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Abstract

®

CrossMark

In this work we discuss two mirror but distinct phenomena of polymer paradoxical
properties in mixed solvents: co-non-solvency and co-solvency. When a polymer
collapses in a mixture of two miscible good solvents the phenomenon is known as
co-non-solvency, while co-solvency is a phenomenon that is associated with the swelling
of a polymer in poor solvent mixtures. A typical example of co-non-solvency is provided
by poly(N-isopropylacrylamide) in aqueous alcohol, while poly(methyl methacrylate) in
aqueous alcohol shows co-solvency. We discuss these two phenomena to compare their

microscopic origins and show that both can be understood within generic universal concepts.
A broad range of polymers is therefore expected to exhibit these phenomena where specific
chemical details play a lesser role than the appropriate combination of interactions between

the trio of molecular components.
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1. Introduction

Smart responsive polymers are becoming increasingly impor-
tant as high-performance multifunctional soft materials [1-4].
A polymer is considered to be smart responsive when a small
change in external stimuli can drastically alter its structure,
function and stability [5—17]. Because of this fast responsive-
ness to external stimuli, these systems serve as suitable can-
didates to tune polymer properties for desired applications
[1, 2]. In this context, polymer conformations in solutions
are often characterized by their solvent qualities. Starting
from a good solvent chain, where single chain static structure
factor S(g) follows the scaling law ¢g~>/3, increased attraction
between monomers first brings a chain in a ©®—configuration
with S(g) ~ ¢~2 and further increase of monomer-monomer
attraction collapses a chain where the collapsed globule fol-

lows a scaling law S(q) ~ ¢~* [18, 19]. Here the monomer
excluded volume V =27 [ [1 — e )/bT] 12dr, with v(r)
being the interaction potential between monomers and kg7 is

1361-648X/18/024002+7$33.00

the thermal energy, follows: V > 0 for good solvent, V = 0 for
©—solvent and for poor solvent V < 0. Furthermore, the ©—
point is a critical point that is dictated by large diverging fluc-
tuations. When a polymer goes from coil-to-globule transition
via standard ©—collapse, it is a second order phase transition
[18, 19]. Moreover, in some cases, the coil-to-globule trans-
ition is coupled with strong hysteresis between the heating
and the cooling cycles [20-22], indicating a first order phase
transition where the conformational behavior is given by the
two state process [23].

In a broad sense, polymers are usually generalized into two
distinct categories, i.e. the upper critical solution temperature
(UCST) behavior and the lower critical solution temperature
(LCST) behavior, as shown in figure 1. When a polymer goes
from a globule-to-coil transition upon heating, with a trans-
ition temperature 7, it is known as UCST and is an energy
driven process. On the other hand when a polymer collapses
upon heating it is known as a LCST transition. During LCST,
when T > Ty, solvent-monomer interaction breaks down

© 2017 IOP Publishing Ltd  Printed in the UK
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as a result the expelled solvent molecules gain translational
entropy that is larger than the conformational entropy loss
upon collapse, making LCST an entropy driven process. T,
or T, can be tuned for instance by introducing hydrophobic
or hydrophilic comonomer units along a polymer backbone
[24-28]. While the behavior of these polymers in single comp-
onent solvents is interesting, they often exhibit unexpected
and puzzling behavior when they are dissolved in a mixture
of two solvents. For example, when cosolvent molecules are
added to the polymer-solvent mixtures, the transition points
can again be tuned with changing the compositions of cosol-
vents in the solution [5, 6]. Two of the most intriguing phe-
nomena of polymer solvency are co-non-solvency [2, 5-17]
and co-solvency [29-34]. A generic schematic representation
of both these phenomena is shown in figure 2, where the rep-
resentative change in polymer gyration radius with cosolvent
molar ratio is illustrated.

In this short comparative review, we discuss generic con-
cepts of these two phenomena and also compare their distinct
molecular origins. The remainder of the paper is organized
as follows: in section 2 we revisit the discussion related to
the phenomenon of co-non-solvency, in section 3 we discuss
co-solvency and finally we draw a comparative summary in
section 4.

