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Abstract

Cononsolvency occurs if a mixture of two good solvents causes the collapse or demixing of
polymers into a polymer-rich phase in a certain range of compositions of these two solvents.
The better solvent is usually called cosolvent and another common solvent is called solvent.
So far, the phase-transition mechanism behind cononsolvency is still rather controversially
debated in literature. In this thesis, I experimentally investigated the cononsolvency effect of
poly(N-isopropylacrylamide) (PNiPAAm) brushes with different grafting density in aqueous
alcohol mixtures. I have used Vis-spectroscopic ellipsometry measurements and proved the
hypothesis that the cononsolvency transition of PNiPAAm brushes consists of a volume
phase-like equilibrium transition.
I found a strong collapse transition in PNiPAAm brushes followed by a reentry behavior
as observed by ellipsometry measurements. Using a series of alcohols with increasing alkylchain length I have demonstrated that the cononsolvency effect is enhanced and shifted to
smaller volume fractions of the alcohol. Particularly for the alcohol with increasing hydrophobic property this is correlated with an increasing tendency of demixing between the cosolvent
and water. This is apparently in contrast to the hypothesis of strongly associative solvents
being the origin of the cononsolvency effect. The hypothesis of preferential adsorption, on the
other hand, can account for this case by assuming an increasing hydrophobically driven adsorption of the cosolvent on the polymer chains. The recently proposed adsorption-attraction
model based on the concept of preferential adsorption, can be used to predict the corresponding phase-transition behavior. In particularly the model predictions for variation of the grafting density is in agreement with the experimental findings. However, to reflect the imperfect
mixing of the longer alcohols in water as well as finite miscibility of the polymers in the common solvent, extensions of the model have to be considered. I have shown that the simplest
extension of the model taking into account the Flory-Huggins parameter for polymer and water can account for the qualitative changes observed for temperature changes in my experiments.
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Both a theoretical analysis and experimental observations show that the phase-transition
mechanism of cononsolvency depends on the relative strengths of various interactions in the
polymer solutions. A cononsolvency transition can be driven by a strong cosolvent-solvent
attraction or by the preferential adsorption of cosolvent onto the polymer. By an extension of
the adsorption-attraction model, I report on a comprehensive and quantitative theoretical
study of the cononsolvency effect of neutral polymers such as PNiPAAm brushes, macro-gels
and single long chains. The extended adsorption-attraction model is able to describe and predict the phase-transition behaviors of these systems in various aqueous alcohol solutions
quantitatively. My analysis showed that besides the dominant role of polymer-cosolvent preferential adsorption and the monomer-cosolvent-monomer triple contacts (cosolvent-assisted
temporary cross-linking effect) that define the strength of the collapse-transition in the cosolvent-poor region, other effects are shown to be of relevance: The non-ideal mixing between
polymer and solvent plays a role in shifting the collapse transition to the lower-concentration
region of cosolvent, and an increase of the demixing tendency between cosolvent and solvent
on the polymer chains reduces the window width of the cononsolvency transition. Using data
from my own experiments and literature I can show that the cononsolvency response of
brushes, gels and single long polymer chain can be consistently described with the same model.
The model parameters are consistent with their microscopic interpretation. In addition, weakening of the cononsolvency transition in cosolvent-poor aqueous solutions at high hydrostatic
pressure can be explained by the suppression of demixing tendency between cosolvent and
water, and between polymer and water in the case of PNiPAAm.
An investigation of the grafting-density effect in the cononsolvency transition of grafted
PNiPAAm polymer, showed that a decrease of grafting density at the collapse state as well as
the temperature is fixed, the swollen polymer chains can show various morphologies not limited to collapse brush. In addition, my experimental results clearly showed that the strongest
collapse state can be only realized by polymer brushes with moderate grafting densities. My
results display the universal character of the cononsolvency effect with respect to series of
cosolvents and show that PNiPAAm brushes display a well-defined and sharp collapse transition. This is most pronounced for 1-propanol as cosolvent which is still fully miscible in wa-

ter. Potential applications are switches built from implementation of brushes in pores and similar concave geometries can be realized by harnessing the cononsolvency effect of stimuli-responsive polymers such as PNiPAAm.
As an example of application of cononsolvency effect of grafted polymers, different molecular-weight PNiPAAm polymers are grafted around the rim of solid-state nanopores by using
grafting-to method. I demonstrate that small amounts of ethanol admixed to an aqueous solution can trigger the translocation of fluorescence DNA through polymer-decorated nanopores.
I can identify the cononsolvency effect as being responsible for this observation which causes
an abrupt collapse of the brush by increasing the alcohol content of the aqueous solution followed by a reswelling at higher alcohol concentration. For the first time, I provide a quantitative method to estimate hydrodynamic thickness of a polymer layer which is grafted around
the rim of nanopores. Regardless of the grafting density of a grafted PNiPAAm polymer layer
around the rim of nanopores, in the alcohol-tris buffer mixtures, the polymer layer displays
solvent-composition responsive behaviors in the range of metabolic pH values and room temperatures. Although in this study PNiPAAm was chosen as a model synthetic polymer, I believe in that the conclusions made for PNiPAAm can be also in general extended to other synthetic polymers as well as to biopolymers such as proteins. As a proof of concept of using
synthetic polymers to mimic biological functions of cell-membrane channels, my study clearly
transpired that cononsolvency effect of polymers can be used as a trigger to change the size of
nanopores in analogy to the opening and closure of the gates of cell-membrane channels.
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Chapter 1 Background and motivation
1.1 Liquid-liquid phase separation
A liquid-liquid phase separation is a reversible process of a homogenous fluid de-mixing into
multiple phases. When polymers are exposed to mixed solvents, various coacervate phases can be
formed by variation of solution composition, temperature, and pressure [1-4]. The maximum number of distinct coexisting phases that can emerge within a liquid-liquid phase separation is given by
the phase rule, which can be derived from classical thermodynamics [5]. Accordingly, a mixture of
n nonreactive components can coexist in as much as a maximum of n+2 distinct phases. In mixtures
with reactive components, this maximum is decreased by k, the number of linearly independent
chemical reactions in the system, which is equal to the rank of the stoichiometry matrix. An extraordinary but general signature of a liquid-liquid phase separation is the coexistence of two stable
distinct phases, i.e., a dilute phase and a condense phase. In contrast, three- or more- phases can
only stably coexist over a narrower range of thermodynamic variables; for example, in a singlecomponent system, it will only be at the triple point where three phases can coexist with one another
[6].
In order for a liquid-liquid phase separation to be thermodynamically favoured, it needs to result
in a decrease in the mixture’s Gibbs free energy [5, 6]. Let xl ≡ (xl1, xl2, …, xln) be the composition
vector of a homogeneous liquid mixture (name it as l) with that xli is the molar fraction of the i-th
component. Upon a phase separation, the initial phase l will separate into two coexisting phases, a
dilute phase (name it as d) and a condense phase (name it as c). Note that xl will be located on a tie
line connecting xd and xc, i.e., there will be a partition constant 0 < λ <1 so that xl = λxd + (1 - λ)xc.
Since the two phases d and c will be at an equilibrium, μd(xd) = μc(xc) with μα ≡ (μα1, μα2, …, μαn) being
a chemical potential vector for phase α = d, c. The change in the free energy of the system as a result
of a phase separation will therefore be given by:
 g =  gd ( xd ) + ( 1 −  ) gc ( xc ) − gl ( xl ) =  xd d ( xd ) + ( 1 −  ) xc c ( xc ) − xl l ( xl ) .

(1.1)

Here gα(xα) is the molar Gibbs free energy of phase α = d, c, l. The described phase separation will
be thermodynamically favoured if Δg = xl(μd(xd) - μl(xl)) = xl(μc(xc) - μl(xl)) < 0. Also, the constraints
imposed on chemical potentials and the overall composition of the two phases imply that xd and xc
and λ can be uniquely determined from the temperature, pressure and composition of the original
mixture. In general, it is possible to obtain empirical or semi-empirical expressions for μα, which
can then be utilized to predict the possibility- or like thereof- phase separation for any given mixture.
In a liquid-liquid phase separation under a given temperature and pressure the following GibbsDuhem equation holds:
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where dμαi is an infinitesimal increase in chemical potential for the i-th component in the α-phase.
Figure 1.1 is a graphical presentation when there are only two components in the liquid mixtures,
a particular example is the liquid mixture containing a polymer and solvent.

Figure 1.1(Figure 1) A graphical plot of the mixture’s Gibbs free energy (g) in respect to the composition
vector of the liquid mixture (x). For simplicity, in the figure I plot the situation when the system only has two
components. It is noted that if xd < xl < xc, the system will undergo a phase separation when it goes to thermodynamic equilibrium.

1.2 Polymer phase separation in a pure solvent
When a polymer is mixed with a pure solvent, segregation effects in the polymer solution are
usually caused by repulsive interactions between monomers and solvent. This is rationalized by
the Flory-Huggins mean-field model [7, 8] where the interaction between the different components
such as solvent and monomers is represented by a phenomenological χ-parameter. This model can
be written in the following form for a simple polymer solvent mixture:
GFH =

c ln ( c )
N

+ ( 1 − c ) ln ( 1 − c ) +  ps c ( 1 − c ) .

(1.3)

Here, the volume fraction of each polymer chain consisting of N monomers in the solution is denoted by c, and the free energy per volume of the polymer solution, GFH, is taken in units of kBT. In
this representation the χ-parameter, χps, corresponds to the effective (typically repulsive) interaction
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between the monomers and the solvent. In mean-field theories for homopolymer solutions, the parameter χps is defined as:

 ps =

(

z 2 ps −  pp −  ss
2 k BT

).

(1.4)

In Eq.(1.4), the term εij refers to a mean-field energy for an interaction between species i and j; the
subscripts p and s refer to the polymer and solvent, respectively. The algebraic sum of energies is
made dimensionless by normalization using the parameter kBT, which quantifies the thermal energy at temperature T; z is a coordination number that represents the average number of nearestneighbor interactions that each monomeric unit within the polymer can make.
Consider adding a small amount of polymer molecules to a liquid of pure solvent (c <<1). The
free energy (GFH) in Eq.(1.3) can be expanded into a power series in composition (c) of the polymer
molecules. For small values of composition (c <<1), the free energy (GFH) in Eq.(1.3) can be rewritten
into its virial expansion [9] :
GFH =

c ln ( c )
N

1
1
1
+  1c +  2 c 2 +  3 c 3 +  4 c 4 + ,... .
2
6
12

(1.5)

Here, the first virial coefficient is ν1 = χps – 1, the second virial coefficient is ν2 = 1 - 2χps with both the
third and the fourth virial coefficients being ν3 = 1, ν4 = 1. When the second virial coefficient is negative (the third virial coefficient is positive), the polymer solution is unstable and it decomposes
into a dilute and condense polymer phases. This type phase separation is well-known and wellstudied as type-I phase transition. It is noted that from the virial expansion, the two-body interaction (v, or conventionally termed as excluded volume) between polymer and solvent can be esti3

3

mated by v = ν2b = (1 – 2χps)b and the three-body-interaction (w) between polymer and solvent is
6

6

calculated [9] by w = ν3b /3 = b /3, where b is a monomer size of the polymer.
In a polymer solution [9, 10] comprising a polymer and a poor solvent where the second virial
coefficient (ν2) is negative (see Eq.(1.5)), there exists a system-specific χps-dependent concentration
threshold designated as the saturation concentration or csat beyond which the system separates into
a condense polymer-rich phase (sometimes in the form of precipitate) that coexists with a very dilute liquid supernatant (polymer-poor phase, with the concentration csat ), see Figure 1.2. The volume fractions of the polymer in the coexisting dilute and condense phases are designated as cdilute
and cdense, respectively, where cdilute = csat. For cdilute < c < cdense, the numbers of the polymer molecules
in the two phases are determined by the so-called lever rule: ndilute = ntotal(cdense – c)/(cdense – cdilute) and
ndense = ntotal(c – cdilute)/(cdense – cdilute), where ndilute and ndense are the numbers of polymer molecules in the
dilute and condense phases respectively, and ntotal is the total number of polymer molecules: ntotal =
ndilute + ndense. For homopolymer solutions, the magnitude of the system-specific Flory-Huggins interaction parameter between the polymer and solvent χps, which is larger than 0.5 + 1/√N in a poor
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solvent, will determine the values of cdilute at the order of (2χps – 1) exp(–(2χps – 1) N ) and cdense at the
order of (2χps -1) via the so-called common tangent construction for free energy GFH with respect to
polymer concentration c.

Figure 1.2 (Figure 2) A graphical plot of the Flory-Huggins free energy (GFH, Eq.(1.3)) with respect to the
volume fraction of polymer (c) for polymer solutions. It is noted that if c ≤ cdilute or c ≥ cdense, there is no phase
separation. Parameter used in the plot are N = 100 and χps = 0.8.

Here, it is worth noting that a binary mixture comprising a polymer and a solvent, a positive
Flory-Huggins χ-parameter implies that the polymer and the solvent tend to lower the free energy
when they separate each other into two phases: one polymer-rich phase and a solvent-rich phase.
This leads to that for both phases, enthalpy contribution is small and the free energy (GFH) is low,
see Eq.(1.3). What’s more, to lower the overall free energy, a discontinuous Flory-Huggins phase
transition and coexistence between a condensed phase and a very diluted phase of the polymer is
the consequence of the balance between the entropy of translation of the polymers in the diluted
state and the interaction enthalpy in the condensed state, see Eq.(1.3). On accounting of this reason,
for polymer chains immobilized on a substrate (brushes), by cross-linking (gels), or in the semidiluted state (c ≥ cdense, see Figure 1.2) such as caused by a finite osmotic pressure (osmotic membrane), the first term in Eq.(1.3) vanishes, or can be ignored, thus no phase coexistence can occur.
In these cases, the degradation of the solvent quality merely leads to a monotonous and smooth
increase of density.
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Let us consider polymer brushes as an example to prove the above statement in detail, other
cases can be verified by the same method. For polymer brushes, with an ansatz of mean-field Alexander−de Gennes approach [11] for elastic energy of a brush layer, we rewrite Eq.(1.3) as:
1 d
+ ( 1 − c ) ln ( 1 − c ) +  ps c ( 1 − c ) .
2 c
2

GFH =

(1.6)

Here, parameter σd is the dimensionless grafting density of the polymer brush with the physical
constraint of 0 < σd ≤ 1. The condition for the two-phase coexistence of a polymer-brush system can
2

2

be probed by a study of spinodal phase decomposition in terms of the second derivative (d GFH/dc )
of the free energy (GFH), which corresponds to the surface of free energy (GFH) being concave in
2

2

mathematics (d GFH/dc < 0), then we get the boundary,
d 2 GFH
dc 2

=

 d2
c3

+

1
− 2  ps  0 .
1− c

(1.7)

It is inconvenient to get analytical solutions for monomer concentration (c) from parameters σd and
χps in the Eq.(1.7); however, it is much easier to handle its inverse function. We get,
 ps 

 d2
2c

3

+

1
.
2 (1 − c )

(1.8)

It does not matter what is the value of the parameter 0 < σd ≤ 1 that we choose, the function of χps
with respect to c doesn’t exist a physical solution (0 < c < 1) at χps = 1/2 for a polymer brush, this
contrasts remarkably with the case of polymer solutions. Actually, with a very sparse grafting density such as σd ≥ 0.01, Eq.(1.8) already doesn’t have a physical solution when the value of χps locates
in a rather conventional physical range (1/2 < χps ≤ 0.59) for poor solvent, see Figure 1.3. Therefore,
it is impossible to occur phase coexistence for polymer brushes under the Flory-Huggins approach
like for polymer solutions. For this situation, the degradation of the solvent quality (the increase of
χps around 1/2) merely leads to a monotonous and smooth increase of density, see Figure 1.3. Even
though, it is worth mentioning that when the dispersity of a brush layer is significantly far away
from a uniform polymer brush, Flory-Huggins approach can no longer deal with this case properly,
computer-simulation studies [12, 13] showed that it is possible for polydisperse and bi-disperse
brushes to happen phase coexistence in a common thermal solvent (the value of χps is around 1/2).
In a good solvent [9, 10], χps is smaller than 0.5 + 1/√N, which implies that a polymer-solvent
interaction is favored over a polymer-polymer interaction. As a result, a homogeneous, one-phase
mixture is preferred irrespective of the value of polymer concentration c. In a θ-solvent, also known
as an indifferent solvent where the second virial coefficient ν2 = 0, i.e., χps = 0.5 + 1/√N, and the
polymer-solvent, polymer-polymer, and solvent-solvent interactions are perfectly counterbalanced.
Accordingly, the entropy of mixing is the only relevant term, and this favors the formation of an
ideal-like, one-phase mixture in a θ-solvent. When a polymer is mixed with a solvent, the good-, θ-
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and poor-solvent states can be realized by changing temperature T. In particular, the temperature
for a polymer-solvent system that realizes a θ-solvent state is usually called the θ-temperature. For
the case of a polymer is mixed with a pure solvent, the θ-solvent state is unique. Whereas for a
multi-component system of polymers with solvents, how to determine/predict θ-solvent state is still
rather complex, it could have many different θ-solvent states which generally depend on both the
concentration of each component and interactions between these components. For example, if a
polymer is mixed within two poor solvents, solubility of the polymer can be improved when compared with its solubility in each pure poor solvent, this phenomenon is well-known as cosolvency
[14]. For the cosolvency system, when the polymer concertation is fixed, only changing solvent
composition, there may be as much as two solvent-composition dependent θ-solvent states at which
the chain conformations are nearly ideal.

Figure 1.3(Figure 3) A graphical plot of the Flory-Huggins parameter (χps, Eq.(1.8)) with respect to the volume
fraction of polymer (c) for uniform polymer brushes. Note that in the plot I restrict the value of χps in its
conventional physical range (0 ≤ χps ≤ 4.0).

Here, it is worth pointing out that an obvious fact that is not captured by the Flory-Huggins
theory is the large localized density fluctuation in the dilute solution [15, 16]. The instantaneous
picture of the solution has much higher polymer density where the chains are located and pure
solvents elsewhere, which is significantly different from the random-mixing picture envisioned in
the Flory-Huggins theory. For polymers in poor solvents, such localized density fluctuation takes
the form of single-chain globules and multichain clusters. Another important fact not reflected in
the Flory-Huggins theory is the change in chain conformation according to different solvent qualities. Even though, after counting these facts except that a larger dilute-phase concentration (cdilute)
Thesis author: Huaisong Yong
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with a lower condense-phases concentration (cdense) are expected, the solvent-quality rule still holds
for θ-solvent where χps = 0.5 + 1/√N.
To realize a phase transition for a binary solution of a polymer and a solvent, the solvent quality
is usually degraded by changing temperature. There are two different polymer phase transitions
upon a change of temperature. The first one is by a decrease of temperature; it is the so-called upper
critical solution temperature (UCST) transition which can be well approximated by the Flory-Huggins theory, where the second virial coefficient is negative but the third virial coefficient is positive
for free energy expansion, see Eq.(1.5). In contrast, another one is the so-called lower critical solution temperature (LCST) transition by an increase of temperature which in general cannot be well
described by the the Flory-Huggins theory.

1.3 Polymer phase separation in mixtures of two good solvents
Following the standard Flory-Huggins model of the liquid-liquid phase transition of a polymer
solution, the translation entropy of the polymers is essential in order to stabilize the diluted polymer
phase in coexistence with a polymer-condensed phase. This results in that degrading the solubility
of immobilized UCST-polymers, such as polymer brushes, in common thermal solvents can only
lead to a smooth crossover from the good-solvent state to the poor-solvent state, see Figure 1.3. In
principle, switchable surfaces can only be efficient if small variations of environmental parameters
can induce a large response such as volume phase transitions in polymer brushes. Switch-like response of immobilized neutral polymers can therefore only be obtained in “uncommon” solvents
which do not obey a simple Flory-Huggins phase-transition behavior. For water soluble polymers
there are three well-known routes to achieve this goal: The transition at the lower critical solution
temperature [17], the cononsolvency eﬀect [18] and nanoparticles induced phase transition in polymer solutions [19-21]. In previous two cases, a subtle interplay of interactions between polymer
and solution gives rise to a so-called type-II phase transition where the third virial coefficient is
negative but the second virial coefficient stays positive for free energy expansion [22-24], which
causes a jump-like collapse of the polymer layer. Thermo-responsive switch-like behavior of
brushes, for instance, has been detected with polymers displaying a LCST behavior such as poly(Nisopropylacrylamide). In this case a phenomenological concentration-dependent Flory-parameter
has been introduced in order to account for the unusual phase behaviors [17, 22].
While thermo-responsive brushes received much attention, their switching-behavior is determined by the LCST-transition temperature which in turn is fixed and limited by their polymer
chemistry [17, 22]. An interesting alternative are multi-component solvents which offer the possibility to induce a phase transition as a response to the chemical composition in a broad range of
temperatures, a special but simple case of polymer phase transition in multi-component solvent
system is cononsolvency transition [18]. Cononsolvency occurs if a mixture of two good solvents
causes the collapse or demixing of polymers into a polymer-rich phase in a certain range of compositions of these two solvents. The better solvent is usually called cosolvent and another common
solvent is called solvent. It is noted that under certain situation, solutes such as nanoparticles and
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salts play similar roles like cosolvent in the reentrant condensation of polymers [25], thus for convenience these solutes are termed as cosolutes. Two typical examples for this situation are: (i) phase
transition of ultra-high molecular weight poly(ethylene oxide) in silica nanoparticle’s aqueous solutions [21] where silica nanoparticle is the cosolute, as well as (ii) phase transition of bovine serum
albumin protein aqueous solution on addition of salts where tri/tetra-valent salt is the cosolute [26].

Scheme 1.1(Figure 4) A mechanism where phase transition of polymer occurs if one component (it is usually
termed as cosolvent) of a binary solvent mixture displays a strong tendency to adsorb at the polymer and
can form temporary crosslinks.

