrating the
microgel structure at indicated times during the simulation: (left) 2D
projection and (right) center slice. Adapted from ref. 144.

is not limited by the surface area, and the relaxation time t is
not proportional to R*>. Computer simulations indicated that
the collapse starts at the cross-links leading to a local collapse,
while keeping the microgel porous (Fig. 15)."** In a second step,
the collapsed regions form a dense shell at the surface of the
microgel, which slows down further collapse. Recent experi-
ments, employing much larger microgels and optical micro-
scopy, confirmed the two-step process.'*® Furthermore, a study
by Wrede et al. on N-n-propylacrylamide microgels dissolved
in water also reported a bi-exponential time dependence of
the collapse transition in pressure jump experiments."'®’
Altogether, this indicates that the two-step collapse process of
microgels is a generic feature.

Copolymers combine different repeating units within the
polymer chain, leading to complex properties in solution.
Cononsolvency effects have been studied with copolymers
based on N,N-diethyl acrylamide (DEAM) and N-isopropyl acry-
lamide and with different compositions.*> Comparing results
from various experimental techniques and quantum-chemical
calculations revealed the relevance of the copolymer composi-
tion on the local solvation characteristics. Block copolymers
from a hydrophobic and a thermoresponsive block often form
core-shell micelles in aqueous solution. Below the cloud point
of the shell-forming block, these are swollen, whereas above,
the shell blocks collapse, and the micelles become hydrophobic
and aggregate. Thus, the collapse of the shell and the subse-
quent aggregation cannot only be induced by raising the
temperature above the cloud point, but also by addition of a
cosolvent, exploiting cononsolvency. The pathway of aggregation
upon addition of methanol to an aqueous micellar solution from
PS-b-PNIPAM, where PS stands for polystyrene, was investigated
using time-resolved small-angle neutron scattering along with a
stopped-flow instrument."? It was found that aggregates of a final
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size of only ~50 nm form. While their growth initially followed
diffusion-limited coalescence, in the late stage, the growth was
slowed down by an energy barrier, having a height proportional
to the aggregate radius. These stages were not observed in
experiments on PNIPAM homopolymers, which formed very
large aggregates within less than 0.1 s.™> In a later experiment,
the effect of different cosolvents (methanol or ethanol) on the
growth behavior of the same type of micellar solution was
investigated after a rapid temperature change across the cloud
point (Fig. 16(a)).>® After a certain time (0.5-40 s, depending on
the cosolvent), aggregates started to form. Their growth rate
increased from the solution in pure water over the one in water/
methanol to the one in water/ethanol, i.e. with the molar
volume of the solvent. The effect of the cosolvent was attributed
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Fig. 16 Structural changes in micellar solutions of PS-b-PNIPAM diblock
copolymers in water, water—methanol and water—ethanol mixtures (all
solvents were fully deuterated) during a temperature jump across the
cloud point from the one-phase to the two-phase region, as deduced
from time-resolved SANS. Black squares: core radius reore (fixed at the
same value for all solvent mixtures during model fitting), reddish circles:
micellar radius rmic, bluish diamonds: radius of gyration of large aggre-
gates, ragg. Dark red and blue: pure water, medium red and blue: water/
methanol, light red and blue: water/ethanol. The dashed lines mark the
phase transition Tcp. (b) Total interaction potential between two collapsed
micelles in pure water, deduced from the behavior of r,gq (full dark blue
line), water/methanol (dashed medium blue line) and water/ethanol (dash-
dotted light blue line). (c) Schematic drawing of the proposed model
describing the final state. The collapsed core-shell micelles are depicted
in black and brown, water molecules in blue and alcohol molecules in
violet (not to scale). From.>® Copyright 2016. Reproduced with permission
from Wiley-VCH Verlag.
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to the interaction potential, which is related to the structured layer
of hydration water around the aggregates (Fig. 16(b)). The latter
may be perturbed by the cosolvent, which reduces the residual
repulsive hydration force between the aggregates (Fig. 16(c)).