2. Co-non-solvency revisited

Co-non-solvency is the generic designation of polymer col-
lapse in a mixture of two well miscible and individually
good solvents. For example, when a polymer is well soluble
in a solvent and a small amount of cosolvent is added in the
same binary solution, the polymer undergoes a coil-globule
transition. While the recent literature generally associates
co-non-solvency with the LCST polymers [5-15, 17], the
term co-non-solvency was first coined for a UCST system
of polystyrene solvation in a mixture of cyclohexane and
N,N-dimethylformamide (DMF) [35]. There are a wide range
of polymers, both LCST and UCST, that show the phenom-
enon of co-non-solvency when they are disolved in appro-
priate mixtures of solvent and cosolvent. In particular, the
addition of cosolvents into a LCST system reduces T, and,
therefore, causes the collapse of a polymer [5, 6]. On the
other hand, addition of cosolvents into a polymer solution of
UCST nature, increases its 7, [35]. A list of polymers showing
co-non-solvency is presented in table 1. It can be seen from
the table that there is a broad range of polymers showing co-
non-solvency. An interesting observation can be made when
looking into the change in the window of collapse Ax. with
change in solvent-cosolvent mixtures. In order to highlight the
large number of polymer-solvent-cosolvent combinations dis-
playing co-non-solvency, and to present a unified picture of
Ax, for three different polymers with changing temperatures
and aqueous cosolvent mixtures we have shown figure 3. Note
that here we only concentrate on the aqueous solutions.
Interestingly, the standard solvent-cosolvent mixtures that
are suitable to observe co-non-solvency are aqueous alcohol
mixtures. For example, a closer look into the behavior of
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Figure 1. Schematic representation of polymer phase diagram

of polymer solution for system exhibiting upper critical solution
temperature (UCST) part (a) and lower critical solution temperature
(LCST) part (b). Here ¢, is the polymer volume fraction, T, is the
UCST and Ty is the LCST.

PNIPAm [5-7, 10, 11] and PAPOMe [37] in aqueous alcohol
mixtures shows that Ax, decreases with increasing size of the
alcohol, see figure 4. Note that Ty, ~ 32 °C for PNIPAm [20]
and T, ~ 14°C for PAPOMe [37] in pure water. In figure 4
data for three different alcohols and for available temperatures
T is shown. It can be appreciated from figure 4 that change
in Ax, is maximum with increasing alcohol size when 7 is
closest to Ty (see black o curve in figure 4). The larger the dif-
ference Ty — T the smaller the change in this effect, see green
o curve in figure 4. This observation is not surprising given
that for larger alcohols the phenomenon of co-non-solvency
should disappear because of the strong hydrophobic-hydro-
phobic attractions.

The microscopic origin of the puzzling phenomenon of
co-non-solvency is a matter of intense debate in the current
literature, where a number of explanations have been provided
based on the Flory—Huggins (FH) type mean field theory
[5], cooperativity effect [9], preferential polymer-cosolvent
interaction [2, 12, 13, 17], and solvent-cosolvent interaction
parameter [43]. In our earlier works, combining a multi-scale
model, a generic model, experiments and analytical theory [2,
13, 44], we have presented a possible mechanism of co-non-
solvency that is based on preferential binding of methanol
with PNIPAm and have shown that this concept can be applied
to describe a broad range of polymers within a unified generic
concept [2, 13]. It was discussed that when a small amount of
better cosolvent, methanol in the case of aqueous PNIPAm
solution, is added to the polymer-solvent solution, preferen-
tial binding of cosolvent drives these molecules towards the
polymer. Since the amount of cosolvent is rather small, they
try to bind to more than one monomer at a time to reduce the
binding free energy, thus initiating the collapse process. On
the other hand, when a large amount of cosolvent molecules is
added, the system can overcome translational solvent entropy
and opens up by the complete decoration of the polymer with
cosolvent. Note that this preferentiability is about 4kgT per
monomer to observe co-non-solvency and below this contrast
co-non-solvency usually disappears [45]. We also would like
to highlight that this phenomenon is not strictly dependent on
the sensitivity of the polymer to temperature in each of the
solvents and that specific chemical details do not play any role
in describing the phenomenon.
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Figure 2. Schematic representation of co-solvency (top panel) and co-non-solvency (bottom panel) for a polymer chain. We also show
schematic of the underlying interaction details. Note that neutral interaction between solvent and cosolvent means that neither has a clear

preference, i.e. the solvents are very well miscible.