Theoretical understanding of the cononsolvency transition is related to the theory of polymers
in competitive solutions. The key of understanding cononsolvency relies on correctly determining
the roles of various interactions among solvent molecules and/or polymer. Different from a convenient but heuristic black-box early discussion [27] on the phenomenological χ-parameter of various interactions in phase transitions of polymer brushes in mixed solvents, in recent theoretical
discussions, in the case of weak cosolvent-solvent attraction, a comprehensive understanding of
cononsolvency is largely based on the assumption of a preferential adsorption of the cosolvent onto
polymer chains and monomer-cosolvent-monomer triple contact, see Scheme 1.1. The concept of
preferential adsorption has been already used in a long time to discuss cononsolvency mechanism
in experimental studies [28], by contrast, a rationalization of this concept just happened quite recently in theoretical studies. As an ad hoc example of a rationalization of preferential adsorption,
Tanaka, Koga and Winnik [29] pioneeringly proposed that cononsolvency of temperature-responsive polymers can be explained based on the competition between the two solvents in forming hydrogen bonds with the LCST polymers. They found that the total coverage of the polymer chain by
the bound solvent molecules is not a monotonic function but passes through a minimum at the
composition where the competition is the strongest. This study correctly captured the competition
adsorption behaviors of two solvents on the polymer chains in the cononsolvency transition, however, it is not correct to say that the competition source for the cononsolvency of LCST polymers is
Thesis author: Huaisong Yong
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from hydrogen bonds formation with polymers, this will be further investigated in depth in Chapter 2.
Meanwhile, it is also well-known that polymers with UCST behaviors, such as standard polymers polystyrene [30] and poly(methyl methacrylate) [31], also display the cononsolvency behavior.
What is more, a polymer can also be cosolvent or cosolute in the cononsolvency transition of another
polymer, such as polyethylene glycol aqueous solutions in the cononsolvency transition of poly(Nisopropylacrylamide) gels [32-34].These observations point to the possible generic origin of this enigmatic or mysterious phenomenon. The general cornerstone concept of preferential adsorption is
initially rationalized for single polymer chain by Mukherji, Kremer and Marques [35] that a simple
theoretical description of cononsolvency was formulated by considering the fraction of φ of monomers is simply adsorbed by cosolvent molecules and a thin film of solvent on the polymer chains
is formed like a Langmuir monolayer. The theoretical description [35] of cononsolvency was further
formulated by considering the fraction of φb of monomers is bridged by cosolvent molecules, while
the rest fraction of (1 – φ – φb) monomers is occupied by the common solvent molecules. If we
assume all sizes are equal for cosolvent, common solvent and monomer, then the adsorption free
energy per unit of monomer fads, for a single polymer chain, reads in the units of kBT:
fads =  ln ( ) + 2b ln ( 2b ) + ( 1 −  − 2b ) ln ( 1 −  − 2b ) −  −  bb −  ( + b ) ,

(1.9)

where μ represents the chemical potential change of the cosolvent when mixing with the solvent,
the preferential-adsorption energy of one cosolvent molecule with respect to the polymer is denoted
as ε and the bridging energy between two monomers is denoted as εb. A main consequence for this
formulation is that a single chain undergoing a phase transition has to bend itself and form loops
due to that monomers have to keep connectivity and not break the polymer chain, see Scheme 1.2.
Although the formulation of Eq.(1.9) captures the essence of cononsolvency phase transition, some
questions cannot be directly answered from this formulation. For instance, regardless the architecture of the polymer material, such as a single chain, polymer brushes and polymer gels, cononsolvency transition of the same kind polymer all show very sharp collapse transition in the cosolventpoor solvent mixture; in addition, the minimum location of cosolvent composition for the collapse
transition is nearly independent of the architecture of the polymer material. In particular, as for
dense polymer bushes and gels, it is unnecessary to form loops to occur a cononsolvency phase
transition, since under these situations the possibility of forming loops is significantly oppressed
by topological constraint of confined polymer chains and the loop-formation effect actually is expected to be trivial.
An alternative formulation [23, 24] of the cornerstone concept where phase transition of polymer
occurs if cosolvent displays a strong tendency to adsorb onto the polymer and form temporary
crosslinks, is that cosolvent molecules can be shared by two or more monomers, decreases the free
energy of the total system, regardless whether these monomers belong to the same chain or to different chains. Within the mean-field approximation this can be written in terms of a free energy per
monomer unit fattr, reads in the units of kBT:
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f attr = −2 ( 1 −  ) c ,

(1.10)

where φ denotes the fraction of monomers that is adsorbed by cosolvent molecules and c is monomer concentration in the polymer phase. ε denotes the preferential-adsorption energy of one cosolvent molecule with respect to the polymer. The strength of a temporary crosslink is given by γε, in
which the parameter γ represents the size effect when cosolvent bridges monomers in refs. [23, 24].

Scheme 1.2(Figure 5) Illustration of cosolvent-assisted loop formation on a single polymer chain.

This mean-field approach has shown that the bridging between monomers induced by the cosolvent can be mapped onto a concentration-dependent Flory interaction parameter for the polymer.
As for the simplest scenario for polymer brushes [23], it can be written as a free energy per monomer
unit f(c), reads in the units of kBT:
f (c) =

2
1 d  1

1
+  − 1  ln ( 1 − c ) − (  +  ) −  ( c ) c ,
2 c2  c
8

2

(1.11)

with a concentration-dependent Flory interaction parameter χ(c),

 (c) =

1 ( +  )
1−
2  4 1 +  c


 

2


.



(1.12)

Here, parameter μ is the chemical potential of the cosolvent, which is the same as defined in Eq.(1.9).
It is noted that the free energy, f(c), in Eq.(1.11) can be rewritten into its virial expansion:
f (c) = −

2
1
1 d 1
1
1
 + ) +
+  2 c +  3 c 2 +  4 c 3 + ... ,
(
2
8
2 c
2
6
12
2

(1.13)

with virial coefficients,
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 4 = 1 +  3 3 (  +  )
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2

.

(1.14)

As a rather moderate example of μ = -3.0 which corresponds that the volume fraction of cosolvent
in a solvent mixture is about 5% and we choose γ, ε = 1.0, we reach a state where the third virial
coefficient ν3 = -2.0, is negative but the second virial coefficient ν2 = 1.0, remains positive. In this
approximation the model justifies the notation of type-II phase transition as it was introduced by
de Gennes [36] and was discussed in early literature aimed to particularly explain the LCST behaviours of hydrophilic polymers such as polyethylene glycol [37, 38] and poly(N-isopropylacrylamide)
[17, 22].
Minimizing free energy in Eq.(1.11) with respect to the monomer concentration (c), one can predict that an increase of the polymer concentration increases the interaction strength which in turn
can cause a jump-like transition for polymer brushes at sufficiently high bridging effect between
monomer and cosolvent (γε).This model further predicted the cononsolvency response of polymer
brushes with respect to the relevant parameters such as solvent selectivity (ε) and grafting density
(σd). For more detail of this model, please refer to ref.[23]. This model has been successfully applied
to qualitatively explain computer-simulation results for phase transitions of polymer brushes
where including of nanoparticles behave like cosolvents (cosolutes) [39]. However, so far, in real
polymer systems, the assumption of preferential adsorption and bridging effect between cosolvent
and polymer is only a feasible concept if the individual solvent components are fully miscible and
phase decomposition and criticality within the solvent mixture actually can be usually avoided. The
cornerstone assumption and the analytical solution of Eq.(1.11) are ready to be experimentally examined.

1.4 Characterizing cononsolvency transition in experimental study
While cononsolvency transition has been explained by various theoretical concepts, these concepts need to be checked by experiments. When we are interested in the molecular mechanism of
liquid-liquid phase transition, a useful methodology is detecting changes of observable variables
that coupling or correlating with the phase transition such as volume change. Without exception,
this methodology has also been applied to study cononsolvency transition for a long time. Cononsolvency transition shows behaviors of the first-order phase transition. In particular, the volume
of a PNiPAAm macrogel shows step (noncontinuous) change when the gel is immersed in
DMSO/water and 1-propanol/water mixtures [40]. Therefore, the most convenient method to study
cononcolvency of a macrogel is to use a microscope to measure the volume change when the composition of solvent mixtures is changed, this was a direct method used in early literatures [33, 34,
40-42]. In the liquid-liquid phase transition, interaction between solvent and polymer also changes,
chromatography and spectroscopy methods are useful to detect these changes, these methods can

Chapter 1 Background and motivation

15

at least qualitatively determine relative strength of various interactions among solvent molecules
and/or polymer. The composition difference of cosolvent in and outside of a gel in cononsolvency
transition was qualitatively or quantitatively determined by chromatography and spectroscopy
methods in literatures [28, 33, 40, 43-46]. The measurements showed that in the cononsolvency transition of gels, alcohol and acetone molecules enrich in the gels [28, 40, 43-46] while this enrichment
is not obvious for DMSO [40, 44] and liquid polyethylene glycol (such as PEG 200) [33] molecules.
In contrast to gels, it is inconvenient to directly measure volume change of polymer brushes in
phase transition. Instead, observing morphology change becomes a convenient method such as using atomic force microscopy to study friction force change between a gold colloid and a polymer
brush [47, 48]. When the grafting density of a polymer layer is not too low, the problem of measuring the volume of the polymer layer can be transformed into measuring the thickness of the polymer
layer with an ansatz that the polymer layer shows homogenous morphologies and the lateral-structure effect of the polymer layer can be neglected. For this situation, in-situ spectroscopic ellipsometry was used to measure brush thickness and study cononsolvency transition of polymer brushes
[47, 49, 50]. When the grafting density of a polymer layer is very low, at a poor-solvent state the
swollen polymer chains can show various morphologies such as coexistence of two phases, octopus-shape micelle and collapsed globule [51, 52]; under this situation it is no longer enough to correctly characterize phase transition by merely measuring the thickness of the polymer layer, since
the polymer layer is inhomogeneous. As an alternative, quartz crystal microbalance can be at least
qualitatively used to study mass change in the phase transition of a polymer layer [53, 54]. In addition, some special methods such as surface forces apparatus [55] was already applied to characterize
conosnolvency transition of polymer brushes.
As for polymer solutions, in an experimental study, it is hard to accurately measure the change
of volume or monomer concentration comparing with polymeric gels and polymer brushes. Instead, a measurement of quantities that indirectly characterize volume phase transition is usually
implemented, for examples, a measurement of osmotic pressure [56] or a measurement of LCST/
UCST transition temperatures [30, 57] by visible light transmission in the cononsolvency transition.
Even though, a direct measurement of volume change of polymer chains in polymer solutions is
possible. Actually, the volume of a polymer chain such as hydrodynamic radius was successfully
used to quantify cononsolvency transition of a single chain [58, 59] by scattering methods. Scattering methods were also applied to investigate solution structures such as change of polymer conformations in cononsolvency transition [60-63]. However, it is still challenging for scattering methods
to quantify phase transition of polymer solutions, since currently a few case studies showed that
scattering methods could not correctly characterize sol-gel behaviors (percolation transition) [56] of
cononsolvency transition, for details please refer to refs.[64, 65].
In principle, any experimental method that complies to the methodology of detecting changes
of observable variables that coupling or correlating with phase transition, can be used to study cononsolvency transition of polymers. Following this methodology, an emergent experimental technique that based upon translocation dynamics of fluorescence λ-DNA [66], is expected to be able to
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at least qualitatively determine the swollen thickness of polymer layers which are grafted around
the rim of nanopores. It is worth pointing out that to my best knowledge this task cannot be
achieved by other already known standard analytic methods. This experimental technique will be
used to study phase behaviors of poly(N-isopropylacrylamide) layers around the rim of nanopores,
for the details please see Chapter 4

1.5 Research motivation
By a holistic combination of experimental and theoretical studies, it is the aim of this thesis to
provide a systematic study of the cononsolvency effect in polymers especially polymer brushes
under the variation of the cosolvent-content in a cosolvent-water binary mixture to better understand the origin of the cononsolvency effect. In particular, for the first time, we systematically study
a series of alcohols as cosolvents as well as various grafting densities of poly(N-isopropylacrylamide) brushes. We also study temperature effect in the cononsolvency transition of poly(N-isopropylacrylamide) polymers.
In this thesis, the phase behaviors of poly(N-isopropylacrylamide) brushes in binary good solvents will be experimentally studied in Chapter 2, and a minimalist comparison between curated
results from both experiments and theories will be also discussed in Chapter 2. In Chapter 3, for
the first time, a mean-field theory will be proposed to consistently and quantitatively predict cononsolvency behaviors of polymer brushes, gels and single long polymers. An application for the
cononsolvency effect of grafted polymers such as polymer brushes around the rim of nanopores
will be studied for the first time in Chapter 4. Concluding remarks and outlooks on cononsolvency
of polymer will be made in Chapter 5.
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Chapter 2 Phase behaviors of PNiPAAm brushes in alcohol/water
mixtures: A combined experimental and theoretical study
(Note: Some results presented in this chapter were already published by the author in the journals “Macromolecules, 2019, 52(16), 6285-6293” and “Materials, 2018, 11(6), 991”.)

2.1 Introduction
Compared to polymer solutions and gels, for polymer brushes only limited experimental results
regarding the cononsolvency effect have been published [47-50, 53-55, 67, 68]. In addition, what is
still missing up to now is a physical understanding of the equilibrium behavior and nature of the
cononsolvency effect on real polymer brushes. As an indication for a reentry-transition Yu et al.,[47]
and Zhang et al., [48] found that the friction force between a gold colloid and a polymer brush
displays a significant increase in the range of cononsolvency. Generally, polymer brushes are a particular interesting system to apply cononsolvency-induced transitions for potential applications
ranging from wetting, over friction to microfluidics. From the theoretical point of view polymer
brushes are ideal model systems because of their simple architecture where each chain is anchored
to the substrate. Due to the height of synthetic brushes which is typically in the order of 100 nm, a
quick response to the change of solvent composition is possible. Precise measurements of the brush
thickness using optical methods allow for a comparison to theoretical predictions and simulation.
It is the aim of this chapter to provide a systematic study of the cononsolvency effect in poly(Nisopropylacrylamide) (PNiPAAm) brushes under variation of the alcohol-content in an alcohol-water binary mixture to better understand the origin of the cononsolvency effect and to compare the
results to the theory. In particular I study a series of alcohols as cosolvents as well as various grafting
densities. I observe sharp collapse transitions in accordance with the theoretical prediction. I find
that alcohols with stronger hydrophobic effect in water that gives rise to a stronger transition and
shift the collapse to lower volume fractions of the alcohol. Using thermodynamic data for the alcohol-water mixtures from literature I can conclude that the increase of cononsolvency effect is correlated with the increasing tendency of demixing, i.e. repulsion, between the two solvents, which
favors the explanation of cononsolvency effect by the mechanism of preferential adsorption.

2.2 Materials and Methods
2.2.1 Materials
4

Poly(glycidyl methacrylate) (PGMA, Mn = (1.0-2.0)×10 g/mol) was purchased from Sigma-Aldrich (Darmstadt, Germany). Dry methanol (MeOH, ≥99.8%), absolute ethanol (EtOH, ≥99.8%), dry
1-propanol (1-PrOH, ≥99.7%) and 1-butanol (1-BuOH, ≥99.8%) were purchased from Sigma-Aldrich
(Darmstadt, Germany). Glycerol (≥99.0%), ethylene glycol (≥99.8%), 1,3-propanediol (≥99.6%) and
1,4-butanediol (≥99.0%) were purchased from Sigma-Aldrich (Darmstadt, Germany). Tetrahydrofuran (THF, ≥99.98%) and chloroform (CHCl3, ≥99%) were purchased from Acros Organics (Darm-
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stadt, Germany). Purified water (H2O) was used from a Milli-Q Direct-8 system from Merck Millipore (Darmstadt, Germany). All chemicals were used as received, if not otherwise specifically noted.
Highly polished single-crystal silicon wafers of {100} orientation (Si-Mat Silicon Materials, Kaufering, Germany) were used as a substrate. End-functionalized PNiPAAm polymers (P01: Mn =
4

4

4

3.80×10 g/mol, Mw/Mn = 1.38; P14: Mn = 5.02×10 g/mol, Mw/Mn = 1.28; AK13P3: Mn = 6.1×10 g/mol,
Mw/Mn = 1.40) with a terminal (tert-butyl protected) carboxy group were synthesized and characterized as described by ref.[69].

2.2.2 Preparation of Polymer Brushes
2

Silicon substrates (13 × 20 mm ) were treated with EtOH in an ultrasonic bath for 10 min, dried
with a stream of nitrogen, and treated with oxygen plasma (440-G Plasma System, Technics Plasma
GmbH, Wettenberg, Germany) for 1 min at 100 W. Next a thin layer of PGMA (about 2.5 nm) was
deposited by spin coating (Spin 150, SPS Coating, Ingolstadt, Germany) a PGMA solution in CHCl3
o

(0.3 mg/ml) with subsequent annealing at 110 C in a vacuum oven for 20 min to react the silanol
groups of the substrate with a fraction of the epoxy groups of PGMA, thus forming an anchoring
layer equipped with the remaining epoxy groups for the following “grafting-to” process [70]. Afterwards, a filtered solution of end-functionalized PNiPAAm in THF (9.0 mg/ml) was spin coated
o

onto the PGMA layer and subsequently annealed at 174 C in a vacuum oven (Scheme 2.1). The
density of the chains attached to the surface grows with grafting-reaction time and approaches val2

ues around 0.2 chains/nm , which are typical for ‘‘grafting-to’’ brushes [69]. To remove non-covalently bonded polymers, the resulting films were immersed first in H 2O, then extracted in H2O
overnight, rinsed with EtOH, and dried in a stream of nitrogen.

Scheme 2.1(Figure 6) Preparation of PNiPAAm brushes on silicon substrates using the “grafting-to” approach.

2.2.3 VIS-Spectroscopic Ellipsometry Measurement
A spectroscopic ellipsometer (alpha-SE, Woollam Co., Inc., Lincoln, NE, USA) equipped with a
rotating compensator was used to extract the relative phase shift (Δ) and the relative amplitude
ratio (tanΨ) of the polymer brush films in the dry state, as well as in-situ in purified H2O and H2O/alcohol mixtures within a batch cuvette (TSL Spectrosil, Hellma, Muellheim, Germany) at constant
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temperature [71]. All solvent mixtures were prepared at the same day or one day before measurements and sealed in glass vials at room temperature. I always use the same brush by rinsing the
solvent and introducing another solvent with help of a syringe-pump apparatus. The cuvette was
flushed at least three times with the current solvent mixture right before measurement to avoid
changes in the composition of the ambient. All measurements were performed between 400 and
o

800 nm at an angle of incidence Φ0 of 70 , which is close to the Brewster angle of silicon. To evaluate
the index of refraction and the thickness of the brush films in dry (h) state and in situ (H), a multilayer-box-model consisting of silicon, silicon dioxide, anchoring layer PGMA, and a polymer brush
was assumed [69]. The refractive indices of the environment (water and H2O/alcohol mixtures) were
measured using a digital multiple wavelength refractometer (DSR-lambda, Schmidt + Haensch,
®

Berlin, Germany). All data was acquired and analysed using the CompleteEASE software package
(version 4.46). For the brush sample used in this work, I did three-time repeatable ellipsometry
measurements. Result differences of these measurements were small, and as such, data reproducibility of my ellipsometry measurements were quite good.

2.2.4 Determining a polymer brush’s overlap grafting density
From the determined film thickness (h) in the dry state, polymer brush parameters like grafting
density (σ) and distance between anchoring points (S) can be calculated by using the simple relation:
=

1 NA p h
,
=
Mn
S2

(2.1)

where Mn is the number-average molecular weight of the polymer, NA is the Avogadro’s number,
3

ρp is the polymer’s melt density [72]. Here, ρp is 1.1 g/cm for PNiPAAm homo-polymer. For the
interpretation of my measurements we have to assume a lateral homogeneous polymer profile in
the dry state. This is the case for the brush regime of strongly overlapping chains. To determine
whether the grafted polymers are in the brush regime, the distance between grafting sites, S, should
be small enough. For the case of a good solvent, S should be much smaller than twice the radius of
gyration of the chains (RG):
S
 RG =  N 0.588 ,
2

(2.2)

where α is a prefactor proportional to the monomer size and N is the degree of polymerization; for
the PNiPAAm polymer, α is estimated to be 0.3 nm [73] and 0.588 is the universal scaling exponent
of chain sizes in good solvent [9]. However, in the collapsed state, this condition is not sufficient.
Here, so-called octopus-micelles can be formed if the grafting density is below the stretching threshold of σ** [52],
 ** =

N A  p
M0 N

,

(2.3)
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where M0 is the molecular weight of repeat units of the polymer. If σ > σ**, the chains will form
stretched brushes. This condition gives the lower boundary for the grafting density, which is necessary for a homogeneous brush in the collapsed state. One might also use the overlap radius of
gyration of the chains (RP) between collapsed single chains as a rough lower estimate for a homo1/3

geneous brush under the condition that chains collapse mostly, i.e., RP = αN

and S/2 < RP, where

the radius of gyration under poor solvent conditions is taken. I note that this estimate slightly underestimates the necessary grafting density. Basic physical parameters of PNiPAAm brushes used
in this study are listed in Table 2.1.
Table 2.1(Table 1) Layer parameters (number-average molecular weight Mn, dry layer thickness h, and corresponding brush criteria such as critical grafting density σ**, the radius of gyration of the chains in good
solvent and poor solvent RG and RP respectively) of polymer films, which were used in this study.

Polymer layers
PGMA
PNiPAAm: P01
PGMA
PNiPAAm: P14
PGMA
PNiPAAm:
AK13P3

Mn
(g/mol)

2

2RG

2RP

(nm)

(chains/nm )

(nm)

(nm)

-

2.5±0.1

-

-

-

0.0958

18.3

4.2

1.38

/

4

-

2.7±0.1

-

-

-

4

1.28

/

0.0834

21.6

4.6

-

2.7±0.1

-

-

-

1.40

/

0.0756

24.2

4.9

(1-2)×10
6.1×10

σ **

4

(1-2)×10
5.02×10

h

4

(1-2)×10
3.80×10

PDI

4

4

2.2.5 Test of PNiPAAm solubility in short-chain polyols
o

Table 2.2(Table 2) Solubility of PNiPAAm in short-chain polyols at the temperature of 25 C.

Glycerol

ethylene glycol

1,3-propanediol

1,4-butanediol

PNiPAAm: P01

non-solvent

poor solvent

good solvent

good solvent

PNiPAAm: P14

non-solvent

poor solvent

good solvent

good solvent

PNiPAAm: AK13P3

non-solvent

poor solvent

good solvent

good solvent

2.3 The adsorption-attraction model
Let us briefly summarize the essential concept of the adsorption-attraction model [23] as a realization of the preferential adsorption concept [35]. Preferential adsorption of the cosolvent onto the
polymer chains leads to an adsorption layer of cosolvent around the polymers. The probability that
a monomer unit if covered by cosolvent is given by φ, which depends on the volume fraction of the
cosolvent, ρ, but also on the state of the polymer brush. The latter is described within the meanfield model by Alexander and de Gennes and thus characterized by the average volume fraction of
monomers in the brush layer, c, which essentially depends on the grafting density, σ. The central
assumption of this model is that cosolvent molecules can be shared by two monomers which decreases the free energy of the total system. Within the mean-field approximation this can be written
in terms of a free energy per monomer unit as:
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(2.4)

where γε denotes the gain of free energy due to a monomer-cosolvent-monomer triple contact, and
parameter γ represents the size effect when cosolvent bridges monomers in ref.[23]. The above
equation has the form of a Flory-Huggins interaction term, where the Flory parameter is given as a
function χ(φ). From this we can conclude that a maximum coupling is related with φ ≈ 1/2, and that
both extreme cases, namely φ→0 and φ→1, lead to vanishing coupling. Given values of γε larger
than unity we can already predict collapse and re-entry transition for small and large cosolvent
concentration respectively without detailed calculation since extreme values of the cosolvent concentration lead φ = 0 and φ = 1 and thus to a vanishing interaction parameter and good solvent
conditions for the brush. On the other hand, close to the half-occupied regime, φ ≈ 1/2, a collapsed
state of the polymer brush can be expected. This model has been discussed analytically and numerically in much detail for the ideal case that all components are pairwise ideally miscible by ref.[23].
For an quantitative description of a particular system the equation of state of the cosolvent including the adsorption on the polymer has to be considered. For the real case the cosolvent-solvent
mixture will not be ideal and also the common solvent will not be athermal with respect to the
polymer. One aspect of changing the length of the hydrophobic tail of the alcohol is to reduce its
mixing entropy. If we denote the ratio between the volume of one alcohol molecule and one water
molecule by λ, this gives rise to an adsorption free energy per monomer according to the lattice gas
approximation:
fads =


ln ( ) + ( 1 −  ) ln ( 1 −  ) −  −  ,


(2.5)

where ε denotes the adsorption energy (selectivity) of the cosolvent with respect to the polymer
and μ represents the chemical potential change of the cosolvent when mixing with water.
Furthermore, we used the following free energy for the brush:
fbrush = t

2
c2

1

+  − 1 −   ln ( 1 − c −  c ) ,
c



(2.6)

where t is a numerical prefactor which accounts for the specific conformations of chains in a polymer brush diverging from Alexander-de Gennes approach [11], and ν is the added volume fraction
by full saturation of the polymer by cosolvent.
The overall free energy per monomer then is given by,
f ( ,c) = f ads + f attr + fbrush .