Diblock copolymers polyferrocenyldimethylsilane-b-poly-
(N-isopropylacrylamide) (PFS-b-PNIPAM) were found to form
micelles in 2-propanol.**” Upon transfer of these micelles to
water, extensive fragmentation of the micelles was observed, which
was assigned to the loosely packed nature of the PFS blocks in the
micelle core, but also to the cononsolvency effect of 2-propanol-
water mixtures on the PNIPAM shell. In water, the micelle frag-
ments retained their anticipated thermoresponsive behavior.

A diblock copolymer system PMPC-b-PNIPAM, where PMPC
stands for the zwitterionic poly(2-(methacryloyloxy)-ethylphos-
phorylcholine), consisting of blocks that show cononsolvency
in different composition ranges of the solvent mixture water/
ethanol, was designed recently.'*®* While PMPC collapses at
high ethanol mole fractions, PNIPAM does so at low ethanol
mole fractions. For similar block lengths, a double-well con-
formational behavior was observed in computer simulations.
In experiments, micelles were observed, and the block, that
was insoluble at the given mixing ratio of the solvents, was
supposed to form the core.

The effect of methanol on the micellar structures and the
single chain conformations of aqueous solutions of a poly(methyl
methacrylate)-b-poly(N-isopropylacrylamide) diblock copolymer at
20 °C were investigated by Ko et al. using synchrotron SAXS.'*°
In water-rich solvent mixtures, self-assembled spherical core-shell
micelles are formed (Fig. 17). The internal structure of the
micelles is adjusted by the solvent compositions in two ways:
methanol softens the PMMA micellar core, while it causes the
shrinkage of the PNIPAM micellar shell. In methanol-rich solvent
mixtures beyond the miscibility gap, the copolymers are mole-
cularly dissolved chains (Fig. 17). They are collapsed near the
coexistence line, while they become random coils as the methanol
content increases. It is proposed that the internal morphology of
the micelles and the conformation of the dissolved chains depend
strongly on the solvent composition, as a consequence of the
superposed cononsolvency effect of PNIPAM and the overall
enhanced solvation of PMMA, when adding methanol.

This journal is © The Royal Society of Chemistry 2022

Recently, the response dynamics of polymeric thin films to
mixed water-methanol vapors were investigated.”'*® Time-
resolved spectral reflectance, time-of-flight neutron reflectometry
and FTIR measurements revealed a multistep response behavior of
PMMA-b-PNIPAM films to an exchange from water vapor to a mixed
water-methanol vapor. Additionally, differences were found for
hydrated or deuterated solvents.”® The comparison of PNIPMAM
films and zwitterionic poly(sulfobetaine) films showed that the
kinetic response is governed by the specific nature of the polymer.
While a two-step contraction was observed for PNIPMAM, only one
step was found for the zwitterionic film.">°

Furthermore, the cononsolvency behavior of PNIPAM-based
polymer brushes was discussed in experimental and theoretical
studies (see Section 2.2),1%141517:73:15L152 Thege gystems show
high potential for separation and transfer of nanoparticles or as
switchable nanopores, e.g. to regulate the translocation of
DNA."%'*"! Experimentally, the polymer chains are grafted
from the surface with varying grafting density and chain length.
The grafting density influences the swelling ratio of the
brushes, but only exhibits a minor impact on the composition
of the minimum brush height. Chen et al.'® observed a collapse
from the top of the polymer brushes in unfavorable mixtures.
The parts of the chains in contact with the cosolvent collapse,
whereas the interior remains partly swollen. Combining the
cononsolvency properties of polymer brushes with Forster
resonant energy transfer functionality enables probing chain
conformations and can be used to optically sense changes in
liquid mixture compositions.*®* While for thin films or polymer
brushes grafted from planar surfaces, the swelling behavior can
be derived from spectral reflectance, ellipsometry and AFM
measurements, the characterization of polymer-decorated
nanopores is more complicated. Very recently, Yong et al.'®
presented a novel method the quantitatively evaluate the swel-
ling state using the translocation of polymer in dilute solutions.