Table 1. A table listing various polymer systems that show co-non-solvency effect when solvated in their respective mixture of solvents.

Polymer (p)

Solvent (s) Cosolvent (¢)

Poly(N-isopropylacrylamide) (PNIPAm) [5-8, 10, 11, 36]

Poly(acryloyl-L-proline methyl ester) (PAPOMe) [37]
Poly(ethylene oxide) (PEO) [38]

Polystyrene [35]

Poly(vinyl alcohol) [39]
Poly(2-(methacryloyloxy)ethylphosphorylcholine) (PMPC) [40, 41]
Poly(N, N-diethylacrylamide) (PDEA) [42]

Water Methanol (MeOH), ethanol(EtOH),
iso-propanol (iPrOH), dimethyl
sulfoxide (DMSO), tetrahydrofuran
(THF), 1,4-dioxane, or acetone (Ac)

Water MeOH, EtOH, or iPrOH

Water N, N-dimethylformamide (DMF)

Cyclohexane DMF

Water Dimethyl sulfoxide

Water MeOH, EtOH, or iPrOH

Water EtOH

Because the cosolvent driven coil-to-globule transition is
dictated by preferential binding, the standard FH type mean-
field theory may not be suitable to explain the phenomenon
[46, 47]. For example, when adding a polymer of length N, at
fraction ¢, in a mixture of solvent s and cosolvent c, respec-
tively, the FH free energy JFgy can be written as [18, 19],

Fr @
P = ﬁ[; In g, +x (1= ¢p) Infxe (1 — )]

+ (1 =xe) (1 = @) In[(1 = xc) (1 = )]

+ Xps®p (1 = xc) (1 = ép)

+ ch¢pxc (1 - ¢p)

+Xscxc(1 _-xc) (1 _¢p)2' (1)
Here, the first three terms represent the entropy of mixing and
the last three terms deal with interactions between different
solvent components. The monomer excluded volume V can be

directly calculated from the second order expansion of equa-
tion (1) that gives,

V=1-=2(1—=x)Xps — 2%cXpe + 2% (1 = Xc) Xser (2)

where x,s and X, are FH interaction parameters between
p — s and p — c, respectively. The factor X, is the parameter
that deals with solvent-cosolvent interaction. Here the first
two terms of equation (2) only give a linear variation of V
with x. (i.e. placing x = 0 in equation (2)). When y < 0, V
becomes negative and thus opens the possibility of the coil-
to-globule-to-coil conformational transition. However, it has
been earlier recognized that in common solvent mixtures
where co-non-solvency is observed, x remains positive and
close to zero [5]. Therefore, a particle based theory related to
adsorption competitive displacement was devised to explain
the phenomenon [2, 46].

While detailed theoretical analysis was presented in our
earlier works [2, 46], we only sketch some key ingredi-
ents here. For this purpose, we consider a polymer to be an
adsorbing substrate where the solvent and the cosolvent mol-
ecules compete for adsorption. Additionally, because of the
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Figure 3. Part (a) shows the scheme to calculate the window of co-non-solvency collapse Ax, and part (b) presents a unified plot showing
the window of collapse (represented by horizontal bars) in the units of cosolvent mole fraction for three different polymers with changing
temperatures and for different aqueous cosolvent mixtures. Ax, data is extracted from the experimental literature in [5-8, 10, 11, 36, 37,

40, 41].