(2.7)

To obtain the equilibrium state, minimization with respect to the order parameter of the adsorption,
φ, and the brush concentration, c, has to be performed. We note that because of the non-linear coupling between cosolvent and monomers, Eqs.(2.4) and (2.6), there exists no analytic solution for the
general case. We further note that minimization with respect to φ only leads to a free energy in an
effective solvent which can be expressed as concentration-dependent Flory-Huggins parameter χ(c)
[23].

Thesis author: Huaisong Yong

22

Chapter 2 Phase behaviors of PNiPAAm brushes in alcohol/water mixtures: A combined
experimental and theoretical study

2.4 Equilibrium behavior of cononsolvency transition of PNiPAAm brushes
Although previous experimental studies [47-50, 53-55, 67, 68] claimed that the cononsolvency
transition of polymer brushes show features of a phase transition, so far, direct experimental evidence is missing. In order to check whether the cononsolvency transition of polymer brushes is an
equilibrium transition, I measured swollen brush thickness as a function of time. The grafting density is chosen well above the overlap grafting density for the corresponding degree of polymerization, for details of determining brush’s overlap density see the section 2.2.4. Typical real-time measurements of Vis-spectroscopic ellipsometry for swollen brush thickness of PNiPAAm are shown in
Figure 2.1a-c. Except for the condition where the ethanol volume fraction is around 50%, it is clearly
seen that after about 5 min of continuous measurement, the brush system became stable. For the
condition of the ethanol volume fraction around 50%, in current measurement, the time needed to
wait for the brush system to become stable was more than 20 min. Thus, the data shown in Figure
2.1a-c supported the equilibrium nature of the cononsolvency transition that I report in this thesis.
Here, I point out that these differences in waiting time to reach equilibrium state may depend
on the specific characteristics of a polymer-brush sample such as local heterogeneity. As the
PNiPAAm polymer is thermally sensitive, even the enthalpy change via changing solvent composition can lead to changes in the polymer’s conformations [74, 75]. I also observed that with an
increasing ethanol fraction, especially for the regime of high ethanol concentration, scatter in the
real-time brush thickness increased. This might be explained due to lower optical contrast between
the ambient ethanol and the thin PNiPAAm film. Note that all data about swollen brush thickness
in the following are averaged values of real-time ellipsometry data in the stable regime, except
when specifically indicated.
Figure 2.1d summarises results for the PNiPAAm brush thickness as a function of ethanol volume fraction (yE). We were able to qualitatively distinguish five solvent composition regimes: (i)
the brush thickness of PNiPAAm was hardly affected by the change of yE when it was lower than
0.05; (ii) for the range of 0.05 < yE < 0.15, there was a sharp collapse transition of brushes, reaching
a maximum decrease of thickness in a very narrow composition range of 0.15 ≤ yE ≤ 0.17 (Scheme
2.2); (iii) for the range of 0.17 < yE < 0.3, there was no obvious change of brush thickness in this
regime; (iv) for the range of 0.3 < yE < 0.8, there was a re-entrant transition of brushes from a collapsed state to a swollen state; and (v) for the range of yE > 0.8, the brushes were fully re-swelling
in ethanol-rich solvents. The brush thickness in pure ethanol (yE = 1) was always thicker than in
pure water (yE = 0). This was a direct consequence of the stronger attraction between the alcohol
and the monomer as compared to water and the monomer. This can be related with a larger excluded volume coefficient, and thus to stronger swelling. I also note that this phenomenon could
be partially attributed to the molecular volume of ethanol being larger than the water’s (Scheme
2.2, please see more details in the section 2.5).
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Figure 2.1(Figure 7) Swollen brush thickness of a PNiPAAm brush in aqueous ethanol mixtures as a function
of (a-c) measurement time and (d) ethanol fraction obtained via Vis-spectroscopic ellipsometry at the temo

perature of 25 C. Note that the dashed line in Figure 2.1d is only used to guide eyesight. The error bars in
Figure 2.1d are neglected because they are quite small (around 0.5 nm). Parameters of the PNiPAAm brush
2

4

are: grafting density σ = 0.20 chains/nm , Mn = 5.02×10 g/mol, Mw/Mn = 1.28.

In previous studies, Y. Yu et al. [47] also measured swollen thicknesses of PNiPAAm brushes
with respect to a composition change of ethanol. Different from my results, they concluded that
there was a non-sharp re-entrant transition of brushes by using ellipsometry measurements, reaching a maximum decreasing of thickness in a very broad composition range of 0.2 < yE < 0.3. The
ellipsometry analysis of ref. [47] showed that the difference in swollen brush thickness in pure water and ethanol is negligible, which is in contrast with the corresponding AFM (Atomic force microscopy) measurement. My own experience indicated that these discrepancies may be due to insufficient equilibration of the brush system in their ellipsometry measurements. Nevertheless, their
AFM measurement results of the composition range which is about between 0 and 15%vol [47] for
the collapse transition with increasing ethanol concentration are consistent with my ellipsometry
measurement results.
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Scheme 2.2(Figure 8) Main cononsolvency transition regimes of a PNiPAAm brush in ethanol/water mixtures.

2.5 Role of volume of solvent molecules in the swelling of PNiPAAm brushes
Based on scaling theory [76], the brush’s height, H, on a flat surface can be expressed as:
1

H = kb 1 S

1−

1

1

(2.8)

N,

where b is the effective monomer size, S is the average distance between two adjacent grafted polymer chains, N is the degree of polymerization, k is a numerical prefactor that depends on temperature and polymer’s chemical structure, and ν1 is the Flory exponent.
The size of a water molecule is about 0.28 nm, the size of an ethanol molecule is about 0.44 nm,
and the size of a PNiPAAm repeat unit is about 0.70 nm. Here, I assume that in pure solvents, every
repeat unit of PNiPAAm adsorbs a solvent molecule. Then, the actual monomer size of PNiPAAm
in pure ethanol is about 1.14 nm (= 0.70 nm + 0.44 nm), and the actual monomer size of PNiPAAm
in pure water is about 0.98 nm (= 0.70 nm + 0.28 nm). Then the ratio of brush height in pure ethanol
1/0.588

HE to the brush height in pure water HW, is HE/HW = (1.14/0.98)

. I apply ν1 = 0.588 which is the

universal scaling exponent as found in computer simulations for chain sizes in good solvent [9], we
get HE/HW = 1.30. My experimental result of HE/HW was 1.24 (=65.7/53.2).
The difference between 1.30 and 1.24 is about 5%, therefore my theoretical calculation was consistent with my experimental results. Note that in my calculations, for pure solvents, I assume every
repeat unit of PNiPAAm adsorbs a solvent molecule. This assumption implies that the brush thickness in pure ethanol (yE = 1) is always thicker than in pure water (yE = 0) partially due to the fact
that molecular volume of ethanol is larger than water’s.

2.6 Cononsolvency transition of PNiPAAm brushes in aqueous solutions of a series of alcohol
In Figure 2.2 we display my results for brushes in various alcohol-water binary mixtures. The
grafting density is chosen well above the overlap grafting density for the corresponding degree of
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polymerization, for details of determining brush’s overlap density see the section 2.2.4. We note
that most of the studies of cononsolvency, for instance for gels, were restricted to methanol or ethanol as cosolvent [18, 77, 78]. We observed in all cases the characteristic collapse-reentry-transition
scenario consistent with the adsorption-attraction model of cononsolvency [23]. Figure 2.2 shows
that different alcohols lead to different volume/height changes of the PNiPAAm brushes. With the
increase of carbon chain length of alcohol, the location of the minimum of the re-entrant transition
curve shifts to lower alcohol-concentrations, and the minimum value of collapsed brush thickness
(H/H0) becomes much smaller. These observations are in line with results of PNiPAAm micro- and
macro-gels in alcoholic aqueous solutions reported by Bischofberger et al. [79], Crowther et al. [80]
and Amiya et al. [41]. Experimental evidences in Figure 2.2 show that increasing the alcohol’s hydrophobicity enhances the strength of the collapse transition of PNiPAAm brushes in the waterrich regime.

Figure 2.2(Figure 9) Normalized PNiPAAm brush thickness as a function of the volume fraction of cosolvent
(a) Cononsolvency transition of the same PNiPAAm brush in different alcohol aqueous solutions, at the temo

2

perature of 25 C. Parameters of the PNiPAAm brush are: grafting density σ = 0.143 chains/nm , Mn = 6.1×10

4

g/mol, Mw/Mn = 1.40. (b) A zoom-in of Figure 2.2a for the alcohol’s volume fraction ranging from 0 to 25%.
Note that the dotted lines in the figures are guides to the eyes.

To test the preferential-adsorption concept [35] and the adsorption-attraction model [23]
quantitatively, we fitted experimental results of cononsolvency transition of the same PNiPAAm
brush in different alcohol-water mixtures as already shown in Figure 2.2, the fitted results are
shown in Figure 2.3. Here, we used MATLAB (a multi-paradigm numerical computing environment) unconstrained multivariable function to obtain these numerical solutions, values of fitting
parameters used in the theoretical model are listed in Table 2.3. These fitted values are qualitatively in agreement with physical properties of these alcohol-water mixtures and experimental
observations for cononsolvency transition of PNiPAAm in various alcohol-water mixtures. Consistently with the expectation, the volume ratio λ increases monotonously with the length of the
alcohol, as well as the selectivity ε, the cosolvent added volume ν, while the fit parameter for the
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brush elasticity stays almost constant (the parameter describing the coupling efficiency γ was
fixed and set to unity).

Figure 2.3(Figure 10) Theoretical fits of cononsolvency behavior of the same PNiPAAm brush in different
alcohol-water mixtures. The ideal chemical potential change has been calculated based on lattice model as μ
= ln(y/(1-y)), where y is the molar fraction of alcohol. The parameters of the PNiPAAm brush are: grafting
2

4

density σ = 0.143 chains/nm , Mn = 6.1×10 g/mol, Mw/Mn = 1.40. While the numerical fit has been optimized
in the full range of cosolvent volume fractions for short alcohols (Figure 2.3a), we restricted the fit to the
collapse region for the longer alcohols (Figure 2.3b).
Table 2.3(Table 3) Fitting parameters for the adsorption-attraction model.

Alcohol

λ

γ

ε

t

ν

methanol

3.0

1.0

1.20

0.7

0.15

ethanol

4.0

1.0

1.60

0.8

0.40

1-propanol

6.0

1.0

2.26

0.9

0.80

1-butanol

7.0

1.0

2.82

1.0

1.00

Fits for methanol and ethanol (Figure 2.3a) give a good quantitative description of collapse
behavior but increasingly deviate in the regime of the reentry transition. One reason for this is
the assumption of ideal mixing of the polymer with the individual solvents. Furthermore, the
contribution of the cosolvent to the mixing entropy within the brush phase, second term in
Eq.(2.6), is neglected (assuming a dominating contribution from the “bound” cosolvent expressed by the adsorption excess on the polymer, φ). The results for longer alcohols (Figure 2.3b)
deviate substantially from the theoretical prediction in the regime of cosolvent concentrations
beyond the collapse region, and the fit has been obtained here by considering the data points at
low cosolvent concentrations up to the collapsed state. An important reason for this deviation is
the non-ideal thermodynamics of the solvent mixture for more hydrophobic alcohols. This will
be discussed in more detail further below, see the section 2.8.
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2.7 Isomer effect of alcohol in the cononsolvency transition of PNiPAAm brushes
In Figure 2.4 and Figure 2.5 we display my results for brushes in propanol isomer aqueous solutions and butanol isomer aqueous solutions. The grafting density is chosen well above the overlap
grafting density for the corresponding degree of polymerization, for details of determining brush’s
overlap density see the section 2.2.4. Figure 2.4 and Figure 2.5 show that with increasing the propanol isomers’ hydrophobicity, the location of the minimum of the re-entrant transition curve shifts
to lower alcohol-concentrations. Experimental evidence in Figure 2.2, Figure 2.4 and Figure 2.5
show that increasing the alcohol’s hydrophobicity enhances the strength of the collapse transition
of PNiPAAm brushes in the water-rich regime, this phenomenon can be qualitatively predicted by
the adsorption-attraction model [23] by assuming an increasing hydrophobically driven adsorption
of the cosolvent on the polymer chains. However, for the same brush, Figure 2.4 shows that propanol isomers lead to almost the same volume/height changes of the PNiPAAm brush for the collapse
state; this observation is also found in Figure 2.5 for butanol isomers except 1-butanol. Currently,
the reason behind this discrepancy between propanol and butanol isomers is still unclear and cannot be properly explained by the adsorption-attraction model [23] (also see section 2.3).

Figure 2.4(Figure 11) Normalized PNiPAAm brush thickness as a function of the volume fraction of cosolvent: Cononsolvency transition of the same PNiPAAm brush in propanol isomer aqueous solutions, at the
o

2

temperature of 25 C. Parameters of the PNiPAAm brush are: grafting density σ = 0.143 chains/nm , Mn =
4

6.1×10 g/mol, Mw/Mn = 1.40. Note that the dotted line in the figure are guides to the eyes.

Previous studies pointed out that the NH amide proton of PNiPAAm was unimportant in the
polymer’s cononsolvency transition [81]. Thus, my experimental observations of PNiPAAm
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brushes in propanol/water and butanol/water mixtures imply that the origin of cononsolvency of
PNiPAAm in alcohol-water mixtures favors a hydrophobically driven adsorption of the alcohol
molecules on the PNiPAAm polymer chains. This indication is particularly obvious for the cononsolvency transition of PNiPAAm brushes in butanol isomers aqueous solutions. Actually, 1butanol, 2-butanol and iso-butanol are not miscible with water at intermediate compositions at
room temperature, thus only limited data of PNiPAAm brush thickness is available for these mixtures. Even though, in the narrow water-rich regime (as volume fraction of butanol is less than 25%),
the PNiPAAm brushes can show a full landscape of cononsolvency transition, this peculiar phasetransition behavior can mainly be attributed to a hydrophobically driven adsorption of the butanol
molecules on the PNiPAAm polymer chains.

Figure 2.5(Figure 12) Normalized PNiPAAm brush thickness as a function of the volume fraction of cosolvent (a) Cononsolvency transition of the same PNiPAAm brush in butanol isomer aqueous solutions, at the
o

2

temperature of 25 C. Parameters of the PNiPAAm brush are: grafting density σ = 0.143 chains/nm , Mn =
4

6.1×10 g/mol, Mw/Mn = 1.40. (b) A zoom-in of Figure 2.5a for the alcohol’s volume fraction ranging from 0 to
25%. Note that the dotted and solid lines in the figures are guides to the eyes.

2.8 Role of alcohol-water interaction in the cononsolvency transition of PNiPAAm polymers
The role of different interactions in the cononsolvency transition of polymer is still debated [82,
83]. Let us briefly outline the arguments leading to the two orthogonal scenarios for the origin on
the cononsolvency effect discussed in the literature: The preferential adsorption model (PAM) [35]
assumes that the better solvent forms temporal bridges between monomers. The alternative assumption is that of a cosolvent-solvent association frequently related with the picture of formation
of cosolvent-solvent “clusters”, short as cluster model (CM) [54, 58, 59, 82, 83]. Support for the PAM
model came from atomistic simulations of PNiPAAm-methanol-water systems [75, 84]. Furthermore, the idea of preferential adsorption can be cast into generic theoretical frameworks based on
extensions of the Flory-Huggins model [7, 8] for polymer solutions as described above. In particular
these models are able to predict the cononsolvency transition including the reentry behavior [19, 23,
24, 35, 39]. The assumption of preferential adsorption is supported in experiments by Wang et al.
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[46] and Mukae at al. [28]. These authors used Fourier transform infrared spectroscopy and spec1

troscopy of variable-temperature high-resolution H MAS NMR to investigate cononsolvency effect
of PNiPAAm gels in alcohol-water solutions. Their results demonstrated that the polymer preferentially interacts with alcohol molecules and that alcohols with higher hydrophobicity exhibits
higher preferential absorption on PNiPAAm molecules.
On the other hand, the CM model requires association between both solvents which in turn
changes the solubility of the polymer. In the language of the Flory-Huggins model, this needs a
negative interaction parameter between the two solvent components. This concept has been reconsidered recently by Dudowicz et al. [85] who have shown that a strong negative Flory parameter
between the two solvents is necessary to obtain a demixing transition between the polymer and the
associating solvent phase. Besides, the idea of the formation of solvent “complexes” or “clusters”
has been put forward in previous works [54, 58, 59, 82, 83]. It should be noted that the CM model
strongly focused on water as an ad hoc common solvent aiming at the specific molecular properties
of water such as hydrogen bonding or hydrophobic ordering.

Figure 2.6(Figure 13) Free energy change of mixing alcohols with water: (a) Molar Gibbs free energy change
o

of mixing ΔmixGm, when mixing different alcohols with water at the temperature of 25 C. (b) Effective Floryinteraction parameter between the two solvents χCS, when mixing different alcohols with water at the temo

perature of 25 C. Data are extracted and reprocessed from refs. [86-89], note that the dotted lines in the figures are only used to guide eyesight.

Considering this controversy about the origin of cononsolvency effect, the analysis of the cosolvent-solvent interaction based on thermodynamic measurements can be the key. While the CM
model is based on attraction, i.e. a negative Flory-interaction parameter; a positive interaction parameter, i.e. an imperfect mixture of the solvents would lead to an enhancement of the co-nonsovlency effect in the PAM model.
Molar Gibbs free energy change of mixing ΔmixGm was assessed when mixing different alcohols
with water by using data of excess free energy of mixing reported by several authors [86-89], for
details see the section 2.13.1. Figure 2.6 shows that at any fixed alcohol concentration, a simple
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order relation exists for the mixing free energy: “ΔmixGm (methanol, H2O) ≤ ΔmixGm (ethanol, H2O) ≤
ΔmixGm (1-propanol, H2O) ≤ ΔmixGm (1-butanol, H2O) ≤0”. This is in accordance with a simple picture
that longer carbon chain length of the alcohol leads to an enhanced hydrophobic behavior. Actually,
1-butanol is not miscible with water at intermediate compositions at room temperature, thus only
limited data of the mixing thermodynamics, and of PNiPAAm brush height is available for these
mixtures. We note that the origin of the effective alcohol-water interaction can contain both enthalpic and entropic contributions. In order to quantify the effective interaction between the two solE

vents, we thus use the molar excess Gibbs free energy of mixing [90] ΔmixG m. Using the data from
refs. [86-89] we can extract the effective Flory-parameter between the two solvents χcs, eff, calculated
as:
 cs , eff =

mix GmE

RTx ( 1 − x )

,

(2.9)

where x is alcohol’s molar fraction in the alcohol-water mixtures, R is the gas constant and T is the
absolute temperature. In Figure 2.6b we display the corresponding results. This clearly indicates a
positive interaction parameter for methanol, ethanol, 1-propanol and 1-butanol at all concentrations.
In the series of alcohols only glycerol displays a perfect mixing. It is remarkable that the effective
Flory-parameter for glycerol and water is negative at all concentration, but glycerol is a poor solvent
[91] for PNiPAAm, and does not lead to a cononsolvency transition of PNiPAAm in glycerol-water
mixtures. We can thus state that an increasing demixing tendency between alcohol and water is
correlated with an enhancement of the cononsolvency transition of PNiPAAm.
In this respect we note that recently published data for iso-propanol/water mixtures indicate a
difference in the cononsolvency behavior of iso-propanol and 1-propanol [92]. This can be related
with the more hydrophilic behavior of iso-propanol [89]. Thus, by ignoring all other effects of the
different molecular architecture of both alcohols we would expect a stronger collapse transition of
the system of water/1-proapnol/PNiPAAm brush in water-rich region, as compared with the system
of water/iso-proapnol/PNiPAAm brush. This prediction is already verified by my experimental
study of cononsolvency transition of PNiPAAm brushes in propanol isomers aqueous solutions
and butanol isomers aqueous solutions, see section 2.7.

2.9 Temperature effect in the cononsolvency transition of PNiPAAm brushes
We have also investigated the effect of temperature variation for the cononsolvency transition
of the PNiPAAm brush (Figure 2.7) in ethanol aqueous solutions. The data for the absolute brush
thickness as a function of the volume fraction of cosolvent are displayed in Figure 2.7a. In the waterrich region, the brush thickness decreases if temperature increases which indicates a LCST behavior
of the PNiPAAm brush in pure water. On the other hand, in the ethanol-rich region the brush thicko

o

ness slightly increases for the temperature change from 15 C to 25 C. This indicates that re-entry
transition may be related with an UCST (upper critical solution temperature) behavior of the
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PNiPAAm brush in water-ethanol mixtures. We note that similar phenomena were also reported
for PNiPAAm solutions [57] and micro-gels [79].

Figure 2.7(Figure 14) Temperature effect on the cononsolvency transition of the same PNiPAAm brush in
ethanol aqueous solutions under different temperatures: (a) Swollen brush thickness (unit in nanometre) as
a function of temperature. (b) Normalized brush thickness (H/H0) as a function of temperature. Parameters
2

4

of the PNiPAAm brush are: grafting density σ = 0.143 chains/nm , Mn = 6.1×10 g/mol, Mw/Mn = 1.40. Note
that the dotted lines in the figures are guides to eyes.