4 Conclusions

Cononsolvency is an intriguing phenomenon which has been
widely researched through various experimental, simulation
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and theoretical methods as discussed in this review. Across
literature, the cononsolvency phenomenon has been observed
in several synthetic and biological polymer solutions, and a
wide range of complex systems such as thin films, grafted
polymer brushes, block copolymers and cross-linked gels. Over
the last decade, several mechanisms, from both experimental
and theoretical studies, have been proposed with a predominant
emphasis on the connection between cononsolvency and
the preferential adsorption of the cosolvent on the polymer.
Additionally, significant progress has been made, on the experi-
mental front, to understand the effect of cosolvents on polymer
and solvent dynamics, though efforts on the simulation front
have been limited.

Although several mechanisms based on cosolvent-solvent
attractive interactions, polymer-cosolvent bridging, geometric
frustration and cosolvent surfactant effects have been proposed,
there is still no consensus on the nature of the molecular
interactions which drive cononsolvency. One of the major reasons
for this lack of consensus is the predominant emphasis on
cononsolvency in poly(N-isopropylacrylamide) (PNIPAM)/water/
alcohol mixtures. Unlike PNIPAM, polymers such as poly(N,N-
diethylacrylamide) (PDEAM) and poly(N-vinylcaprolactam) exhibit
cononsolvency only in combination with certain alcohols indicat-
ing that mechanisms based purely on the observations in PNIPAM
solutions may not be transferable to other systems. In this regard,
one possible approach would be to extend simulation and experi-
mental efforts to polymer solutions other than PNIPAM-water—
alcohol mixtures. One major bottleneck in such an approach is
the development of atomistic forcefields which can accurately
reproduce the experimental data. Another closely related aspect is
the development of methods and strategies for adequate sam-
pling of polymer conformations in atomistic simulations of such
systems. An important point to note is that most of the proposed
mechanisms focus on specific interactions which are either
related to polymer—cosolvent attractive interactions or clustering
(or attractive interactions) in the bulk solvent-cosolvent mixture.
As discussed in the theory and simulations section, each of these
mechanisms are applicable to only certain systems indicating that
the cononsolvency phenomenon depends on the interplay of
the proposed specific interactions. Therefore, there is need for
development of theoretical models which focus on the balance
between polymer—(co)solvent and hydrophobic interactions and
their effects on the polymer solvation shells.

Another aspect which is yet to be addressed is the connec-
tion between the coil-to-globule transition at the single chain
level to the phase separation at the macroscopic level. Under-
standing this aspect is very important as the simulation studies
predominantly focus on the coil-globule equilibrium of a single
chain whereas the experimental studies are mostly on macro-
scopic (multiple chain) systems. As discussed in the experi-
mental and theory sections, the coil-to-globule transition
(temperature driven) and the phase separation are not coupled
at all cosolvent concentrations. To understand this coupling,
on the simulation front, there is a need for development of
frameworks such as hybrid particle field simulations which can
be used for simulating multi-chain systems and also be linked
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to the single chain coil-to-globule transitions. At the same time,
single molecule experiments, using atomic force microscopy or
optical tweezers, may provide new insights and can be more
directly related to and supported by atomistic simulations.

Synthesis procedures for polymers have been tremendously
improved over the last years providing better control of the
sequence of repeating units along the chain as well as with
respect to complex macromolecular architectures. Combining
that with cononsolvency will allow preparing materials, where
collapse transitions can be confined to compartments on
different length scales. These locally collapsed regions have a
different polarity as compared to their surroundings, which
can be exploited, e.g. for sensing, scavenging or (bio-)chemical
transformations.
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