molecular flexibility of a polymer chain, polymer segments
may form short segmental loops. Polymer collapse under
co-non-solvency is thus explained by the preferential attrac-
tion of cosolvent molecules to the monomers, forming cosol-
vent bridges between two monomers [2]. This picture can be
treated equivalently as two pseudo chemical reactions,

cosolvent 4 empty site = non — bridge

cosolvent + 2 empty site = ( bridge. )
Consider a polymer as a substrate with A sites exposed to
the bulk solution, with A*, N¢, and 2N sites occupied by
solvents, cosolvents and bridging cosolvents, respectively.
This makes N = N* + N¢ 4 2Nj. Therefore, ¢ = N°/N
represents the fraction of cosolvents that are attached to a
single monomer and ¢p = Ng /N is the fraction of cosol-
vent bridges. This picture based on competitive adsorption
can equivalently be written in terms of free energy density of
adsorption for non-bridges and bridges,

v
e =¢In(¢) + (¢pIn (2¢p)
+(1—¢—2¢p)In(1 — ¢ —2¢p)
1
*5¢*5B¢B*@(¢+¢B)’ 4)

with p = kT In(x.) being the chemical potential of the
bulk cosolvent in the bulk solvent mixture and £ mea-
sures single site cosolvent adsorption energy and &g gives
bridging cosolvents energy. The first three terms represent
translational entropic contributions, the factor 2 in the
mixing entropy accounts for the fact that a bridge occupies
two sites on the polymer backbone. The unusual pre-factor

0.8 R
< PNIPAm 5°C
1 © PNIPAm 20°C i
O 6_ 0 PNIPAm 30°C |
. * PAPOMe 5°C
Q i PMPC 23°C L
2 0.4 g
0.2 -
00 T T T T T
MeOH EtOH PrOH

Figure 4. Window of co-non-solvency collapse Ax, for different
aqueous alcohol mixtures. Here MeOH, EtOH, and iPrOH stands
for aqueous methanol, ethanol and propanol solutions, respectively.
Ax,. data is extracted from the experimental literature in [5-8, 10,
11, 36, 37, 40, 41].

¢ =2 —m and the critical exponent m can be estimated
within a simple scaling argument. For example, if we con-
sider a partition function of vanishing end-to-end distance
R, — 0[19],

Zn,(R, — 0) oc ¢V'N;*72, (5)

and the partition function at finite R, is given by,

Zn,(R,) o< "N (6)

Here 1/q is the critical fugacity and the universal exponents
a=0.2 and v = 1.15 [19]. From these two cases one can
estimate the free energy barrier to form a loop of length ¢ as
AF () =mrpgT In(f), withm = v — o+ 1 = 1.95.
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Figure 5. Part (a) shows a solution of equation (7) for fraction of
briding cosolvents ¢g and part (b) represents the corresponding
normalized gyration radius Ry = R,(x.)/Re(x. = 0) as a function
of cosolvent mole fraction x.. The data for these curves is extracted
from [46].

Minimization of equation (4) with respect to ¢p and ¢
leads to the implicit equation for the bridge density ¢g (x.),

o\ 12
tonin = (E) (1= 20m)

c

2
«
- \/<x> o U

with x¥ = exp(—¢) and x** = exp(—&p + 21n2e — (). This
expression explains well the variation of ¢p within the col-
lapsed region of a polymer under co-non-solvency [46], see
figure 5(a). As shown in figure 5(b) ¢p can be translated into
polymer R, using [46]

R, 177

e v (8)
The magnitude of the negative excluded volume —|V| can
then be estimated from ¢p by using the relation V ~ N;¢@p (x.).
Including ¢ from equations (7) in (8), describes well the vari-
ation of R, with x.. Note that the theory presented in equa-
tion (4) deals with only single chain. Furthermore, this theory
can be extended to concentrated polymer system, where
bridging scenario should be considered not only within the
chain, rather also between different chains in the solution.
For example, when the polymer concentration is high, the
system can be classified as consisting of two domains: (1) the
polymer rich domain with encapsulated cosolvents forming
bridges between monomer of different chains and (2) polymer
poor phase with solvent molecules. Here a closer inspection
of the polymer rich phase reveals that it behaves as a good
solvent chunk of cosolvent rich system, where single chain
structure factor within this chunk can be well described by
S(q) ~ g~3/3. Along this line an extension of our theory was
proposed, which can describe co-non-solvency of polymer
brushes [48].