In Figure 2.7b we display again the normalized swollen brush thickness for the same system.
For temperature changes well below the LCST-transition of PNiPAAm in pure water, which is
o

o

o

around 32 C, only a weak shift of the collapse transition is observed (data for 10 C and 15 C).
o

When approaching the LCST temperature, at 25 C, the collapse becomes weaker and is considerably shifted towards smaller volume fractions of ethanol. This result may be explained by the nonideal behavior of the polymer in water. By considering the adsorption-attraction model an increase
of temperature leads to a decrease of the thermodynamic interaction strength between cosolvent
and monomers ε, see Eq.(2.4) and Eq.(2.5), by ΔT/T which amounts to about 5%. Such a small
o

o

change of ε is not sufficient to explain the shift between the results for 10 C and 15 C, moreover,
the model predicts the opposite direction of the shift towards higher volume fractions of cosolvent
with increasing temperature. Thus, the rather strong changes of transition in the water-rich regime
at higher temperatures should be related to the decrease in solvent quality of the PNiPAAm being
close to the LCST transition. My observations on brushes are comparable with those made for
PNiPAAm gels, see section 2.13.2.
To account for the non-ideal mixing of PNiPAAm in water we have extended the model given
in section 2.3. The simplest way to account for solvent quality and non-ideal mixing of the polymerwater system is to add a standard Flory-Huggins interaction term of the form:
fint =  ps ( 1 − c ) ,

(2.10)
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in Eq.(2.7). Here, χps denotes the Flory-parameter for the polymer-water system. This is of course a
strong simplification of the LCST-behavior which in general cannot be simply reflected by a constant Flory-parameter [17, 22, 93]. Nevertheless, this allows us to study qualitatively the effect of
thermal solvent, particularly close to the critical point of mixing, χps = 0.5, on the cononsolvency
behavior. We hasten to note that in the case of polymers immobilized by grafting to a substrate
there is no transition expected due to reduction of solvent quality only. Thus, even at and above χps
= 0.5 the brush (in the absence of cosolvent) does not show a sharp collapse transition. In Figure 2.8
we display the numerical solution of the extended model for the parameters suitable for ethanol
and for χps = 0.3, χps = 0.4 and χps = 0.5 respectively. With decreasing solvent quality, the transition
shifts to smaller concentrations of cosolvent and the collapsed state is (relatively) weakened (with
respect to the reference state in pure water). This coincides with the general observations made for
the experiments in Figure 2.7b. To quantitatively work out the extension of the adsorption-attraction model to imperfect mixing of solvents one has to take into account a more realistic model for
the LCST-transition of PNiPAAm.

Figure 2.8(Figure 15) Normalized brush thickness (H/H0) in the cononsolvency transition of a polymer brush
as a function of the chemical potential change μ for χps =0.3, χps =0.4 and χps =0.5. Note that in Figure 2.8 except
2

changing the Flory-parameter χps, other model parameters are fixed as σ = 0.143 chains/nm , γ = 1.0, t = 1.0, ε
=1 .5, λ = 3 and ν = 0.2.

It is noted that both LCST and cononsolvency transitions of PNiPAAm polymers show behaviors
of a type-II phase transition where the third virial coefficient is negative but the second virial coefficient stays positive for free energy expansion [22-24]. The reason behind this general phenomenon
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can be attributed to that PNiPAAm achieves LCST transition by a kind of water-depleted physical
crosslinking (attraction) of its side hydrophobic chains [94, 95], while the polymer achieves cononsolvency transition by a kind of cosolvent-assisted physical crosslinking (attraction) of its side
hydrophobic chains (see Eq.(2.4)). Therefore, both phase transitions can indeed overlap with each
other when temperature varies in the PNiPAAm/cosolvent/water solutions, such as PNiPAAm in
the alcohol-water mixtures. The overlap of water-depleted and cosolvent-assisted physical crosslinkings can explain the phenomenon where LCST transition of PNiPAAm in cosolvent-water mixtures is enhanced by an increase of cosolvent concentration in the cosolvent-poor region [57].

2.10 Grafting-density effect in the cononsolvency transition of PNiPAAm brushes
Figure 2.9a shows that increasing the grafting density weakens the collapse, but the grafting
density has only a very small effect on the solvent-composition location of the maximum collapsed
state. These observations are quantitatively predicted by the adsorption-attraction model [23] (also
see section 2.3), the details of the fit parameters are shown in Table 2.3. It is worth noting that once
the parameters of the adsorption-attraction-model are fixed the prediction of the results for different grafting densities are parameter-free. Two aspects can be deduced from the model directly [23]:
First, the increase of grafting density weakens the collapse transition up to a change in signature
into a smooth crossover for very high grafting densities. This gives rise to a phase boundary of the
discontinuous transition in the parameter space formed by solvent selectivity and grafting density.
Second, the model predicts only a weak shift of the state of minimal brush height. Both predictions
of the theory can be detected in the experiments. The corresponding model predictions are displayed as solid lines in Figure 2.9a.

Figure 2.9(Figure 16) Grafting-density effect in the cononsolvency transition of PNiPAAm brushes: (a) Cononsolvency transition of PNiPAAm brushes with different grafting densities in ethanol aqueous solutions,
o

at the temperature of 25 C. The solid lines are numerical fits based on the adsorption-attraction model 23. (b)
Reduced brush thickness in the collapsed state of PNiPAAm brushes vs. grafting density at the temperature
o

of 25 C (in the 16% volume fraction of ethanol aqueous solutions). Parameters of the PNiPAAm brushes
2

4

plotted in Figure 2.9a from above to bottom are: grafting density σ = 0.214 chains/nm , Mn = 5.02×10 g/mol,
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4

2

4

Mw/Mn = 1.28; σ = 0.143 chains/nm , Mn = 6.1×10 g/mol, Mw/Mn = 1.40; σ = 0.103 chains/nm , Mn = 6.1×10 g/mol,
Mw/Mn = 1.40.

In Figure 2.9b we display the brush thickness divided by the average monomer number of the
brush N, for the state of maximum collapse as a function of the grafting density. We note that for
brushes above the stretching threshold the relation of H / N    2 is fulfilled because of mass conservation. The apparent scaling exponent ν2 = 0.78±0.011 observed in double logarithmic representation corresponds to the value reported for brushes [96] immersed in ordinary poor solvent. It is
noted that a recent computer-simulation study [97] also reported a similar apparent scaling exponent for collapsed bushes in cononsolvency transition. This implies that while both ethanol and
water are good solvents for the polymer, at a volume fraction around 16% of ethanol, the ethanol
aqueous solution behaves similar to poor solvent. This is accordance with results for single
PNiPAAm chains in ethanol-water mixtures observed by using fluorescence correlation spectroscopy [98].

2.11 Octopus-shape-micelle morphology of grafted PNiPAAm polymers
The phase behaviors of grafted polymers in poor solvent can be quite different from its free
polymer in solutions. Merely with a decrease of a grafted PNiPAAm polymer’s grafting density,
when the temperature is fixed and higher than its LCST temperature (at a poor-solvent state), the
polymer chains can show various morphologies such as collapsed brush, coexistence of two phases,
octopus-shape micelle and collapsed globule [51, 52], similar behavior is also observed in my study
of grafted PNiPAAm polymers in ethanol/water mixtures.

Figure 2.10(Figure 17) Grafting-density effect in the cononsolvency transition of grafted PNiPAAm polymers
o

in ethanol aqueous solutions, absolute swollen brush thickness at the temperature of 25 C: (a) with molecular
4

4

weight of Mn = 6.1×10 g/mol, Mw/Mn = 1.40 for all polymer layers; (b) with molecular weight of Mn = 3.8×10
g/mol, Mw/Mn = 1.38 for all polymer layers. Note that the dotted lines in the figures are guides to eyes.

The data for the absolute brush thickness as a function of the volume fraction of ethanol are
displayed in Figure 2.10. The absolute swollen brush thickness at the collapse state clearly showed
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that when the brush layer’s grafting density (σ) is lower than a threshold grafting density (σ**, how
to determine this threshold see Eq.(2.3)), the collapsed polymer layer (blue filled-circles in Figure
2.10) is thicker than a brush layer (red open-square in Figure 2.10) whose grafting density is higher
than the threshold grafting density. In Figure 2.11, we again display the reduced (de-swollen) brush
thickness for the same systems as shown in Figure 2.10. From Figure 2.10 and Figure 2.11, it shows
that when the grafting density (σ) reaches a critical threshold (σ**) for a polymer layer, a decrease of
grafting density weakens the collapse, this is quite different from phase behaviors of a classic polymer brush for which the brush thickness (H) is proportional to grafting density (σ) and the average
number of monomers (N) in each polymer chain at the poor-solvent state. It indicates that the polymer layer which has the lowest grafting density (blue filled-circles in Figure 2.10 and Figure 2.11),
may be located in the so-called octopus-shape micelle region [51, 52]. It is noted that computer simulation studies on cononsolvency transition of grafted polymer layers have also revealed octopusshape micelle morphologies [39, 97]. In Figure 2.10 and 2.11, it is interestingly observed in my current experimental data that the grafting density has only a very small effect on the solvent-composition location of the maximum collapsed state, it doesn’t matter the polymer layer is located in
brush or octopus-shape micelle regions. From Figure 2.10 and Figure 2.11, it is also noted that a
short polymer chain may be much easier to behave like an octopus-shape micelle rather than a
classic polymer brush when its grafting density is reduced.

Figure 2.11(Figure 18) Grafting-density effect in the cononsolvency transition of grafted PNiPAAm polymers
o

in ethanol aqueous solutions, normalized swollen brush thickness at the temperature of 25 C: (a) with mo4

lecular weight of Mn = 6.1×10 g/mol, Mw/Mn = 1.40 for all polymer layers; (b) with molecular weight of Mn =
4

3.8×10 g/mol, Mw/Mn = 1.38 for all polymer layers. Note that the dotted lines in the figures are guides to eyes.

2.12 Chapter summary
We investigated the cononsolvency effect of PNiPAAm brushes with different grafting densities
in aqueous alcohol mixtures. We have used Vis-spectroscopic ellipsometry measurements to prove
the hypothesis that the cononsolvency transition of PNiPAAm brushes consists of a volume phaselike equilibrium transition. We found a strong collapse transition in PNiPAAm brushes followed
by a reentry behavior as observed by ellipsometry measurements.
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Using a series of alcohols with stronger hydrophobic effect in water we have demonstrated that
the cononsolvency effect is enhanced and shifted to smaller volume fractions of the alcohol. Particularly for the longer alcohols this is correlated with an increasing tendency of demixing between
the two solvents. This is apparently in contrast to the hypothesis of strongly associative solvents
being the origin of the cononsolvency effect. The preferential adsorption model, on the other hand,
can account for this case by assuming an increasing hydrophobically driven adsorption of the cosolvent on the polymer chains. The recently proposed adsorption-attraction model can be used to predict the corresponding transition behavior. In particularly the model predictions for variation of the
grafting density is in agreement with the experimental findings. However, to reflect the imperfect
mixing of the longer alcohols in water as well as finite miscibility of the polymers in the common
solvent, extensions of the model have to be considered. We have shown that the simplest extension
of the model taking into account the Flory-Huggins parameter for polymer and water can account
for the qualitative changes observed for temperature changes in my experiments. A particular interesting aspect for future work is to relate the LCST-behavior with cononsolvency since both effects
go beyond the standard Flory-Huggins model. An extension of the adsorption-attraction model that
it can quantitatively account demixing effect between cosolvent and solvent will be developed in
Chapter 3.
However, it is still worth pointing out that in some cases where water can be a better solvent
rather than organic solvents, examples for this situation are such as poly(N, N-dimethylacrylamide)
[99] and poly(2-(methacryloyloxy)ethyl phosphorylcholine) [50] in alcohol-water mixtures, where
a preferential adsorption of water rather than alcohol should be considered as a candidate of phasetransition mechanism of cononsolvency transition. Even though, for these cases the interaction between water and monomer strongly depends on monomer concentration and on the unique thermodynamics of correlated water-organic solvent clusters in the solution. This means that an assumption of a constant preferential-adsorption energy (ε) between water and polymer is no longer
valid. As for these cases, the rationalization of preferential adsorption by Tanaka, Koga and Winnik
[29] may be suitable, where the cononsolvency of polymers is explained based on the competition
between the two solvents in forming hydrogen bonds with the polymers.
An investigation of grafting-density effect in the cononsolvency transition of grafted PNiPAAm
polymers, showed that a decrease of grafting density at the collapse state when the temperature is
fixed, the polymer chains can show morphologies not limited to collapse brush. In addition, my
experimental results clearly showed that the strongest collapse state can be only realized by polymer brushes with moderate grafting densities. My results display the universal character of the
cononsolvency effect with respect to series of cosolvents and show that polymer brushes display a
well-defined and sharp collapse transition. This is most pronounced for 1-propanol as cosolvent
which is still fully miscible in water. Potential applications are switches built from implementation
of brushes in pores and similar concave geometries are expected to be realized by harnessing the
cononsolvency effect of stimuli-responsive polymers [100]. An application study for the cononsolvency effect of grafted polymers around the rim of nanopores will be discussed in Chapter 4.
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2.13 Chapter appendix
2.13.1 Data extraction and reprocessing for the molar Gibbs free energy of mixing
Molar Gibbs free energy of mixing ΔmixGm, when mixing different alcohols with water molecules
is written as,
 mix Gm
RT

=

 mix G mE
RT

+ x ln ( x ) + ( 1 − x ) ln ( 1 − x ) ,

(2.11)

where ΔmixGm defines the molar excess Gibbs free energy of mixing, x is the molar fraction of alcohol
in the alcohol-water mixtures, R and T are gas constant and absolute temperature respectively. Data
of ΔmixGm can be extracted from refs. [86-89]. Alcohol’s molar fraction x, can be converted into volume fraction y, by using,
y=

Mw a x

Ma w + ( Mw a − Ma w ) x

,

(2.12)

where Mw and Ma are water’s and alcohol’s molar mass respectively, ρw and ρa are water’s and
alcohol’s volumetric mass density respectively. Eq.(2.12) is used to transform data of alcohol concentration for the Figure 2.6a of main text.

2.13.2 Temperature effect in the cononsolvency transition of PNiPAAm gels

Figure 2.12(Figure 19) Cononsolvency transition of the same PNiPAAm micro-gel in methanol aqueous solutions under different temperatures. Data are extracted and reprocessed from ref. [101], note that the dotted
lines in the figure are only used to guide eyesight.
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We firstly studied the temperature effect in the cononsolvency transition of polymer brushes. To
compare my results with possible similar literature results, in this section we review literature data
about temperature effect in the cononsolvency transition of PNiPAAm gels. We find that my extended model (see section 2.9) can also be used to explain the temperature effect in the cononsolvency transition of gels.
Kojima et al. [101] reported the average hydrodynamic radius, Rh of PNiPAAm micro-gels in
methanol-water mixtures under different temperatures. Here we replotted these data as normalized
V
swollen gel volume (
V0

 R
= h
R
 h ,0

3


 ) in Figure 2.12. Note that Rh,0 is the average hydrodynamic radius


of PNiPAAm micro-gels in pure water, and V0 is the gel’s swollen volume in pure water.

Figure 2.13(Figure 20) Cononsolvency transition of the same PNiPAAm macro-gel in methanol aqueous solutions under different temperatures. Data are extracted and reprocessed from ref. [102], note that the dotted
lines in the figure are only used to guide eyesight.

Hirotsu et al. [102] reported swollen gel volume ratio in respect to dry state, V/Vdry for
PNiPAAm macro-gels in the methanol-water mixtures under different temperatures. Here we
replotted these data as normalized swollen gel volume (

V V / Vdry
=
) in Figure 2.13.
V0 V0 / Vdry

Crowther et al. [80] reported normalized swollen gel volume (V/V0) of PNiPAAm micro-gel
(containing 9% N,N'-methylenebisacrylamide (MBA) as crosslinkers) in 2-propanol aqueous solutions as a function of temperature. Here we replotted these data in Figure 2.14.
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Figure 2.14(Figure 21) Normalized swollen gel volume (V/V0) of the same PNiPAAm micro-gel in 2-propanol
aqueous solutions as a function of temperature. Data are extracted and reprocessed from ref. [80], note that
the dotted lines in the figure are only used to guide eyesight.

Figure 2.15(Figure 22) Normalized swollen gel weight(W/W100) of two PNiPAAm macro-gels in methanol
aqueous solutions as a function of temperature. Data are extracted and reprocessed from ref. [103], note that
the dotted lines in the figures are only used to guide eyesight.

Walter et al. [103] reported swollen gel weight ratio (W/Wdry) of PNiPAAm macro-gel (containing 1%mol and 2%mol N,N'-methylenebisacrylamide(MBA) as crosslinkers) in methanol aqueous
solutions as a function of temperature. Here we replotted these data as normalized swollen gel
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weight (

W / Wdry
W
=
) in Figure 2.15. Note that W100 is the micro-gel’s swollen weight in pure
W100 W100 / Wdry

methanol.
Biswas et al. [104] reported swollen gel weight ratio (W/Wdry) of PNiPAAm mico-gel (containing 6.67%wt N, N'-methylenebisacrylamide (MBA) as crosslinkers) in methanol aqueous solutions
as a function of temperature. Here we replotted these data as normalized swollen gel weight
(

W W / Wdry
=
) in Figure 2.16. Note that W0 is the micro-gel’s swollen weight in pure water.
W0 W0 / Wdry

Figure 2.16(Figure 23) Normalized swollen gel weight(W/W0) of the same PNiPAAm micro-gel in methanol
aqueous solutions as a function of temperature. Data are extracted and reprocessed from ref. [104], note that
the dotted lines in the figure are only used to guide eyesight.
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Chapter 3 The extended adsorption-attraction model
(Note: Some results presented in this chapter were already published by the author in the journal “Macromolecules, 2020, 53(7), 2323-2335”.)

3.1 Introduction
To understand phase-transition mechanism, a question not deeply discussed in Chapter 2 is that
what is the role of various polymer-solvent and cosolvent-solvent interactions in cononsolvency
transition. For convenience sake, this question can be phenomenologically analyzed by a FloryHuggins mean-field model [7, 8, 85] for polymers in a mixture of solvent and cosolvent with the
following form:

GFH =

c ln ( c )
N

+ c ln (c ) + s ln (s ) +  pc cc +  ps cs +  cscs .

(3.1)

Here, the volume fraction of the polymers consisting of N monomers per chain in the solution is
denoted by c, the volume fraction of the cosolvent is denoted by ϕc, and the volume fraction of the
solvent is ϕs = 1- c - ϕc. The free energy per volume is denoted by GFH, and is given in units of kBT.
The phenomenological parameters χpc, χps and χcs including of both excess enthalpic and excess
entropic contributions, denote effective Flory-interaction parameters for the polymer-cosolvent interaction, the polymer-solvent interaction and the cosolvent-solvent interaction, respectively.
The condition for the two-phase coexistence of a tertiary polymer solution can be probed by a
study of spinodal phase decomposition in terms of the second derivative (D < 0) of the free energy
(GFH), which corresponds to the surface of free energy (GFH) being concave in mathematics. If the
volume fractions c and ϕc are chosen as the independent composition variables, the condition for
the spinodal phase decomposition of the tertiary system is expressed in terms of the second derivative (D) of the free energy GFH,

  2GFH
D=
  2
c


   2GFH
 
2
c ,T  c



c ,T

  2GFH
−
  c
 c

2


  0 .
T

(3.2)

With the assumption of the χ-parameters defined above being independent of c and ϕc, we get:
2

 1
 1 1
 1

1
D = 
+ − 2  ps   + − 2  cs  −  +  pc −  ps −  cs   0 .
 Nc s
  c s
  s


(3.3)

A typical solution of D < 0 for the spinodal decomposition (Eq.(3.3)) is χcs << 0, χcs < χpc and χcs <
χps with a constraint of χpc < 0.5 and χps < 0.5 for good solvent mixtures. According to the signatures
behind the cononsolvency transition of various polymer systems, this case is the cononsolvency
transition originating from strong attraction between two good solvents. This concept has recently
been analyzed by Dudowicz et al. [85] who have shown that a strong negative Flory parameter
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between the two solvents, χcs, is necessary to obtain a demixing transition between the polymer and
the associated solvent phase. A signature of this type of cononsolvency transition is that the associating solvent mixture functions as a real poor solvent for the polymer, ultimately driving the cononsolvency transition, and the result will be a solvent and cosolvent depleted polymer phase [82].
To my best knowledge, only organic-acid and organic-base solvents were reported for this type of
cononsolvency in literature [105], such as cellulose acetate in aniline/acetic acid mixtures [106],
poly(ε-caprolactone) in pyridine/formic acid or pyridine/acetic acid mixtures [107], and poly(methyl methacrylate) in pyridine/formic acid mixtures [107]. A detailed analysis for these real cases
can be found in section 3.4.2.
A second type of cononsolvency transition originates from the preferential/competitive adsorption between the better solvent and the polymers, a phenomenon recently discussed theoretically
by Mukherji et al [35, 108]. This case corresponds to a solution (D < 0) of χpc < 0, χpc < χps and χpc <
χcs with a constraint of χcs < 0.5 and χps < 0.5 for the spinodal decomposition (Eq.(3.3)) for good
solvent mixtures. The concept of preferential adsorption further assumes that the better solvent
forms temporal bridges between monomers. A signature of this type of cononsolvency transition is
that in the segregated phase of the polymer, the cosolvent is enriched in a coacervate phase [28, 40,
43-46]. Here, the common solvent is depleted only. As a realization of the preferential-adsorption
concept in a recently published adsorption-attraction model [23, 24, 39], the preferential adsorption
of polymer-cosolvent attraction was considered to be the sole driving force for the cononsolvency
transition, while the effects of interactions between polymer and the solvent, and cosolvent-solvent
were omitted. This allows for an analytic solution of the cononsolvency problem in cases of polymer
brushes and solutions and explains the essential effect of the cononsolvency transition as a type-II
phase transition [23, 24]. Nevertheless, it is worth noting that this model is still too simple to describe cononsolvency behaviors in real polymer systems accurately. In my previous study, see
Chapter 2, by a thermodynamic analysis we pointed out that an increasing demixing tendency between alcohol and water is correlated with an enhancement of the cononsolvency transition of
PNiPAAm. In addition, both experiments [44, 79, 109, 110] and computer simulations [111] indicated that cosolvent-solvent interaction plays a significant role for the cononsolvency behavior of
PNiPAAm.
The solution of D < 0 for the spinodal decomposition (Eq.(3.3)) also implies that the origin of the
cononsolvency transition of the same polymer can be based on different transition mechanisms if
the polymer is dissolved in different solvent mixtures. It should be noted that this behavior has
been observed for a real polymer, namely, poly(methyl methacrylate) in pyridine/formic acid mixtures [107]. This is an example in which cononsolvency originates from a strong attraction between
two solvents, while in chlorobutane/amyl acetate mixtures the cononsolvency transition originates
from a preferential adsorption of chlorobutane on the polymer chains of poly(methyl methacrylate)
[31].
In the above discussion, the Flory-Huggins mean-field model categorizes current knowledge of
cononsolvency transition into two sub-types. However, this discussion is still a black-box analysis
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and loses insight on the detail of microstructure of phase transition. In this chapter, to simplify our
discussion, I focus on the cononsolvency transition originating from preferential adsorption between the better solvent and polymers. We extend the original adsorption-attraction model and
discuss in depth the signatures behind the cononsolvency transition of polymers. The application
of the theoretical model to polymer brushes and macrogels will be described first in section 3.2.
Then the model will be numerically solved and the physical meaning of the model parameters will
be explained in section 3.3. At last, the model will be applied to fit the experimental data and its
validity is discussed in section 3.4.

3.2

An extension of the adsorption-attraction model

In this section, we extend the adsorption-attraction model [23] which has already been briefly
described in section 2.3 of Chapter 2. To have a better and deeper understanding of this model, if
it is necessary some expressions will be rewritten and new interpretations will be given.
Preferential adsorption of the cosolvent onto polymer chains leads to an adsorption layer of
cosolvent around polymers [39, 84, 112]. We denote the probability that a monomer contacts with
a molecule of the cosolvent by φ, which is the volume fraction of the cosolvent in the adsorption
layer around the polymer. Obviously, that fraction also depends on the average volume fraction of
the monomers c, which is approximated in the framework of mean-field or scaling models such as
the Alexander-de Gennes approach [11] for brushes, and the Flory-Rehner approach [113] for polymer networks. The central assumption of this model is that cosolvent molecules can be shared by
two or more monomers, which due to attractive interactions, decreases the free energy of the total
system, regardless whether these monomers belong to the same chain or to different chains, see
scheme 3.1. Within the mean-field approximation this has been written in terms of a free energy
per monomer unit as Eq.(2.4), here we rewrite it as:
f attr = −2 ( 1 −  ) c ,

(3.4)

where ε denotes the preferential-adsorption energy of one cosolvent molecule with respect to the
polymer. Here and in the following we consider energies in units of kBT if not otherwise noted.
Parameter γ represents the bridging efficiency of the molecular matching between monomer and
cosolvent, it is noted that this interpretation for parameter γ is different from the original adsorption-attraction model [23], see section 2.3 of Chapter 2. For convenience but without losing generality, in this study γ can be treated as a constant with a value of γ=1 for PNiPAAm/alcohol/water
system. Direct evidences supporting this central assumption from molecular-dynamic simulations
[35, 97, 108] showed that a single chain can form loops due to preferential attraction between polymer and cosolvent. In addition, experimental evidences supporting this central assumption come
from a Raman-spectroscopic study which investigated cononsolvency behaviors of linear poly(Nisopropylacrylamide) polymers in methanol-water mixtures, in which methanol molecules aggregate into clusters and behave like temporal bridges between polymer segments [114].
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Scheme 3.1(Figure 24) An illustration of the concept of preferential adsorption of cosolvent on the polymer
chains and cosolvent-assisted binding effect. Note that loop formation can also happen in the polymer
brushes [97] when the grafting density is not high.

An implicit and necessary prerequisite behind the concept of a cosolvent-assisted temporary
cross-linking effect in Eq.(3.4) is that the attraction strength between the cosolvent and polymer is
stronger than alternate polymer-solvent interaction and cosolvent-solvent interaction, expressed by
the excess energy ε > 0. This requirement is in line with the observation [115] that the Flory parameter between poly(vinylpyrolidone) and short-chain alcohols is negative and the polymer exhibiting
cononsolvency in alcohol water mixtures, in which case alcohol is the cosolvent and water is the
solvent [64, 65]. In general, the excess energy (ε) depends both on temperature and monomer concentration. However, if the cononsolvency effect is dominated by the simple adsorption between
cosolvent and monomer, as is the case when the cosolvent consists of alcohol molecules, ε can be
treated as a constant. For example [116-119], the Flory parameter between polyethylene glycol and
short-chain alcohols depends only marginally on the monomer concentration, and this dependence
can be neglected when the alcohol chain length is longer than one carbon chain length. Here it is
worth pointing out that a very crucial effect of parameter γ in Eq.(3.4) can be in systems where the
cosolvent binds more specifically to the monomers, i.e. a binding/adsorption with a second monomer becomes unlikely (γ<<1), which leads to that the temporary-crosslinking energy, γε, is insufficient to reach a threshold [39] (in the order of about 1.0 kBT) that results in a phase transition. A
candidate for such scenario can be poly(N,N-diethylacrylamide) in methanol-water and ethanolwater mixtures [45, 120]; when the threshold is overcome, phase transition happens, a case of this
situation can be poly(N,N-diethylacrylamide) in propanol-water mixtures [45].
For a complete description of a particular system, the equation of state of the cosolvent including
the adsorption on the polymer has to be considered. For the real case the cosolvent-solvent mixture
is not ideal and neither is the solvent athermal with respect to the polymer. One aspect of varying
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the size of the cosolvent is to change its mixing entropy along the polymer chains. We denote the
ratio between the volume of a cosolvent molecule and a solvent molecule by λ like in Eq.(2.5). For
convenience we assume the molecular size of cosolvent being larger than or equalling to the molecular size of solvent, so that λ≥1, which is the common situation. This gives rise to an adsorption free
energy per monomer according to the lattice model approximation [23, 24]:
fads =



ln ( ) + ( 1 −  ) ln ( 1 −  ) −  −  ,



(3.5)

where μ represents the chemical potential change of the cosolvent when mixing with the solvent.
In the preferential/competitive-adsorption process, the φ volume fraction of the solvent is replaced
by the volume fraction of the cosolvent. On account of a desorption of the solvent from the polymer
chain, the energy change (gain or loss) is -μφ per monomer unit; and -εφ/λ is the energy loss due
to adsorption of the cosolvent on the polymer chain per monomer unit. Note that the last term in
Eq.(3.5) is different from Eq.(2.5), see section 2.3 of Chapter 2.
Another aspect is that an increasing demixing tendency between cosolvent and solvent is correlated with an enhancement of the collapse transition of the polymer, see Chapter 2. A convenient
way to account for this effect on the polymer chains is to introduce a Flory-interaction-like term of
the form:
fcs =  cs ( 1 −  ) ,

(3.6)

where χcs denotes an effective Flory-parameter for the cosolvent-solvent interaction, i.e. a non-ideal
cosolvent-solvent mixing interaction in the adsorbed layer. It is particularly noteworthy that the
origin of the effective cosolvent-solvent interaction (χcs) can contain both excess enthalpic and excess entropic contributions, see Chapter 2. Reference values for the range of χcs of realistic systems
can be estimated by semi-empirical models which are based on a broad range of experimental data;
for further details about estimates of χcs we refer the reader to the section 3.6.3.
We use the following entropic free energy for a brush:
fbrush = t

 d2

1

+  − 1 −   ln ( 1 − c −  c ) ,
c
c


(3.7)

2

where σd is the dimensionless grafting density of the polymer brush, the physical meaning of σd is
the area fraction of flat substrate surface covered by the brush layer when polymer chains are
stretched to sawtooth-shape-like conformations, thus there exists a constraint of 0 < σd ≤ 1, also see
Eq.(1.6) in section 1.2 of Chapter 1. The numerical prefactor t is of the order of one which accounts
for the relation between the effective elastic energy of the chains in the brush and a chain simply
stretched by fixing its ends. This corresponds to the mean-field Alexander-de Gennes approach [11].
2

The relation of σd = σAm holds when grafting density σ, in the given units of chains/nm , where Am is
2

the cross-sectional area of a monomer or Kuhn segment typically in the order of π(0.3nm) [73]. The
excess volume fraction in case of a full saturation of the polymer by cosolvent is given by ν. The
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physical meaning of ν is that it describes the excluded-volume difference between the same monomer and the two good solvents. Note that the first term of Eq.(3.7) is a little bit different from Eq.(2.6),
see section 2.3 of Chapter 2.
We use the following entropic free energy contribution for a macrogel network:
f gel =

3 
1

+  − 1 −   ln ( 1 − c −  c ) ,
2
2
c


Nk c 3

(3.8)

where Nk is the average number of Kuhn segments between two crosslinks in the network structure,
α is the fraction of elastically effective chains in the network and can be considered as a material
parameter characterizing the network structure and chemistry. The first term of Eq.(3.8) arises in
the Flory-Rehner approach [113] for a network. For a phantom network model [9], we have:
=

 f −2
f −2
, Nm = N k 
x ,
f
 f 

(3.9)

where Nm is the total number of Kuhn segments in the gel structure, f is the effect linking degree
(functionality) for one crosslinker (or junction), and x is the number of chemical crosslinkers in the
gel. For real polymer chains, on account of network defects such as loops and dangling ends, the
effective linking degree for the chemical crosslinker seldom reaches the chemical functionality of
the crosslinker [121].
We note that the solvent-cosolvent mixture within the brush/network is assumed to be in the
same state as in the bulk phase and polymers are considered as substrate for binding cosolvent with
short range interactions. This is very different to the model proposed by Opfermann et al. [19, 20]
where the polymer phase is assumed as a homogeneous mixture of solvent, cosolvent and polymer.
It can be shown that in the latter case a high negative Flory-interaction parameter between the
cosolvent and the homogeneous polymer phase has to be assumed in order to quantitatively describe the brush collapse and corresponding simulation results [19, 20]. The difference between the
two models has been thoroughly discussed in ref.[23]. Coming back to my formalism this means
that the cosolvent-solvent interactions are mapped in the corresponding chemical potential, µ, on
the one hand side, and onto the interaction parameter, χcs, in the adsorbed cosolvent phase, see
Eq.(3.6).
It is now straightforward to introduce non-ideal mixing between the polymer and the solvents.
Generally, in the preferential/competitive-adsorption process, the fraction of monomers with adsorbed cosolvent is given by φ and we call them “occupied”, then the rest fraction of monomers 1φ, which has adsorbed common solvent we call “bare”. The contribution of the non-ideal polymersolvent-mixing for the free energy per monomer unit is given by
fint =   cs +  ps (1 −  )  1 − g ( ) (1 − c −  c ) .

(3.10.1)
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Here, the expression (1-c-νφc) denotes the probability that a given monomer is not in contact
with another monomer unit. Under this condition, g(φ) (cosolvent volume fraction in the gel or
brush layer) gives the probability that this monomer is in contact with cosolvent, and complementary, 1- g(φ), this monomer is in contact with a common solvent. We repeat that mean-field assumptions are consequently applied in this thesis. The first term in Eq.(3.10.1) denotes the excess interaction between an occupied monomer and the free common solvent molecules. We note that within
the adsorption layer the interaction between cosolvent and common solvent is already taken into
account in Eq.(3.6). My numerical solution indicates that ∆χcs<<χcs and this contribution can be in
fact neglected in the experimental systems we discuss in this work. Eventually, χps denotes the interaction when a bare monomer is exposed to the free common solvent molecules. This term represents the residual interaction of the polymer chain and the common solvent and thus represents the
thermal solvent effect of the polymer.
For a real polymer system, the boundary condition ρ≤g(φ)≤φ holds, where ρ is the volume fraction of cosolvent in the bulk outside the polymer phase. For a dilute polymer phase, such as polymer chains sparsely grafted on a surface as well as free polymer chains, the approximation g(φ)≈ρ
is adequate, but this approximation is not valid for strongly confined polymer phases such as
densely-grafted polymer brushes or highly-crosslinked polymer gels. An experimental observation
1

[46] in the framework of a H MAS NMR-spectroscopic study, which investigated the phase separation of poly (N-isopropylacrylamide) micro-gel in alcohol-water binary mixtures, revealed that
the alcohol concentration in the confined solution is significantly higher than that in the free bulk
solution. Moreover, alcohols of long carbon-chains are more significantly concentrated in the confined solution. In the current study we found that a simple mean-field approximation of g(φ)≈ρ was
adequate to describe the cononsolvency transitions of sparsely grafted poly (N-isopropylacrylamide) brushes and sparsely-crosslinked macro-gels in alcohol aqueous binary mixtures. Effectively,
we arrive at
fint   ps ( 1 −  )( 1 −  )( 1 − c −  c ) .

(3.10.2)

Finally, the total free energy per monomer is approximated as follows for polymer brushes/ macrogels,
f ( ,c) = f attr + fads + fcs + fbrush/ gel + fint .

3.3

(3.11)

Numerical solution of the extended adsorption-attraction model

To obtain the equilibrium state, a minimization of the free energy f(φ, c) with respect to the order
parameter of the adsorption, φ, and the polymer concentration, c, has to be performed. We note that
because of the non-linear coupling between cosolvent and monomers, Eq.(3.4), Eq.(3.7), Eq.(3.8)
and Eq.(3.10.2) there exists no analytic solution for the general case. Minimization with respect to
φ and c yields numerical solutions for the dimensionless brush thickness ratio H/H0 = c0/c, and di-
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mensionless macro-gel volume ratio V/V0= c0/c with respect to the chemical potential change of mixing of the cosolvent with the solvent, μ. We note that a minimization with respect to φ only leads
to a free energy in an effective solvent that can be expressed as a concentration-dependent FloryHuggins parameter [23, 24] χ(c).
In this section, we numerically solve the extended adsorption-attraction model, and the effects
of each parameter on the shape of the cononsolvency-transition curve of polymer brushes are
graphically presented in from Figure 3.1a to Figure 3.1f. To keep these figures as simple as possible,
apart from the variation of the corresponding parameter as shown in each sub-figure, all other
model parameters remained fixed as listed in Table 3.1. Several aspects are immediately visible
from the numerical solutions:
First, it is particularly noteworthy that even though each parameter can influence the phase behaviour in a certain way in the extended adsorption-attraction model, due to a monomer-cosolventmonomer triple contact (cosolvent-assisted temporary cross-linking effect), the dominant parameter is the free-energy loss (parameter -γε), see Eq.(3.4). If this effect is not counted (by setting γ = 0),
the re-entrant property of cononsolvency transition is lost and thus cannot be numerically produced
by the extended adsorption-attraction model. As we already pointed out in section 3.2, this viewpoint is critical to explain why poly(N,N-diethylacrylamide) does not show cononsolvency in methanol-water and ethanol-water mixtures [45, 120] while in propanol-water mixtures [45] occurs
phase transition.
Second, as shown in Figure 3.1a, the size difference between cosolvent and solvent (upon variation of parameter λ while keeping the remaining parameters constant) can shift the collapse transition of polymers into the cosolvent-rich region.
Third, as shown in Figure 3.1b, the excluded-volume difference between the same polymer and
two good solvents (parameter ν) plays an important role in regularizing the shape of the re-entrant
transition curve. An asymmetric shape of the re-entrant transition curve has been observed in all
currently available experimental observations, this is reflected first of all by a value ν > 0.
Fourth, as shown in Figure 3.1c, the demixing tendency between cosolvent and solvent (parameter χcs>0) on the polymer chains plays a role in controlling the width of the cononsolvency transition.
Fifth, as shown in Figure 3.1d, the non-ideal mixing between polymer and solvent (parameter
χps>0) plays a role in shifting the collapse transition toward the lower-concentration region of cosolvent which is already verified by my previous study, see Chapter 2.
Sixth, as shown in Figure 3.1e, the polymer-cosolvent preferential adsorption (parameter ε)
plays a dominant role for the strength of the collapse-transition for low concentrations of cosolvent
(typically in the order of 10% volume fraction).
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Figure 3.1(Figure 25) Illustration of the impact of the various model parameters on the predicted cononsolvency response of a polymer brush. The scaled brush thickness (H/H0) is displayed as a function of chemical
potential change of the cosolvent, μ: (a) for λ = 1 and λ = 3, (b) for ν = 0 and ν = 0.3, (c) for χcs= 0 and χcs = 0.4,
(d) for χps = 0 and χps = 0.2, (e) for ε = 1.3 and ε = 1.8, (f) for σd = 0.01 and σd = 0.05. Note that apart from the
variation of the corresponding parameter as shown in each sub-figure, all other model parameters remained
fixed as listed in Table 3.1.
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Table 3.1(Table 4) Parameter values used in numerically solving the extended adsorption attraction model
from Figure 3.1(a) to Figure 3.1(f).

Figure number

σd

λ

ε

γ

t

ν

χcs

χps

Figure 3.1a

0.01

change

1.8

1.0

1.0

0

0

0

Figure 3.1b

0.01

3

1.8

1.0

1.0

change

0

0

Figure 3.1c

0.01

3

1.8

1.0

1.0

0.3

change

0

Figure 3.1d

0.01

3

1.8

1.0

1.0

0.3

0.4

change

Figure 3.1e

0.01

3

change

1.0

1.0

0.3

0.4

0.2

Figure 3.1f

change

3

1.3

1.0

1.0

0.3

0.4

0.2

Finally, as shown in Figure 3.1f, when comparing Eq.(3.7) and Eq.(3.8), we note that an increase
of the grafting density of polymer brushes (parameters σd or σ) or an increase of the crosslink density of gels (parameter α/Nk) have the same effect in the cononsolvency transition, namely, the phase
transition is weakened, but both grafting density and crosslink density have only a very small effect
on the solvent composition at the minimum of the re-entrant curve, i.e. location of the maximum
collapsed state. These facts have been reported in previous studies of PNiPAAm brushes (see Chapter 2), macrogels [103] and microgels [122]. We refer the reader to the section 3.6.4 for additional
details of data which are extracted and reprocessed from refs.[103, 122] for gels.
We conclude that each of the model parameters has qualitatively different impact on the cosolvent response of polymer brushes and gels. Moreover, the model parameters have clear physical
meanings such as the size of cosolvent molecules, grafting density and miscibility of the solvents,
which are independent of the model. This will be a crucial point of my comparison with experimental data.

3.4

Validation of the extended adsorption-attraction model

The chemical potential change, μ, plays a critical role in the preferential-adsorption model to
determine the cononsolvency behaviours of polymers. To my best knowledge, previous studies
have used the dilute solution model [35, 108] and the (pseudo) lattice gas model [23, 24, 39, 122] to
estimate the chemical potential change. Although these chemical-potential models are sufficiently
accurate to describe the general phase transition behaviors of the cononsolvency effect, on account
of lacking a reasonable consideration of solvent-solvent interaction in these models, they may be
still crude and insufficient to arrive at a detailed and comprehensive understanding of the roles of
various interactions in the cononsolvency transition of polymers. For mixtures of different nonionic components, to my best knowledge, the Margules model, Extended Van Laar model, Orye
model, Wilson model and the Enthalpic Wilson model are good choices to estimate the chemical
potential change upon mixing, the performance of these models was already investigated by
refs.[123, 124]. For alcohol-water mixtures, the Enthalpic Wilson model [124] offers reasonable estimates of the chemical potential for each component, and has accurately (and rather successfully
when compared to alternate models) reproduced the phase-separation behaviors of 1-butanol/water mixtures. Thus, in the present study we apply the Enthalpic Wilson model to compute chemical
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potential changes; for additional details about this method, we refer the reader to the sections 3.6.13.6.3.
The same as in section 2.6 of Chapter 2, in this chapter, we used the software package MATLAB
with its unconstrained multivariable function to compute numerical solutions and least-square-fits
to experimental data. For the numerical fit-procedure, some parameters of the extended adsorptionattraction model such as λ and ν remain fixed at their experimentally known values, this approach
is a necessary requirement of the proposed extended adsorption-attraction model; while t is treated
as a constant with a value of t = 1/2 since it showed little tendency to deviate in the fit procedure.
We note that a variation of the value of t would also indicate a deviation from the Alexander-de
Gennes model [11] which we assume here for simplicity. The parameters ε, f, χcs and χps are treated
as free parameters and are fitted in their physical ranges that have physical meanings. Then fitted
values of these parameters ε, f, χcs and χps are compared with known experimental facts to check
the self-consistency of the extended adsorption-attraction model. Subsequently, the roles of polymer-solvent interactions and cosolvent-solvent interactions in the process of cononsolvency transition are discussed based on these fitted parameters.

3.4.1

Cononsolvency transition of polymer brushes and macro-gels in different alcohol-water mixtures

In Figure 3.2 we display theoretical fits to experimental data of one and the same PNiPAAm
o

brush in various alcohol-water mixtures, where the temperature is fixed at 25 C (Experimental data
have already been reported in my previous study, see Chapter 2), Table 3.2 shows the corresponding parameter values obtained in the numerical fit procedures. In Figure 3.3 we display theoretical
fits to the experimental data of one and the same PNiPAAm macrogel sample in various alcoholo

water mixtures, where the temperature is fixed at 22 C, in Figure 3.4 we display theoretical fits to
the experimental data of one and the same PNiPAAm macrogel sample in various 1-propanol/water
o

and DMSO/water mixtures, where the temperature is fixed at 25 C (Experimental data are extracted
and reprocessed from refs.[40-42]). Table 3.3 and Table 3.4 show the corresponding parameter values obtained in the numerical fit procedures.
The resulting curves match the experimental data reasonably well. Most importantly from the
results given in from Table 3.2, Table 3.3 and Table 3.4, we imply that the parameter values are in
line with the physical properties of PNiPAAm-alcohol-water tertiary mixtures: The strength of the
preferential-adsorption energy ε between alcohol and polymer increases with the carbon-backbone
length of the alcohol. This enhancement effect has been reported in the context of the attraction
interactions between alcohol and other hydrophilic polymers such as poly(vinylpyrolidone) [115],
which as well exhibits the cononsolvency effect [64, 65]. As for the same solvent mixtures, the current approach of the extended adsorption-attraction model requires that that parameters λ, ε and
λχcs are independent of polymer material architectures. This is verified for the cononsolvency transition of a PNiPAAm macro-gel and a brush in alcohol/water mixtures, see Table 3.2, Table 3.3 and
Table 3.4.
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Figure 3.2(Figure 26) Cononsolvency transition of a single PNiPAAm brush sample in different alcohol aqueo

ous solutions, at a temperature of 25 C: open circles are experimental results and solid lines are theoretical
fits using the extended adsorption-attraction model. Parameters of the PNiPAAm brush are: grafting density
2

4

σ = 0.143 chains/nm , Mn = 6.1×10 g/mol, Mw/Mn = 1.40. The experimental data have already been reported in
my previous study, see Chapter 2.
2

o

Table 3.2(Table 5) Fit parameters for alcohol-water systems (polymer brush, σ = 0.143 chains/nm , 25 C, Figure
3.2). We choose λ and ν from their experimental values. The first part of the value for λχcs is estimated as its
experimental value, the second part of the value for λχcs is a correction to fit the experimental data. Experimental value of PNiPAAm-water interaction (χps) is around 0.40.

Alcohol

λ

ε

ν

λχcs

χps

methanol

2.2554

1.17

0.15

0.5609+0.35

0.25

ethanol

3.2587

1.25

0.20

1.2443+0.50

0.43

1-propanol

4.1443

1.32

0.23

2.5175+0.35

0.43

1-butanol

5.1004

1.45

0.27

3.8659+1.75

0.41

Previous studies pointed out that the origin of cononsolvency of PNiPAAm in alcohol-water
mixtures could not be related to attractive alcohol-water interactions (see Chapter 2), and that the
NH amide proton of PNiPAAm was as well unimportant in the polymer’s cononsolvency transition
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[81]. Thus, both experimental observations and theoretical analysis strongly imply that the origin
of cononsolvency in this system has to be a hydrophobically driven adsorption of the alcohol molecules on the PNiPAAm polymer chains. This indication is particularly obvious for the cononsolvency transition of PNiPAAm brushes in 1-butanol/water mixtures. Actually, 1-butanol is not miscible with water at intermediate compositions at room temperature, thus only limited data of
PNiPAAm brush thickness is available for these mixtures (see Chapter 2). Even though, in the very
narrow water-rich regime (a volume fraction of 1-butanol is less than 10%), the PNiPAAm brushes
can show a full landscape of cononsolvency transition, this peculiar phase-transition behavior can
mainly be attributed to a hydrophobically driven adsorption of the 1-butanol molecules on the
PNiPAAm polymer chains. It is particular worth noting that experiments of isomer effect of propanol and butanol in the cononsolvency transition of PNiPAAm brushes, further demonstrated this
finding, see section 2.7 of Chapter 2.