Another key observation is that the polymer collapses
when the solvent quality remains good or even gets increas-
ingly better by the addition of the better cosolvent. This puz-
zling phenomenon, where the solvent quality is completely

decoupled from the polymer conformation, is driven by (co)
solvent-monomer attraction making the mean field descrip-
tion unsuitable to describe this behavior. Furthermore,
because a polymer collapses in good solvent, the depletion
(or repulsive) forces, that are responsible for standard poor
solvent collapse, do not play any role in describing co-
non-solvency. Conversely, depletion forces do play a signifi-
cant role when a polymer swells in a mixture of two com-
peting poor solvents, also known as co-solvency, which is
described in the next section.

3. Co-solvency revisited

Co-solvency is a mirror effect to that of co-non-solvency
that occurs when two poor solvents for a polymer are mixed
together, such that the polymer swells within the intermediate
mixing ratios of the two solvents [29-34]. Typical examples
include PMMA in aqueous alcohol mixtures. While pure water
and pure alcohol are individually poor solvents for PMMA,
when PMMA is dissolved in a mixture of water and alcohol
it shows improved solubility. Traditionally PMMA is a stan-
dard system that was associated with the phenomenon of co-
solvency, recent experiments also showed that systems such as
corn starch [33] and poly(N-(6-acetamidopyridin-2-yl)acryl-
amide) [34] have similar swelling within intermediate mixing
ratios of aqueous alcohol, see table 2. Moreover, it is also
important to notice that—while co-solvency is predominantly
observed in water-alcohol mixtures, other solvent mixtures
also show similar phenomenon [49]. Furthermore, unlike co-
non-solvency where the phenomenon becomes weaker with
increasing alcohol sizes, co-solvency becomes stronger with
increasing size of alcohol, i.e. swelling ratio in aqueous pro-
panol > aqueous ethanol > aqueous methanol [30-32]. This
poses two important questions: (1) why does a polymer swell
at all in poor solvent mixtures and (2) what is so special about
aqueous alcohol mixtures.

In this context, it is known that a polymer collapses in a
solution when the solvent-monomer repulsion is larger than
the monomer-monomer repulsion, thus induces an effective
attraction between monomers reducing V, also known as
depletion induced attraction known from colloidal science
[50]. Therefore, the effect is dictated by the number density
of depletants, in this case solvent particles consisting of water
and alcohol, within the solvation volume [51]. This argument
holds in pure water and in pure alcohol. However, when a
polymer swells up within the intermediate mixing ratios of
water and alcohol, the number of depletants is reduced. This
can be seen by looking into the total number density piotar Of
bulk solution as a function of mixing ratios of two solvents
[51]. In figure 6 it can be be seen for aqueous alcohol mixtures
Protal Teduces from its mean-field value (linear extrapolation
between pure solvent x. = 0.0 and pure cosolvent x, = 1.0)
with a maximum deviation observed for the 50-50 mixing
ratio [52]. The larger the alcohol the larger the deviation
from the mean-field value. This deviation is a key factor that
reduces the number of depletants within the solvation volume
and thus reduces the depletion attractive forces, reducing the
magnitude of the negative excluded volume V. Therefore, the
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Table 2. A table listing various polymer systems that show co-solvency effect when solvated in their respective mixture of solvents.

Polymer (p)

Solvent (s) Cosolvent (c)

Poly(methyl methacrylate) (PMMA) [30-32]
Corn starch [33]
Poly(N-(6-acetamidopyridin-2-yl)acrylamide) [34]
PMMA [49]

Water MeOH, EtOH, or iPrOH
Water MeOH, EtOH, or iPrOH
Water MeOH, EtOH, or iPrOH
2-Butanol 1-chlorobutane

Table 3. A table listing similarities and differences between co-non-solvency and co-solvency phenomena observed in binary

aqueous solutions.