Figure 3.3(Figure 27) Cononsolvency transition of a single PNiPAAm macrogel sample in different alcohol
o

aqueous solutions, at a temperature of 22 C: open circles are experimental results and solid lines are theoretical fits using the extended adsorption-attraction model. Parameters of the PNiPAAm macrogel are: the
total number of Kuhn segments in the gel structure is Nm = 33.14 mmol, and the number of chemical crosslinkers is x = 0.86 mmol. The maximum possible degree of linking for the chemical crosslinker is 4. The length
of a Kuhn segment for gels in this study is chosen to be about four repeating units of PNiPAAm. Data are
extracted and reprocessed from refs.[41, 42].
o

Table 3.3(Table 6) Fit parameters for alcohol-water systems (polymer macro-gel, 22 C, Figure 3.3). We choose
λ and ν from their experimental values. The first part of the value for λχcs is estimated as its experimental
value, the second part of the value for λχcs is a correction to fit the experimental data. Experimental value of
PNiPAAm-water interaction (χps) is around 0.40. The maximum possible degree of linking for the chemical
crosslinker is 4, this condition requires the parameter value of 2<f<4.

Alcohol

λ

f

ε

ν

λχcs

χps

methanol

2.2517

2.30

1.17

0.08

0.5405+0.00

0.16

ethanol

3.2525

2.30

1.25

0.12

1.2557+0.00

0.30
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In Figure 3.5 we display theoretical fits to the experimental results of PNiPAAm brushes with
o

different grafting densities in ethanol-water mixtures, while temperature is fixed at 25 C (Experimental data have already been reported in my previous study, see Chapter 2), Table 3.5 shows the
corresponding parameter values obtained in the numerical fit procedures. The fits match the experimental data reasonably well, and from Table 3.5, we infer that the resulting parameter values are
in line with the physical properties of the PNiPAAm/ethanol/water tertiary mixtures. It is remarkable that the theoretical fits of the extended adsorption-attraction model show that with an increase
of monomer concentration in the common solvent (in the case of polymer brushes: increase of grafting density), the interaction strength between water and monomers increases. A similar phenomenon has already been reported for a PNiPAAm micro-gel [103]. We note that this phenomenon can
be related to the LCST transition of PNiPAAm which can be understood as a concentration-dependent χ-parameter [22, 76]. Thus, a higher grafting density can lead to an effective larger Flory parameter, χps.

Figure 3.4(Figure 28) Cononsolvency transition of a single PNiPAAm macrogel sample in different alcohol
o

aqueous solutions, at a temperature of 25 C: open circles are experimental results and solid lines are theoretical fits using the extended adsorption-attraction model. Parameters of the PNiPAAm macrogel are: the
total number of Kuhn segments in the gel structure is Nm = 150 mmol, and the number of chemical crosslinkers
is x = 1.5 mmol. The maximum possible degree of linking for the chemical crosslinker is 4. The length of a
Kuhn segment for gels in this study is chosen to be about four repeating units of PNiPAAm. Data are extracted and reprocessed from ref. [40].
o

Table 3.4(Table 7) Fit parameters for 1-propanol/water and DMSO/water systems (polymer macro-gel, 25 C,
Figure 3.4). We choose λ and ν from their experimental values. The first part of the value for λχcs is estimated
as its experimental value, the second part of the value for λχcs is a correction to fit the experimental data.
Experimental value of PNiPAAm-water interaction (χps) is around 0.40. The maximum possible degree of
linking for the chemical crosslinker is 4, this condition requires the parameter value of 2<f<4.

Organic

λ

f

ε

ν

λχcs

χps

1-propanol

4.1443

2.25

1.32

0.13

2.5175+0.00

0.43

DMSO

3.9357

2.25

1.70

0.06

-2.9443 -10

0.15
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As noted already above, among the fit parameters of Table 3.2 to Table 3.5, we fixed geometrical
parameters λ and ν according to their experimental values. As shown from Figure 3.2 to Figure 3.5,
this resulted in a quite good fit performance of the model. The fit performance showed that the
mean-field model can quantitatively describe cononsolvency transition of PNiPAAm brush and gel
in various organic solvent/water mixtures. In particular, it is worth noting that the fit results in
Table 3.2 for the interaction parameter between water and PNiPAAm polymer (χps) are nearly constant as it should be expected since only the cosolvent is changing. However, as shown in from
Table 3.2 to Table 3.4, for methanol and DMSO, a smaller value of χps is required for an optimal fit
of the experimental data. The reason for this somewhat specific behavior of methanol and DMSO
with respect to the physical model is not clear. Even though, a candidate for the interpretation of
this tendency of χps is the disruption of a hydrogen bonding network between water molecules by
the organic-solvent molecules: Organic-solvent molecules can be hydrated by water molecules to
form hydrated clusters [125-128]. On account of much stronger enthalpic attraction between DMSO
and water, between methanol and water (see section 3.4.2 and Figure 3.7), the tendencies of forming
clusters of hydrated DMSO and hydrated methanol become stronger. Thus, in DMSO/water and
methanol/water mixtures, the ability to disrupt the hydrogen bonding network between water molecules significantly increases. This effect leads to a significant increase of translational entropy of
water molecules, and the mixing entropy between polymer and water is increased, which improves
the water molecule’s solvent quality for the PNiPAAm polymer in the DMSO/water and methanol/water mixtures.
Among the data of from Table 3.2 to Table 3.5, we note that the numerical fit values of λχcs
deviate from their experimental values, and this deviation is particularly obvious in the 1-butanol/water interaction and DMSO/water interaction. For 1-butanol/water interaction, this deviation
may be attributed to the model which is used to estimate the experimental value. In the present
study, the experimental value of λχcs is estimated from the Enthalpic Wilson model for solutions of
alcohol-water mixtures. However, it is reasonably expected that alcohol-water interaction on the
polymer chains differ from their behaviors in solution. For more details regarding how we estimate
the reference value of λχcs in this study, we refer the reader to the section 3.6.3.
o

Table 3.5(Table 8) Fit parameters for the ethanol-water system (polymer brush, 25 C, Figure 3.5). We choose
λ and ν from their experimental values. The first part of the value for λχcs is estimated as its experimental
value, the second part of the value for λχcs is a correction to fit the experimental data. Experimental value of
PNiPAAm-water interaction (χps) is around 0.40.

λ

ε

ν

λχcs

χps

2

3.2587

1.25

0.20

1.2443+0.50

0.43

2

3.2587

1.24

0.20

1.2443-0.25

0.35

Grafting density
0.143 chains/nm
0.103 chains/nm

Thesis author: Huaisong Yong

56

Chapter 3 The extended adsorption-attraction model

Figure 3.5(Figure 29) Grafting-density effect in the cononsolvency transition of PNiPAAm brushes in ethao

nol-water mixtures, at a temperature of 25 C: open squares are experimental results and solid lines are theoretical fits of the extended adsorption-attraction model. Parameters of the PNiPAAm brushes plotted in Fig2

2

ure 4 from top to bottom are: grafting density σ = 0.143 chains/nm , σ = 0.103 chains/nm . Both brushes contain
4

polymers of identical molecular weight distributions: Mn = 6.1×10 g/mol, Mw/Mn = 1.40. The experimental
data have been reported in my previous study, see Chapter 2.

As for DMSO/water interaction, the deviation of λχcs is too large and shall be mainly attributed
to that the simplified model (Eq.(3.10.2)) neglects the effect of ∆χcs which is defined in Eq.(3.10.1).
It is worth pointing out that after including the effect of ∆χcs, all fitting parameter values become
reasonable and are in physical ranges. Even though, the current approach of Eq.(3.10.1) still cannot
quantitatively fit experimental data for cononsolvency transition of PNiPAAm macro-gels in
DMSO/water mixtures. It is noted that the attraction strength between DMSO and water is not weak
(see section 3.4.2 and Figure 3.7a) and comparable to the preferential-adsorption strength between
DMSO and PNiPAAm (see Table 3.4). It seems that DMSO-water attraction plays an important role
in the cononsolvency transition of PNIPAAm. Nevertheless, the attraction between DMSO and water cannot be the dominant force to drive the phase transition of PNiPAAm polymer in DMSOwater mixtures, since attraction between DMSO and water cannot explain sol-gel behaviors [56] in
the cononsolvency transition of hydrophilic polymers in the case of polymer solutions when the
concentration of DMSO is very low. The cononsolvency of PNiPAAm in DMSO-water mixtures can
be in principle explained based on the assumption of preferential adsorption of DMSO on the polymer chain and temporary crosslinking effect between monomers and DMSO molecules, nevertheless, we are aware that there also exist alternative approaches involving a different physical mechanism not known so far [44]. We also note that the same issue arises when considering the effect of
polyethylene glycol aqueous solutions on the cononsolvency transition of PNiPAAm gels [33]. A
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further study is in particular needed such as to check the role of binding effects of cosolvent-solvent
clusters in the phase transition instead of a simple binding between cosolvent molecules and monomers; however, these topics are beyond the scope of this thesis.

Figure 3.6(Figure 30) Cononsolvency transition of a PNiPAAm brush sample in different alcohol aqueous
o

solutions, at the temperature of 25 C: φ as a function of the chemical potential is calculated by using the
extended adsorption-attraction model to fit the experimental results shown in Figure 3.2. Figure 3.6a is a
linear schematic dependence of φ on μ and Figure 3.6b is a schematic dependence of log10(φ) on μ. Parameters
2

4

of the PNiPAAm brush are: grafting density σ = 0.143 chains/nm , Mn = 6.1×10 g/mol, Mw/Mn = 1.40.

In Figure 3.6, the adsorption order parameter (the volume fraction of cosolvent, φ, adsorbed on
the polymer chain) in the cononsolvency transition is evaluated. The evaluation is based on the
numerical fit results of Figure 3.2. In Figure 3.6, an obvious discontinuous phase-transition behavior is observed for the cononsolvency transition of PNiPAAm in 1-butanol/water mixtures, while
this behavior is not obvious in case of the other alcohol/water mixtures. These experimental observations are fully compatible with the predictions of a previous computer simulation study [39].

3.4.2

An analysis of the enthalpic interaction between cosolvent and solvent

In this section, we develop a mean-field approximation to estimate attraction strength between
cosolvent and solvent based on enthalpy change of mixing these two solvents. This estimation is
particularly helpful to determine the phase-transition mechanism of cononsolvency transition of
PNiPAAm in DMSO-water mixtures. The peculiar cononsolvency-transition behavior of PNiPAAm
in DMSO-water mixtures maybe originate from that the attraction strength between DMSO and
water is comparable to the preferential-adsorption strength between DMSO and PNiPAAm, see
Figure 3.4, Figure 3.7a and Table 3.4.
In short-chain alcohol and DMSO aqueous solutions, the interaction between alcohol and water
molecules is dominated by alcohol-water hydrogen-bond formation [129, 130]. The total number of
molecules in organic solvent-water binary mixtures is denoted as n, the molar fraction of organic
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solvent is denoted by x, the volume ratio between one organic-solvent molecule and one water
molecule is denoted by λ.
When an organic-solvent molecule’s oxygen atom forms a bond with a water molecule’s hydrogen atom, the corresponding probability is

1− x
(volume fraction of water). There are nx orx + 1 − x

ganic-solvent molecules in the mixtures, therefore the maximum number of this kind of hydrogen
 1− x 

 x  zsh
bonds that can be formed is nx 
, where zco is the number of ox zco + n ( 1 − x ) 

 x + 1 − x 
 x + 1 − x  2

ygen atoms in one organic-solvent molecule that can form hydrogen bonds, zsh is the number of
hydrogen atoms in one water molecule that can form hydrogen bonds.
The corresponding probability for a water molecule’s oxygen atom to form a hydrogen bond is
x
(volume fraction of organic solvent). There are n(1-x) water molecules in the mixtures,

x + 1 − x

thus the maximum number of this kind of hydrogen bonds that can be formed is
 x 
 1 − x  zch
n (1 − x ) 
, where zso is the number of oxygen atoms in one water mol zso + nx 

 x + 1 − x 
 x + 1 − x  2

ecule that can form hydrogen bonds, zch is the number of hydrogen atoms in one organic-solvent
molecule that can form hydrogen bonds.

Figure 3.7(Figure 31) (a) Average energy change εH of the formation of one organic solvent-water hydrogen
o

bond when mixing different organic solvents with water at the temperature of 25 C. (b) Enthalpic Flory pao

rameter χH when mixing different organic solvents with water at the temperature of 25 C. Data are extracted
and reprocessed from refs.[129, 130]. Note that the doted lines in the figures are only used to guide the eye.

Then the maximum number of hydrogen bonds that can be formed via contacts between organic


 zsh



2

solvent and water molecules is n  zco +

+  zso +

zch  x ( 1 − x )
. Note that from a thermodynamics

2  x + 1 − x

point of view, as long as isotope effects are neglected, these two kinds of hydrogen bonds formed
by organic solvent/water interaction nearly don’t have any difference. The molar enthalpy change
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in the mixing is denoted as ΔmixHm and the average energy change of formation of one organic solvent/water hydrogen bond is denoted as εH. In the short-chain alcohol and DMSO aqueous solutions, the enthalpy changes of mixing of alcohol and water, DMSO and water are controlled by
hydrogen-bonding formation between organic solvent and water molecules via sacrifice of hydrogen bonds from organic solvent-organic solvent and water-water interactions [129, 130], which
yields a mean-field approximation:


 zsh



2

mix H m  N A H  zco +

+  zso +

zch  x ( 1 − x )
,

2  x + 1 − x

(3.12)

where NA is the Avogadro constant. This implies
H 

2mix H m

x + 1 − x

N A ( 2 zco + 2 zso +  zsh + zch ) x ( 1 − x )

.

(3.13)

Now we obtain the enthalpic Flory interaction parameter between organic solvent and water
due to hydrogen bond formation, χH:
H 

( 2z

co

+ zch )  H
k BT

.

(3.14)

where kB is the Boltzmann constant. 2zco+ zch is the maximum number of hydrogen bonds each organic solvent molecule can generate. Note that χH is different from the effective Flory-parameter
between the two solvents χcs, eff of Eq.(2.9) and χcs of Eq.(3.6), which also include excess entropic
contributions.
Note that for water, zso = 1 and zsh = 2; for methanol, ethanol, 1-propanol and 1-butanol molecules,
zco = 1 and zch = 1; for DMSO, zco = 1 and zch = 0, data for ΔmixHm are extracted from refs.[129, 130].
Based on Eq. (3.13) and Eq. (3.14), the corresponding εH and χH as a function of the molar fraction
of organic solvent are plotted in Figure 3.7, respectively. It is clearly shown that in Figure 3.7, at
any fixed concentration of organic solvent, two simple order relations exist for εH and χH:
“εH(DMSO, H2O) < εH(methanol, H2O) ≤ εH(ethanol, H2O) < εH(1-propanol, H2O) < εH(1-butanol,
H2O)”, “χH(DMSO, H2O) <χH(methanol, H2O) ≤ χH(ethanol, H2O) < χH(1-propanol, H2O) < χH(1butanol, H2O)”. This is in accordance with the simple picture that longer carbon chain lengths of
the alcohol increase its hydrophobic behavior. Figure 3.7 clearly shows that the attraction strength
between organic solvent and water follows a simple order relation of “DMSO > methanol > ethanol > 1-propanol > 1-butanol”.
It has been reported that a strong cosolvent-solvent attraction can induce a cononsolvency transition of poly(ε-caprolactone) in pyridine/formic acid or pyridine/acetic acid mixtures [107], and
poly(methyl methacrylate) in pyridine/formic acid mixtures [107]. The strong attraction between
pyridine and formic acid or acetic acid arises from the formation of a very strong “acid-base” type
of hydrogen bonds.
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Figure 3.8(Figure 32) Average energy change εH of the formation of one pyridine-acid hydrogen bond, and
enthalpic Flory parameter χH when mixing pyridine with different organic acids at the corresponding temperatures. Note that data are extracted and reprocessed from ref. [107].

Keep in mind that a pyridine molecule and a formic/acetic acid molecule can only generate one
hydrogen bond of the “acid-base” type, respectively. By using the same method as discussed above,
as shown in Figure 3.8, we quantify this strong attraction between the cosolvent and the solvent
based on the concept of enthalpic Flory interaction parameter χH. Comparing the results in Figure
3.7 and Figure 3.8, the differences are quite remarkable.

3.4.3

The window width of the cononsolvency transition

The window width of the cononsolvency transition, L, is defined as the molar-fraction gap of
cosolvent concentration in which both the collapse and re-entry branches reach a predefined height.
As sketched in Figure 3.9a, we follow Mukherji’s definition [131], in which the height is chosen as
the half value between the minimum and the pure-water point on the cononsolvency-transition
curve (the height is volume related).
Figure 3.9b presents the window width (L) for the cononsolvency transition of PNiPAAm polymer as a function of the experimental value of the effective Flory parameter (λχcs) between cosolvent and water. For details behind the precise definition of the effective Flory parameter we refer
the reader to the section 3.6.3. In Figure 3.9b, it is obvious that there exists a monotonic relationship:
a reduction of the window width of the cononsolvency transition is correlated with an enhancement
of the demixing tendency between cosolvent and water. This monotonic relationship is also observed for the cononsolvency transition of a PNiPAAm brush in aqueous solutions of propanol and
butanol isomers, see section 2.7 of Chapter 2. It is particularly noteworthy that this monotonic relationship also exits for other already-known neutral polymers which exhibit cononsolvency such
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as poly(vinylpyrolidone) [64, 65], poly(N, N-dimethylacrylamide) [99] and poly(acryloyl-L-proline
methyl ester) [132]. What is more, computer simulations [82] also showed that a weakening of cosolvent-solvent attraction (equal to an increase of demixing tendency between cosolvent and solvent)
can reduce the swindow width of cononsolvency transition. It is also noted that this tendency does
not change when we use a definition of weight-related height [133] instead of a volume-related
height [131].

Figure 3.9(Figure 33) The window width (L) of the cononsolvency transition: (a) Sketch of the definition of
widow width using my theoretical model, see Figure 3.1c (for instance). (b) The width for cononsolvency
transition of PNiPAAm polymers as a function of the experimental value of the effective Flory parameter
o

between various cosolvents and water at a temperature close to 25 C. Data of the width are extracted and
reprocessed from Chapter 2 and refs.[40, 80, 122], data of the effective Flory parameter are extracted and
reprocessed from refs.[87-89, 130, 134, 135]. Note that in the Figure 3.9a, the solid blue line is a typical cononsolvency-transition curve; in the Figure 3.9b the dotted line is a guide to the eye, and the blue error bars
display the experimental uncertainties of the effective Flory parameter.

In Table 3.2 and Table 3.4, the fit results of λχcs show that a reduction of the width of the cononsolvency transition is correlated with an increase of the demixing tendency between cosolvent
and solvent when the temperature is fixed. This is in agreement with a numerical prediction of the
extended adsorption-attraction model: the width of the cononsolvency transition can be reduced
by an enhancement of the tendency for demixing between cosolvent and solvent on the polymer
chains, see section 3.2 and section 3.3.

3.4.4

Pressure effect in the cononsolvency transition of PNiPAAm polymers

Experimental studies [136, 137] have reported that PNiPAAm mixed in alcohol-poor aqueous
solutions shows a suppression of the cononsolvency effect at high hydrostatic pressure. We note
that this pressure effect can be explained based on the suppression of the tendency to demix between cosolvent and water, and between polymer and water in the cononsolvency transition of
PNiPAAm. During the process of mixing, alcohol molecules form hydrated clusters [125-128] and
the excess molar volume of mixing (ΔVm,cs) is negative for short alcohol aqueous solutions [138].
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This results in the fact that an increase of hydrostatic pressure favors hydration and thus a suppression of the demixing tendency between alcohol and water, it has been observed experimentally that
an increase of pressure leads to a contraction of the immiscible gap of 1-butanol/water mixtures
[139]. At very high hydrostatic pressure, the demixing tendency between alcohol and water is substantially suppressed, in the alcohol-poor regime maybe nearly all free alcohol molecules are captivated inside the water clusters through the hydration process. It has also been shown that pressure
favors the hydration of polymer chains [140] and the formation of polymer/water hydrogen bonds
at the cost of methanol/polymer bonds [136], so that effectively the water’s solvent quality is improved for PNiPAAm polymers. This implies that for PNiPAAm at very high hydrostatic pressure
in alcohol-poor aqueous solutions, the conosolvency effect is weakened and may be completely
suppressed [136, 137].
The effect of the suppression of demixing between cosolvent and water, and between polymer
and water in the cononsolvency transition of PNiPAAm in alcohol-poor aqueous solutions, can be
further rationalized by a synergistic effect of a reduction of the effective alcohol-water interaction
on the polymer chains (Δχcs) as well as a reduction of this interaction in bulk solvent mixtures excluding the polymer, as well as a reduction of the polymer-water interaction (Δχps). The reduction
of the alcohol-water interaction in bulk solvent mixtures can be quantified in terms of a reduction
of the chemical potential change of mixing (Δμ). With an increase of hydrostatic pressure (ΔP), these
reductions are approximated through the following relations [141]:

 cs
 ps

PVm ,cs

0
RT 
PVm ,cs 1

RT ( 1 −  ) c

0

,

(3.15)

PVm ,ps

1
0
RT ( 1 −  )( 1 −  )( 1 − c −  c ) c

and applied to Eq.(3.5), Eq.(3.6) and Eq.(3.10.2), respectively; the meaning of Δμ is graphically presented in Figure 3.10. Here, ΔVm,cs is the excess molar volume of mixing the alcohol with water,
ΔVm,ps is the excess molar volume of mixing the polymer with water, R is the gas constant and T is
the thermodynamic temperature. It should be noted that ΔVm,ps is negative when a hydrophilic polymer such as polyethylene glycol [142] is mixed with water. For additional details of estimating the
pressure effect on the values of Δμ, Δχcs and Δχps in Eq.(3.15), we refer the reader to the sections
3.6.5-3.6.7, respectively.
According to Eq.(3.15), in the alcohol-poor regime, an increase of the hydrostatic pressure leads
to a decrease of the Flory parameter for alcohol-water interaction on the polymer chains (Δχcs), a
decrease of the Flory parameter for polymer-water interaction (Δχps), and a reduction of the chemical potential change of mixing (Δμ). We thus propose that in the language of the extended adsorption-attraction model, as expressed in Eq.(3.5), Eq.(3.6) and Eq.(3.10.2), these effects jointly weaken
the collapse transition of PNiPAAm in the alcohol-poor regime. We find that for long-chain alcohol
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aqueous solutions such as 1-propanol/water mixtures, when temperature and ΔP are fixed, Δχcs can
be approximated as a constant, for additional details we refer the reader to the section 3.6.6. Therefore, to qualitatively study the pressure effect in the cononsolvency transition, Δχcs and Δχps in
Eq.(3.15) are further simplified to be proportional to ΔP, this means if ΔP and temperature are fixed,
Δχcs and Δχps are approximated as constants.

Figure 3.10(Figure 34) The effect of an increase of the hydrostatic pressure in the cononsolvency transition of
polymers can be numerically decomposed into a synergistic effect on the effective Flory parameters for the
cosolvent-solvent interaction (χcs), the polymer-solvent interaction (χps), and a reduction of the chemical potential change of mixing μ, as implemented in the extended adsorption-attraction model. Note that apart
from variations of χcs and χps, the other parameters remained fixed (as shown in Table 3.6). The arrows in
Figure3.10 are eye guides for possible pathways when the cononsolvency system changes from the lowerpressure to the higher-pressure states.
Table 3.6(Table 9) Parameter values applied while numerically solving the extended adsorption-attraction
o

model (Figure 3.10, polymer macrogel, temperature is fixed at 25 C.). As for the conditions of low pressure
and high pressure, the parameter values are chosen to be qualitatively consistent with the system of
PNiPAAm macrogel/methanol/water at the pressures of 100kPa and 140MPa respectively. For additional
details of estimating the pressure effect on the values of Δχcs and Δχps, we refer the reader to the sections
3.6.6 and 3.6.7.

Pressure

Nk

f

λ

ε

ν

λχcs

χps

low pressure

200

2.5

2.2554

1.17

0.15

0.5609

0.25

high pressure

200

2.5

2.2554

1.17

0.15

0.20

0.15
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It is noted that Δμ in the approach of Eq. (3.15) is independent of the order parameter of the
adsorption (φ) and the polymer concentration(c), this allows us to decompose the overall pressure
effect into two independent parts: first by a numerical solution of the extended adsorption-attraction model with respect to φ and c, the pressure effect on χcs and χps can be graphically presented
by curves such as shown in Figure 3.10; secondly the pressure effect on μ can be presented by a
horizontal shift (Δμ) on the curves. Here it is worth noting that in a numerical solution of the extended adsorption-attraction model, a simultaneous increase or decrease of χcs and χps can result in
a competing effect with each other for the collapse transition in the cosolvent-poor regime (as
shown in Figure 3.1c and Figure 3.1d). As for the pressure effect in the alcohol-poor regime, we like
to emphasize that for the reductions of alcohol-water interaction on the polymer chains (Δχcs) and
polymer-water interaction (Δχps) that have physical meanings (see sections 3.6.6 and 3.6.7), the cumulative effect of a simultaneous reduction of χps and chemical potential (Δμ, see section 3.6.5)
exceeds the competing effect of a reduction of χcs.
Accordingly, by a numerical solution of the extended adsorption-attraction model, a graphical
representation of the overall pressure effect in the cononsolvency transition of a polymer macrogel
in solvent mixtures is presented in Figure 3.10. Note that except for a variation of χcs and χps, all
other parameters remained fixed when solving the equations (as shown in Table 3.6). In Figure
3.10, “A” represents the cononsolvency system at the lower-pressure state, “C” represents the cononsolvency system at the higher-pressure state, “B1” and “B2” represent possible intermediate
states when the cononsolvency system changes from the lower-pressure to the higher-pressure
states. By now it has been clear that if “A” represents the minimum for the collapse state of cononsolvency transition at the lower pressure, due to pressure change, “C” will represent the vicinity
of the minimum for the collapse state at the higher pressure, then Δμ represents a shift of cosolvent
concentration to a cosolvent-poor region.
The tendency of the transition curves shown in Figure 3.10 is in line with experimental results
of the pressure effect in the cononsolency transition of PNiPAAm microgel as reported by Hofmann
et. al [136]. In addition, this prediction was also verified by the influence of the hydrostatic pressure
on the collapse behaviors of PNiPAAm polymers in the organic-solvent-poor regime of dimethyl
sulfoxide-water mixtures [143]. It is particularly noted that an experimental study [61] of smallangle neutron scattering recently proved that the hydrophobic effect between PNiPAAm and solvents of methanol-water mixtures, is much weakened above a certain pressure (~150MPa). In previous study, see Chapter 2, we have already proved that the origin of cononsolvency transition of
PNiPAAm in alcohol-water mixtures is the hydrophobic adsorption of alcohol molecules on the
polymer chains, thus, the small-angle neutron scattering study [61] further directly supports my
above theoretical analysis.
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Cononsolvency transition of a single long polymer

Experimental studies [58, 59] reported that a single long PNiPAAm polymer chain shows strong
cononsolvency phase-transition behaviors. To quantitatively explain its phase-transition behaviors
in the theoretical scheme of the extended adsorption-attraction model, we use the following entropic free energy contribution for a single chain:
 3 2 3ln (  )   1

fsin gle = 
−
 +  − 1 −   ln (1 − c −  c ) .
N ks   c

 2 N ks

(3.16)

The first term in Eq.(3.16) is an approximation for the elastic energy of a stretched chain approximated by Flory approach in terms of a free energy per monomer unit, while the second term is the
entropic free energy of mixing the polymer with solvents. The expansion factor β is defined by β =
R/ R0, where R is the size of the single polymer chain and R0 ≈ bk√Nks is its ideal-chain size with bk
being the size of a Kuhn segment and Nks the chain length in unites of the polymer’s Kuhn length
bk. Here, the average monomer volume fraction (c) for a single chain is defined as its volume occu3

3

pation in the single-chain coil, c = b N/R with N being the chain length in the unites of the polymer’s
monomer size b. Since the second term in the first term of Eq.(3.16) is rather small for a long chain,
for simplicity by using the leading-order approximation, we get an estimation,
fsin gle 

2
−
3 b
1

cN ) 3 +  − 1 −   ln ( 1 − c −  c ) .
(
2 bk
c



(3.17)

As for a linear PNiPAAm polymer, the value of bk/b is about 10.
In Figure 3.11, we display theoretical fits to published experimental data of poly(N-isopropylacrylamide) single chain in methanol−water mixtures, where the temperature is fixed at 20°C. Table 3.7 shows the corresponding parameter values obtained in the numerical fit procedures (experimental data are extracted and reprocessed from ref. [58]). The resulting fit curve matches the experimental data reasonably well. Most importantly from the results given in Table 3.7, we imply
that the parameter values are in line with the physical properties of PNiPAAm-methanol-water
tertiary mixtures. As for the same solvent mixtures, the current approach of the extended adsorption-attraction model requires that parameters λ, ε and λχcs are independent of polymer material
architectures. After eliminating the temperature effect, this is further verified for the cononsolvency
transition of PNiPAAm single long chains, macrogels and brushes in methanol-water mixtures, see
Table 3.2, Table 3.3 and Table 3.7.
o

Table 3.7(Table 10) Fit parameters for methanol-water systems (single polymer chain, 20 C, Figure 3.11). We
choose λ and ν from their experimental values. The first part of the value for λχcs is estimated as its experimental value, the second part of the value for λχcs is a correction to fit the experimental data. Experimental
value of PNiPAAm-water interaction (χps) is around 0.40.

Alcohol

λ

ε

ν

λχcs

χps

methanol

2.2493

1.17

0.00

0.7818+0.30

0.17
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Figure 3.11(Figure 35) Cononsolvency transition of a single PNiPAAm chain in methanol aqueous solutions,
o

at a temperature of 20 C: open circles are experimental results and solid lines are theoretical fits using the
7

physical model. Parameters of the PNiPAAm are: Mw = 2.63 ×10 g/mol, Mw/Mn < 1.10. The experimental data
are extracted and reprocessed from ref. [58]. The length of a Kuhn segment for single polymer chain in this
study is chosen to be about ten repeating units of PNiPAAm.

Even though, we have to realize that the good performance of the current mean-field approach,
also relies on that we choose the hydrodynamic radius rather than the radius of gyration to fit
Eq.(3.16). It is important to remember that hydrodynamic radius is much suitable to be used to
check a mean-field model for phase transition of a single long chain, this viewpoint has been already
clearly pointed out by Sanchez [144] as early as four decades ago. Meanwhile, current mean-field
approach does not well describe a short single polymer chain, since the conformation fluctuation is
on the order of its coil dimension and monomer-concentration inhomogeneity becomes prominent.

3.5

Chapter summary

Both a theoretical analysis and experimental observations show that the phase-transition mechanism of cononsolvency depends on the relative strengths of various interactions in the polymer
solutions. A cononsolvency transition can be driven by a strong cosolvent-solvent attraction or by
the preferential adsorption of cosolvent onto the polymer. In this work, by using an extension of
the adsorption-attraction model, we report on a comprehensive and quantitative theoretical study
of the cononsolvency effect of neutral polymers such as PNiPAAm brushes, macro-gels and single
long chains. The extended adsorption-attraction model is able to describe and predict the phasetransition behaviors of PNiPAAm brushes, gels and long single chain in various aqueous alcohol
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solutions quantitatively. Besides the dominant roles of polymer-cosolvent preferential adsorption
and the monomer-cosolvent-monomer triple contacts (cosolvent-assisted temporary cross-linking
effect) that define the strength of the collapse-transition in the cosolvent-poor region, other effects
are shown to be of relevance: The non-ideal mixing between polymer and solvent plays a role in
shifting the collapse transition to the lower-concentration region of cosolvent, and an increase of
the demixing tendency between cosolvent and solvent on the polymer chains reduces the window
width of the cononsolvency transition. Using data from the literature we can show that the cononsolvency response of brushes, gels and single long polymer chain can be consistently described
with the same model. Thus, also the swelling/deswelling behavior of PNiPAAm gels and single
long chains with respect to cononsolvency is quantitatively described in this work. The used parameters are consistent with their microscopic interpretation.
In addition, weakening of the cononsolvency transition in cosolvent-poor aqueous solutions at
high hydrostatic pressure can be explained by the suppression of demixing tendencies between
cosolvent and water, and between polymer and water in the case of PNiPAAm. We note that the
extended adsorption-attraction model can also be applied to other immobilized polymers such as
polymeric micro-gels or dendrimers by only replacing the elasticity term in the free energy. Moreover, the concept of the extended adsorption-attraction model can be also re-cast and applied to
systems of polymer solutions if polymer-solvent interactions and cosolvent-solvent interaction are
considered.
As the phase-transition mechanism in the cononsolvency transition of polymers is still debated,
this work contributes to the understanding of the underlying physical mechanism, which could
help to develop quantitative models of smart responsive materials by harnessing the cononsolvency
effect [145]. My theoretical approach can be refined and extended in several ways. Interesting would
be the modification of the cononsolvency behavior by additional components in the solutions which
can interfere with the cosolvent adsorption (regulatory solvents [24] ), or which influence the thermal mixing behavior of the polymer.

3.6
3.6.1

Chapter appendix
Chemical potential change of mixing two components

The total Gibbs free energy of two species before mixing is Ginitial [5],
Ginitial = n1 1* + n2 2* ,

(3.18)

where n1 and n2 are the molar number of species “1” and “2” respectively, μ1* and μ2* are the chemical potential (molar Gibbs free energy) of pure species “1” and “2” respectively.
After mixing, in equilibrium, the total Gibbs free energy is Gfinal,
G final = n1  1* + RT ln ( 1 x1 ) + n2  2* + RT ln ( 2 x2 ) ,

(3.19)

where x1 and x2 are the molar fraction of species “1” and “2” in the mixture respectively; γ1 and γ2
are the activity coefficient of species “1” and “2” in the mixture respectively, they are functions of
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temperature, pressure and composition change; R and T are the gas constant and the thermodynamic temperature respectively.
Then the mixing Gibbs free energy of species 1 and 2 is ΔmixG,

mixG = G final − Ginitial = n1 RT ln (  1 x1 ) + n2 RT ln (  2 x2 ) .

(3.20)

We note the following relations:
n = n1 + n2
x1 =
x2 =

n1
n
n2

,

(3.21)

n
x1 + x2 = 1

where n is a constant. The molar mixing Gibbs free energy of species 1 and 2 is ΔmixGm,
mixGm
RT

= x1 ln (  1 x1 ) + x2 ln (  2 x2 ) .

(3.22)

Then the chemical potential change of specie “1” in the mixing process is μ1,mix,

=
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(3.23)

where P is the pressure. If we set γ1 = 1 and γ2 = 1, then the Eq.(3.23) reduces to lattice-model formula
for the athermal chemical potential change as  =

1,mix

 x 
= ln  1  . Note that in Eq.(3.23), μ is the
RT
 1 − x1 

dimensionless chemical potential change which is used in the Eq.(3.5) of section 3.2.

3.6.2

The Enthalpic Wilson model

For multi-species mixture systems, such as alcohol-water mixing, the Enthalpic Wilson model
[124] can give quite good estimation of chemical potential for each component. For binary mixtures,
the corresponding Enthalpic Wilson equations for the activity coefficients are given by:
x2 ln ( A12 A21 )



 
A21
1
 1 + x1  1 −
−

x1 + A12 x2 x2 + A21 x1  
( x1 + A12 x2 )( x2 + A21 x1 ) 

,

x1 ln ( A21 A12 )

 
A12
1
ln (  2 ) = −
 1 + x  1 −
−

( x2 + A21 x1 )( x1 + A12 x2 )  2  x2 + A21 x1 x1 + A12 x2  

ln (  1 ) = −

(3.24)

where A12 and A21 are constants and only dependent on temperature and pressure. The advantage
of Eq.(3.24) is that A12 and A21 can be calculated by using experimental values of infinite dilution
∞

∞

∞

∞

activity coefficient γ1 and γ2 [88, 146]. The relations between γ1 , γ2 and A12, A21 are,
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ln ( A12 A21 )
A12

ln ( A21 A12 )

(3.25)

.

A21

In practice, due to lack of reliable experimental values of infinite dilution activity coefficient for
water in different mixtures [147, 148], we first need different semi-empirical activity-coefficient
∞

∞

models such as PSRK method to accurately estimate the values of γ1 and γ2 by using DDB Software Package [149]. These calculated values are compared with their already-known reliable experimental values, then the suitable calculated values are chosen for these species that lack of reli∞

∞

able experimental values. Values of γ1 , γ2 , A12 and A21 for C1-C4 alcohol-water system are listed in
Table 3.8 and Table 3.9. From Figure 3.12 to Figure 3.14, we show calculation results for molar
mixing Gibbs free energy and chemical potential change.

Figure 3.12(Figure 36) Molar Gibbs free energy of mixing for various alcohol/water mixtures at the standard
state.
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Figure 3.13(Figure 37) Molar Gibbs free energy of mixing for 1-butanol/water mixtures at the standard state:
accurate mixture compositions for phase separation are 1.91%mol and 48.84%mol of 1-butanol, while the
calculation values for phase separation are about 2.15%mol and 54.6% mol of 1-butanol.

Figure 3.14(Figure 38) Chemical potential change of mixing for various alcohol/water mixtures at the standard state.
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Table 3.8(Table 11) Values of γ1 , γ2 , A12 and A21 for different alcohol-water systems at the temperature of
o

298.15K (25 C).
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Table 3.9(Table 12) Values of γ1 , γ2 , A12 and A21 for different alcohol-water systems at the temperature of
295.15K (22 C).
o

∞
∞

o

o

o

Remarks: Due to lack of corresponding experimental reference values in literature for the condition of 22 C, here we used the method

suitable for the condition of 25 C (as shown in Table 3.8) to calculate these values for the condition of 22 C. This approach is expected

reasonable as the temperature difference between these two situations is marginal. The calculated values in Table 3.9 and Table 3.8
are consistent with each other.
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Estimation of effective Flory-interaction parameter

Figure 3.15(Figure 39) Effective Flory parameters for various alcohol/water mixtures at the standard state.

If we use the excess Gibbs free energy of mixing to estimate the interaction strength between
species 1 and 2, the molar mixing Gibbs free energy ΔmixGm, can be expressed as,
mixGm
RT

= x1 ln (  1 x1 ) + x2 ln (  2 x2 ) = x1 ln ( x1 ) + x2 ln ( x2 ) +  x1 x2 ,

(3.26)

where χ is the effective Flory-interaction parameter. Then we get,
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The right-hand side of Eq.(3.28) is a decreasing function in respect to argument x1 when the bound 1
1 
,
ary condition of A12 > 0, A21 > 0 is hold, and it has a boundary of 
 . Then we can get
 A21 A12 
 ln ( A21 A12 )

  −


A21

,−

ln ( A12 A21 ) 
 . Note that Eq.(3.25), then we can get,
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1

(3.29)
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in which λ≥1 is the volume ratio between a molecule of a component and a molecule of another
different component in the binary mixtures, χcs is the conventionally used Flory-Huggins parameters. It is noted that χ = χcs, eff which has already been estimated based on experimental data by
Eq.(2.9). In Figure 3.15, we show calculation results for effective Flory-interaction parameter, the
numerical calculation of χ is consistent with its experimental value χcs, eff, also see Figure 2.6b.

3.6.4

Crosslink-density effect in the cononsolvency transition of poly(N-isopropylacrylamide) microgel and macro-gel

Zhu et al. [122] reported the average hydrodynamic radius, Rh of poly(N-isopropylacrylamide)
micro-gels with different crosslink density in the dimethylformamide-water mixtures. Here we
V
replotted these data as the normalized swollen gel volume (
V0

 R
= h
R
 h ,0

3


 ) in Figure 3.16. Note that


Rh,0 is the average hydrodynamic radius of poly(N-isopropylacrylamide) micro-gels in pure water,
and V0 is the micro-gel’s swollen volume in pure water.

Figure 3.16(Figure 40) Crosslink-density effect in the cononsolvency transition of poly(N-isopropylacrylamide) micro-gel. Data are extracted and reprocessed from ref.[122], note that dotted lines in the figure are
only used to guide eyesight.
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Walter et al. [103] reported swollen gel weight ratio (W/Wdry) of PNiPAAm macro-gel (containing
1%mol and 2%mol N, N'-methylenebisacrylamide(MBA) as crosslinkers) in methanol aqueous solutions at the temperature of 298.15K. Here we replotted these data as the normalized swollen gel
weight (

W W / Wdry
=
) in Figure 3.17. Note that W0 is the macro-gel’s swollen weight in pure water.
W0 W0 / Wdry

In Figure 3.16 and Figure 3.17, experimental results show that when the crosslink density of gels
is increased, the phase transition of poly(N-isopropylacrylamide) gels is weakened in dimethylformamide-water mixtures and methanol-water mixtures, but the crosslink density have only a very
small effect on the solvent composition location of the maximum collapsed state. These observations are in line with the theoretical prediction of the extended adsorption-attraction model for polymer gels, more details see section 3.2 and section 3.3.

Figure 3.17(Figure 41) Crosslink-density effect in the cononsolvency transition of poly(N-isopropylacrylamide) macro-gel. Data are extracted and reprocessed from ref.[103], note that dotted lines in the figure are
only used to guide eyesight.

3.6.5

Pressure effect on the dimensionless chemical potential change (μ)

We note the fundamental thermodynamic relation [5],
dGm = −Sm dT + Vm dP +  i dxi ,
i

(3.30)

where Gm is molar Gibbs free energy of the system, Sm is molar entropy of the system, Vm is molar
volume of the system; μi and xi are the i-th component’s chemical potential and molar fraction respectively.
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If temperature T and composition xi are fixed, then the increase of molar Gibbs free energy of
mixing ΔmixGm, due to pressure effect can be expressed as,
dmixGm = Vm dP ,

(3.31)

where ΔVm is the excess molar volume of mixing. We get,

mixGm =  Vm dP  Vm  P .

(3.32)

Here, ΔP is an increase of pressure. Then the pressure effect on the dimensionless chemical potential
change (μ) can be expressed as,

 =

1  mixGm 
 P  Vm 

.




RT  x1 T ,P RT  x1 T ,P

(3.33)

It is noted that for alcohol-water mixtures [138], in the alcohol-poor regime (when x1 is small),
Eq.(3.33) can be further approximated as,



 P V m
RTx1

 P V m
,
RT 

(3.34)

where x1, ρ are the molar fraction and volume fraction of the alcohol respectively. Note that ΔVm is
a negative quantity for short alcohol aqueous solutions [138], this means that if the pressure P is
increased (ΔP > 0), μ will decrease (Δμ < 0).

3.6.6

Pressure effect on the cosolvent-solvent interaction (χcs)

Figure 3.18(Figure 42) The reduction of cosolvent-solvent interaction (Δχcs) as a function of various alcohol’s
molar fraction (x). Data are extracted and reprocessed from ref.[138], note that dotted lines in the figure are
guides to eyes.

The reduction of cosolvent-solvent interaction (Δχcs) is estimated by using [141]:
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 cs 

PVm,cs

RTy ( 1 − x )
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.

(3.35)

Here, ΔVm,cs is the excess molar volume of mixing for short alcohol’s aqueous solutions. ΔP is the
increase of hydrostatic pressure. x and y are the molar fraction and the volume fraction of the alcohol in its aqueous solutions, respectively. For long-chain alcohol’s aqueous solutions such as 1-propanol/water mixtures, when the temperature (T) and the increase of hydrostatic pressure (ΔP) are
fixed, the reduction of cosolvent-solvent interaction (Δχcs) can be approximated as a constant. By
extracting and reprocessing data of ΔVm,cs reported by Herráez [138], Δχcs as a function of various
alcohol’s molar fraction (x) is plotted in Figure 3.18. Note that, ΔVm,cs also slightly depends on ΔP
(not shown here), to simplify our discussion, in Figure 3.18 we use the value of ΔVm,cs at the standard
pressure [138].

3.6.7

Pressure effect on the polymer-solvent interaction (χps)

Figure 3.19(Figure 43) The reduction of polymer-solvent interaction (Δχps) as a function of PEG400’s volume
fraction (y). Data are extracted and reprocessed from Han [150] and Muller [151].

Similarly to Eq.(3.35), the reduction of polymer-solvent interaction (Δχps) is estimated by using
[141]:

 ps 

PVm,ps

RTy ( 1 − x )

.

(3.36)

Here, ΔVm,ps is the excess molar volume of mixing for a hydrophilic polymer’s aqueous solutions. x
and y are the molar fraction and the volume fraction of the hydrophilic polymer in its aqueous
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solutions, respectively. By extracting and reprocessing data of ΔVm,ps reported by Han [150] and
Muller [151], Δχps as a function of hydrophilic polymer PEG400’s volume fraction (y) is plotted in
Figure 3.19, in the plot we use the value of ΔVm,ps at the standard pressure [150, 151]. It is expected
that for other hydrophilic polymers such as poly(N-isopropylacrylamide) also have similar behaviors upon an increase of pressure (ΔP).