Co-non-solvency

Co-solvency

Polymer collapse in miscible good solvents
Dictated by preferential attractive binding
Bulk solution property plays negligible effect

Mean field theory does not describe the effect
Interstitial sticky contacts mediated by cosolvents
A broad range of systems show this phenomenon

Polymer swelling in miscible poor solvents
Dictated by depletion (repulsive) effects

Bulk solution density drives the transition

and the phenomenon emerges at constant

pressure only

Can be explained within the FH mean field picture
Dictated by 2nd order depletion effects
Predominantly observed in aqueous alcohol solution

emethanol “a__
= ethanol

00 02 04 06 08 1.0
Le

Figure 6. Total number density pioral Of the bulk solution as a
function of cosolvent mole fraction x, for aqueous methanol and
aqueous ethanol solutions under ambient conditions. Solid lines
are linear interpolation between the data points of x, = 0.0 and
x. = 1.0.

polymer swelling in a mixture of two poor solvents can be
viewed as a second order effect. For example, the solvent mol-
ecules deplete monomers giving rise to the poor solvent con-
dition for a polymer. However, when cosolvent molecules are
added into the system, cosolvents not only deplete monomers
but also solvent molecules leading to a second order depletion
effect.

Unlike co-non-solvency, the phenomenon of co-solvency
can be explained within an FH mean-field picture. However,
because the phenomenon naturally emerges at constant pres-
sure, such that a density dip is observed in the bulk solution,
it is necessary to devise a theory that can take account of
the density dip. In a recent work [51], it was shown that the
co-solvency can be explained within a unified picture com-
bining the knowledge known from polymer physics [18, 19]
and colloid science [50]. While a detailed theoretical analysis
was presented in [51], here we only sketch a few key ingredi-
ents. We are studying single chain property, i.e. under infinite

dilution ¢, — 0, and the majority of the system volume is
occupied by solvent-cosolvent mixture. Therefore, the system
can be treated within a simplified limit of a binary mixture.
Additionally, solvent-solvent and cosolvent-cosolvent interac-
tions were considered to be identical, but that solvent-cosolvent
interactions are distinct. The total free energy is the given as,

Fr AW
KBT a I{BT
+ Xse (V)2 (1 = xc), 9)

where F;(v) is the volume-dependent free-energy of the pure
solvent systems [51]. The Flory—Huggins interaction param-
eter between solvent and cosolvent ;. also depends on the
system volume or solvent-cosolvent composition. For a given
pressure P, the molar volume v is thus controlled by,

0Xse(v)
ov

+x.In(x.) + (1 — xo) In(1 — x.)

P =P;(v) — kgTxc(1 — x) (10)

with Py(v) = —0vF,;/Ov being the pressure of the reference
system. For a small variation of the molar volume of the sol-
vent-cosolvent mixture with respect to that of the reference
system, one gets v = v, [1 + ¢ x.(1 — x.)] where

tipT Oxse(v) [ } B

v v
measures the relative interaction parameter and the reference
P for a given v. Furthermore, the change in . between con-
stant density and constant pressure ensembles can be esti-
mated from,

OP,(v)

Ov (1

(=

aXsc (V)
v

Cxe(l — x).

x.—0

Xsc(v) = Xsc(vo) +v (12)

For x. = 0.5, the above equation will lead to a ~11% varia-
tion in . values with respect to the standard values calculated
when piorar 1S kept constant [51]. Therefore, in this system the
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Xsc parameter relevant to the FH analysis keeps consistent
values throughout the range of compositions.

4. Summary: co-non-solvency versus co-solvency

In this short article we have compared two puzzling phe-
nomena of polymer properties in mixed good and mixed poor
solvent mixtures, namely co-non-solvency and co-solvency.
We discuss that each of these phenomena can be classified
within unified generic concepts and therefore a broad range of
systems exhibit these phenomena. To make a comprehensive
comparison highlighting the differences between these two
effects, we present in table 3 an overview of these systems.
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