3.6.8

Chemical potential change of DMSO/water mixtures

As for DMSO/water mixtures, the Enthalpic Wilson model suitable for alcohol-water mixtures
[124] does no longer correctly describe excess thermodynamic properties such as ΔG

E
m

(Figure 3.20);

in this thesis we use an improved interpolation method based on ref.[134] for DMSO/water mixE

tures. The interpolation formula for ΔG m, is
GmE
RT

= a1 x + a2 x 2 + a3 x 3 + a4 x 4 ,

(3.37)

where the variable, x, is DMSO’s molar fraction in its aqueous solutions; and R, T are gas constant
and thermodynamic temperature respectively; and a1 = -2.97653, a2 = 5.12261, a3 = -2.55107 and a4 =
0.39981 are fit coefficients.

Figure 3.20(Figure 44) Molar excess Gibbs free energy as a function of molar fraction of DMSO in its aqueous
o

solutions, when the temperature is at 25 C. Experimental data are extracted and reprocessed from refs.[130,
134]. Note that the solid line in the figure is a fit by using Eq.(3.37).

Then the chemical potential change of DMSO/water mixtures can be calculated by:
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1  mixGm 
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RT  x T , P RT  x T , P RT  x T , P

 x 
2
3
= ln 
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(

)

.

(3.38)
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Chapter 4 Gating the translocation of DNA through poly(N-isopropylacrylamide) decorated nanopores using the cononsolvency effect
in aqueous environments
(Note: Some results presented in this chapter were already published by the author in the journal “Macromolecules, 2021, DOI: 10.1021/acs.macromol.1c00215”.)

4.1

Introduction

In Chapter 2, experimental investigations revealed that the thickness of a poly(N-isopropylacrylamide) brush on a flat surface exhibits in a switch-like change when a very small amount of
alcohol (cosolvent) is added into the polymer-brush aqueous solutions. This switch effect is particularly significant when the alcohol is propanol isomers or butanol isomers. This phenomenon indicates that the cononsolvency of polymer brushes is a promising candidate for a switchable effect to
mimic the opening or closing of cell-membrane channels, but so far this is merely a feasible idea
implied by computer simulations [100, 152, 153] and not yet reported in any experimental investigation [154-156].
In this chapter, with the help of an emergent experimental method that based upon translocation
dynamics of fluorescence DNA [66], we demonstrate that switchable nano-channels can be prepared by harnessing the cononsolvency transition in grafted polymers. The widening of the polymer decorated nano-channels occurs in a narrow window of about 5% volume fraction of ethanol
in aqueous buffer solution. Furthermore, a quantitative method is provided to estimate the thickness of a polymer layer which is grafted around the rim of nanopores, and which cannot be directly
measured by other already known analytic methods. PNiPAAm was chosen as a model polymer,
experimental results quantitatively showed that polymers around the rim of nanopores show solvent-composition responsive behaviors in the range of metabolic pH values and room temperatures.

4.2
4.2.1

Methods
Preparation of polymer-grafted gold membrane

Track-etched polycarbonate membranes (Whatman, with nominal pore diameters equal to 50nm
and thicknesses equal to 6μm), is only one-side coated with a thin layer of gold (EVA 300 Alliance
Concept evaporator, thickness 50 nm, speed of deposit 0.2 nm). The polymer-grafted gold membrane is prepared by following the procedure: (1) The one-side gold-coated membrane (size is about
20mmⅹ20mm) is cleaned with hydrochloric acid (HCl, ≤1.0 mol/L) for an hour at room temperature,
then it is cleaned and rinsed in deionized water. (2) About 4 ml of 10 mg/ml (40mg) α-thiol ωcarboxylic acid terminated poly(N-isopropyl acrylamide) (Polymer Source products; molecular
4

4

weight: Mn = 1.5ⅹ10 g/mol, Mw/Mn = 1.18; and Mn = 3.0ⅹ10 g/mol, Mw/Mn = 1.25.) in deionized water
is reduced with 0.1 mmol (30mg) tris(2-carboxyethyl) phosphine hydrochloride (TCEP). Then the
polymer solution is filtered by using 200nm-size PEFE filter. (3) The cleaned gold membrane is
immersed in the filtered PNiPAAm solution and incubated 24-96 hours; the reaction temperature
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o

is close to but lower than the LCST transition temperature of PNiPAAm (about 32 C). The pH of
the reaction solution is neutral or a little bit basic. (4) After grafting reaction, to remove the nonreacted PNiPAAm and TCEP. The polymer-grafted gold membrane is immersed in deionized water
reservoir at least 4 hours.
In the above protocol, we used the grafting-to method to prepare polymer-grafted membrane.
The advantage of this approach is that the molecular weight and its distribution of a polymer layer
can be well approximated to its free polymers in solution [157] in advance in contrast to graftingfrom method, this is exact the case in my study when the polydispersity of polymer in solutions is
narrow (close to 1.0), see Table 4.1. However, it is still impossible to measure the thickness of the
polymer layer around the rim of nanopores by using current-known standard analytical methods.
In this study, this problem is overcome based on a suction model by helps of translocation dynamics
of fluorescence λ-DNA, see section 4.2.2. This allows us to estimate grafting density of polymers
around the rim of nanopores.
Table 4.1(Table 13) Polymer grafting density of higher and lower grafted membranes with different molecular weight. In this study, we used a scaling approach to estimate grafting density. See section 4.5.1 for the
details of determining grafting density. The layer thickness is calculated based on the data of DNA translocation events which are measured at the temperature of 298 K.

sample name

grafting density
2

(chains/nm )

layer thickness

time of

molecular

in tris-buffer

grafting

weight

solution (nm)

reaction

(Mn, g/mol)

PDI

polymer morphology

higher-graft-15K

~ 0.30

10.0 ± 1.0

96 hours

1.5ⅹ104

1.18

brush

lower-graft-15K

~ 0.15

7.0 ± 0.1

48 hours

1.5ⅹ10

4

1.18

brush

higher-graft-30K

~ 0.05

5.3 ± 0.1

72 hours

3.0ⅹ10

4

1.25

mushroom

lower-graft-30K

<< 0.05

1.6 ± 0.1

24 hours

3.0ⅹ104

1.25

mushroom

Nevertheless, it is necessary to properly design experiments to cross verify analysis based on my
experiment measurement techniques. To qualitatively know grafting-density difference between
4

two batch of grafted polymers, as for the lower-molecular-weight samples (Mn = 1.5ⅹ10 g/mol,
Mw/Mn = 1.18), first we used the fresh PNiPAAm solution to prepare higher grafting-density polymer and the grafting reaction time was 96 hours, then we re-used the “reacted” or “waste”
PNiPAAm solution to prepare lower grafting-density polymer and the grafting reaction time was
48 hours. The methodology behind this approach is that: Polymer materials always have a molecular weight distribution. Because of the polymer chain’s huge size relative to its end functional
groups and steric hindrance in the grafting reaction, shorter polymer chains prefer to react with the
gold surface first, then turns to the longer polymer chains. Recently this phenomenon is revisited
by ref.[157]. This approach is also designed to check the protocol’s reliability. As for higher-molec4

ular-weight samples (Mn = 3.0ⅹ10 g/mol, Mw/Mn = 1.25), the grafting reaction time for the lowergrafted sample is 24hours, and the grafting reaction time for the higher-grafted sample is 72 hours.
The physical parameters of grafted membranes which are used in this study are listed in Table 4.1.
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It is worth pointing out in advance that analysis results based on the suction model [66, 76, 158],
are consistent with my experimental design in a somewhat intuitive way: the longer the time of
grafting reaction and the higher the activity of the reactive solution, the thickness is higher for the
grafted polymers when with the same molecular weight, see section 4.3.

4.2.2

Translocation experiments of fluorescence λ-DNA through nanopores

A dilute solution of λ-DNA (0.1 pM, 48 kbp) in Tris buffer solution (tris 10 mM, EDTA 1 mM
and KCl 10 mM, pH ≈ 7.6) fluorescently labeled with Yoyo-1 (Life Tech) filled the cis-chamber where
the pressure was applied. A few hundred translocation events were observed simultaneously with
a time resolution of 10ms, which was sufficient to resolve each translocation event. A cartoon depiction of a fluorescence λ-DNA translocating through a PNiPAAm-grafted nanopore, is shown in
Scheme 4.1.
We analyzed the variation of the DNA translocation frequency per pore (fDNA) with the gradient
of pressure (P) where the pressure on the side of membrane without coating a gold layer is higher.
My method is based on the well-proved statement of the so-called “suction model” [66, 76, 158]: In
the strong confinement regime, the critical force to guide flexible linear polymer chains through
nanopores is independent of the chain length. After a formulation of this statement under the condition of flow pressure, in the framework of the suction model, the translocation frequency is expressed as
f DNA = k1 exp( −

F
),
k BT

(4.1)

by assuming that DNA translocation is described as the travel of a flexible polymer through a freeenergy landscape with a barrier of height ΔF and assuming the translocation process follows a
Boltzmann statistic, which is already verified by computer simulations [159]. We note that the persistence length of DNA is about 50nm which is also the nanopore size in this study, thus a flexible-1

polymer-chain assumption for DNA in this study is reasonable. k1 (s ) is the rate of incidence on
the barrier. When k1 is dominated by the presence of the barrier [66], k1∝J with J the solvent flux
3

-1

(m s ). In the suction model, the energy barrier is ΔF = kBT(Jc/J) and the translocation frequency fDNA
finally reads
P
f DNA = k2 
 Pc


Pc
 exp( − ) ,
P


(4.2)

−1

with k2 being a proportionality factor (s ), Pc = RhJc and Jc = kBT/η. Rh is the hydrodynamical resistance
of the pore equal to 8ηL/πR

4
eff

with L being the length of a pore (L = 6μm in this study), Reff the

effective radius of pores, and η is the solvent viscosity (by assuming a Poiseuille law). In this study,
η is treated as a constant since only a small change of ethanol concentration occurs in experiments.
In practice, the effective radius of pores, Reff, is
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Reff

 P
= R0  c ,0
 Pc ,eff
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1

4
 ,



(4.3)

where Pc,0 and Pc, eff are critical pressures of the blank membrane and when the same blank membrane is grafted with a polymer layer respectively; R0 is the radius of nanopores without grafted
polymers, in this study R0 = 25.0 ± 1.0 nm is the corresponding measured value using scanning
electron microscopy.
The frequency fDNA is calculated as

f DNA =

N DNA

 pore At

,

(4.4)

where NDNA is the DNA translocation event through a fixed area (A = 135 μmⅹ135 μm) of mem8

branes and in a fixed period of time (t = 30 s), ρpore is the pore density with a value of ρpore = 6ⅹ10
2

5

pores/cm in this study. The average number of pores in the fixed area is about 1.1ⅹ10 , thus the
number fluctuation of DNA translocation events observed in this study can be safely neglected. As
shown in Eq.(4.4), the number of translocation events (NDNA) observed in this study only differs
from the translocation frequency (fDNA) by a constant multiplicatory factor. In the following we use
NDNA instead of fDNA in discussion by convenience, since we are only interested in the relative variation of the frequency with respect to the buffer conditions. Thus, in this study the critical pressure
(Pc) is obtained by fitting the nonlinear equation
P
N DNA = k3 
 Pc


 Pc 
 exp  −  ,
 P


(4.5)

where k3 is a constant for a given system.
If nanopores are grafted with polymer and the polymer has some responsive properties, with
certain stimuli such as temperature change or solvent composition change, the conformations of the
polymer changes and therefore the effective size of the nanopores. The useful information provided
by the number of DNA translocation events (NDNA) is that when the flow pressure (P) is fixed in the
DNA translocation process and the effective size of nanopores changes (Reff), then the number of
DNA translocation event changes. This phenomenon can be used to estimate the swollen thickness
of a polymer layer if it is grafted around the rim of nanopores. By using Eq.(4.3) and Eq.(4.5), we
can get the swollen thickness of the polymer layer that is grafted around the rim of nanopores by a
relation of H = Reff – R0. It is also noted that we measure H under flow pressure, this leads to the
estimated swollen thickness (H) which may not coincide with the swollen thickness of equilibrium
polymer layers. Here, it is worth pointing out that the swollen thickness (H) of polymer layers
around the rim of nanopores cannot be directly measured by any other known analytic methods.
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Scheme 4.1(Figure 45) A cartoon of fluorescence λ-DNAs translocating through PNiPAAm-grafted nanopores: (left) A three-dimensional side view, (right) a longitudinal-sectional zoom-in view of a nanopore.

Therefore, the suction model clearly demarcates a boundary of an advantage and also a limit to
my current approach to objectively measure the thickness of a polymer layer under flow pressure.
We note that the driving force for DNA translocation can be an electric field [160], my experimental
method can be easily extended to this case; however, this topic is beyond the scope of this thesis.

4.2.3

Method of identification and counting of DNA translocation events

We accomplished the counting of DNA translocation events (a kind of moving objects) using a
customized algorithm to ensure objectivity as well as high reproducibility of the evaluation results
including efficiency regarding their acquisition. The algorithm was coded in Python v3.7.3
(https://www.python.org) with numpy v1.16.4 (https://numpy.org) and OpenCV v4.1.1.26
(https://openCV.org).
Firstly, the video files are converted into raw image stacks by software such as ImageJ, which
are fed into the program. Each image is then subjected to a noise-background subtraction considering a defined brightness percentage (noise-background strength, in my experiments it is about 13%).
One problem in my experiments concerning the size of a real flash (a DNA translocation event). It
is obvious that a flash is too small to be a real DNA translocation event in videos. Therefore, a
threshold has to be defined to ignore too small closed contours (artefact DNA translocation event);
this threshold is about a 5x5 pixel matrix in images in my video data. Then, images are processed
by image blurring using a blur matrix, the blurring threshold is about a 18x18 pixel matrix for the
blur matrix in my video data. The blurring is used to reduce interrupted object contours, which are
determined next by a simple binary threshold routine. The contours are characterized by their center of mass, i.e. location within the image and size. This routine is repeated for all frame images
unpacked from the video, thereby completing the time stack for each experiment. It is worth pointing out that artifacts arising from small but true objects are prevented by a minimum-size blurring
threshold for the contours to be accepted.
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One major problem in my experiments concerning the automatic identification of valid DNA
translocation events, was the prolonged duration of single events exceeding that of one video frame.
Accordingly, simple counting of contours in each single image will result in a significant over estimation of events. We therefore introduced another threshold parameter, namely the travel distance.
Based on the individual flash size (a DNA translocation event), the travel distance value determines
the distance, by which a DNA translocation is allowed to be displaced between consecutive image
frames. Binding this value proportionally to the flash size seemed reasonable to us, since for bigger
flashes, the inherent fluctuation within the determination of its center of mass for two consecutive
frame images might be somewhat higher than for smaller flashes. Thus, we could successfully prevent an overcounting of DNA translocation events by only counting the objects that were sufficiently separated in terms of their location within consecutive frames and correctly identifying
DNA translocation events lasting for several frames.

Figure 4.1(Figure 46) An example to determine the number of DNA translocation events: the left picture is
an original image data and the right picture is the counting results for the left picture. Note that the vision
size of video data (one frame) is fixed in an area of A = 135μmⅹ135μm.

Noise-background strength would be quite different for different video data. To estimate the
noise-background strength of each video as objectively as possible, firstly the smaller number of
DNA translocation events (less than 250 in this study) of videos is accurately counted by human
eyes, because it is very hard for human eyes to focus on and accurately count larger number of
DNA translocation events. Then the Python code is used to estimate noise-background strength of
these videos to make sure the counting results of Python code are as close as possible to the counting
results of human eyes. Finally, the average noise-background strength of these videos is used to
count the same batch experiments of videos which contain a larger number of DNA translocation
event (more than 250 in this study). It is expected that this approach is reasonable since for the same
batch of experiments, only an experimental parameter of pressure is changed in the experiments
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and the contrast of each video is already adjusted at the same level and as clearly as possible for the
same batch of experiments.
Figure 4.1 is an example to determine the number of DNA translocation events based on the
algorithm applied in this study. This result is obtained by the following procedure: (I) Open the
video in ImageJ(https://imagej.net/Fiji), subtract instrument background. (II) The video files are
converted into raw image stacks with 32-bit depth by ImageJ. (III) The raw image stacks are fed into
the program. Set noise-background subtraction for images, in this study it is 12%. Set a threshold
that excludes an artefact DNA translocation event, this threshold is about a 5x5 pixel matrix in images in my video data. Set blur matrix for images, in this study the blurring threshold is about a
18x18 pixel matrix. Set the travel distance for DNA translocation event, in this study it is about 3
times of flash size. The program also needs to know the depth of raw image stacks, this value of
depth shall be the same as the value of depth generated by ImageJ, in my study it is 32 bits by
ImageJ. (IV) Run the program, the counting result will be marked on the images.

4.3
4.3.1

Results and discussion
Grafting density effect on the swollen behaviors of PNiPAAm polymers around the rim of nanopores

Figure 4.2(Figure 47) Number of DNA transloction events with respect to pressure in tris-buffer solutions
when DNA translocates through nanopores. As for PNiPAAm-grafted nanopores: (a) Membranes of differ4

ent grafting density with molecular weight of Mn = 1.5ⅹ10 g/mol, Mw /Mn = 1.18; (b) Membranes of different
4

grafting density with molecular weight of Mn = 3.0ⅹ10 g/mol, Mw /Mn = 1.25. The size of blank nanopores is
50 nm and test temperature is 298 K. Note that the dotted lines in the figures are guides to eyes.

In Figure 4.2, we report translocation behaviors of DNA through nanopores in a tris-buffer solution. Considering the significant change of the number of DNA translocation events for those
nanopores, the origin of this sudden change can be merely from the grafted PNiPAAm: because one
reason is that the matrix material (polycarbonate) used to manufacture nanopores can’t show solvent-composition responsive behavior; another reason is that when the concentration of ethanol is
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lower than a threshold (≈25%vol in my study), my experiments show that the solvent quality effect
on translocation behaviors of DNA is trivial (without showing these results). In Figure 4.3, we report translocation behaviors of DNA through shorter-chain polymer-grafted nanopores in a trisbuffer solution and 4.76%vol ethanol-buffer mixtures. In Figure 4.4, we report translocation behaviors of DNA through longer-chain polymer-grafted nanopores in a tris-buffer solution and various
ethanol-buffer mixtures. In Figures 4.2-4.4 we observe a consistent increase of DNA translocation
efficiency with decreasing grafting density of the polymer layer, this is reflected by a larger gap of
DNA translocation events between higher-density-grafted and lower-density-grafted membranes
in various concentrations of ethanol. It clearly showed that polymers are grafted around the rim of
nanopores.

Figure 4.3(Figure 48) Number of DNA translocation events with respect to pressure when DNA translocates
through nanopores with different polymer grafting density: (a) In tris-buffer solutions, (b) in 4.76%vol ethanol-tris-buffer mixtures. As for PNiPAAm-grafted nanopores, molecular weight of the PNiPAAm polymer
4

is Mn = 1.5ⅹ10 g/mol, Mw/Mn = 1.18. The size of blank nanopores is 50 nm and test temperature is 298 K. Note
that the dotted lines in the figures are guides to eyes.

With the help of a scaling-law analysis, the morphology regimes of a polymer layer can be determined, for details see section 2.2.4 and section 4.5.1. In this study, by using grafting-to synthetic
4

method, as for a shorter-chain PNiPAAm polymer (Mn = 1.5ⅹ10 g/mol, Mw /Mn = 1.18), the grafted
4

polymers exhibit a brush morphology. But for a longer-chain PNiPAAm polymer (Mn = 3.0ⅹ10
g/mol, Mw /Mn = 1.25), the grafted polymers only reach a mushroom morphology in this study.
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Figure 4.4(Figure 49) Number of DNA translocation events with respect to pressure when DNA translocates
through nanopores with different polymer grafting density: (a) In tris-buffer solutions, (b) in 4.76%vol ethanol-tris-buffer mixtures. (c) In 9.09%vol ethanol-tris-buffer mixtures. (d) In 16.67%vol ethanol-tris-buffer mix4

tures. As for PNiPAAm-grafted nanopores, molecular weight of the PNiPAAm polymer is Mn = 3.0ⅹ10

g/mol, Mw/Mn = 1.25. The size of blank nanopores is 50 nm and test temperature is 298 K. Note that the dotted
lines in the figures are guides to eyes.

4.3.2

Switching effect of polymer chains around the rim of nanopores in the tri-buffer/ethanol mixtures

In Figure 4.5, we report the details for the cononsolvency behavior of higher-density and lowerdensity grafted PNiPAAm (shorter chain) around the rim of nanopores. Considering the obvious
change of the number of DNA translocation events in 4.76%vol ethanol/tri-buffer mixtures and
DNA translocation in a tri-buffer solution, the origin of this obvious change can be merely from
solvent response of the grafted PNiPAAm. My results also show that when the ethanol composition
is between 13% and 17%, the number of DNA translocation events recover to the same level as
when the solvent is tris-buffer solution. As shown in Figure 4.6, the same behaviors are also observed for a longer polymer chain.
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Figure 4.5(Figure 50) Number of DNA translocation events with respect to pressure in tris-buffer/ethanol
mixtures, when DNA translocates through nanopores with different polymer grafting density: (a) For a
higher grafting density of PNiPAAm-grafted nanopores, (b) for a lower grafting density of PNiPAAm4

grafted nanopores. Molecular weight of the PNiPAAm polymer is Mn = 1.5ⅹ10 g/mol, Mw/Mn = 1.18. The
size of blank nanopores is 50 nm and test temperature is 298 K. Note that the dotted lines in the figures are
guides to eyes.

Figure 4.6(Figure 51) Number of DNA translocation events with respect to pressure in tris-buffer/ethanol
mixtures, when DNA translocates through nanopores with different polymer grafting density: (a) For a
higher grafting density of PNiPAAm-grafted nanopores, (b) for a lower grafting density of PNiPAAm4

grafted nanopores. Molecular weight of the PNiPAAm polymer is Mn = 3.0ⅹ10 g/mol, Mw/Mn = 1.25. The
size of blank nanopores is 50 nm and test temperature is 298 K. Note that the dotted lines in the figures are
guides to eyes.

As shown in Figure 4.5 and Figure 4.6, the number of DNA translocation events first increases
with an increase of ethanol concentration; when further increasing the ethanol concentration, the
number of DNA translocation events decreases. This implies the size of the nanopores firstly increases under the stimuli of increasing ethanol concentration, then the nanopore size reduces under
the stimuli of increasing ethanol concentration. This exactly indicates that grafted PNiPAAm shows
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re-entrant signatures of cononsolvency transition in the ethanol/tris-buffer mixtures. This observation is also clearly supported by a study of the normalized number of DNA translocation events
which is plotted in respect to the change of ethanol concentration under different driven pressures,
see Figure 4.7 and Figure 4.8. Solvent-composition responsive behaviors shown in Figures 4.5-4.8
indicates that solvent-responsive behavior of grafted PNiPAAm can be used to control the size of
nanopores. A cartoon depiction of ethanol-concentration induced phase transition of PNiPAAm
layer around the rim of nanopore, is shown in Scheme 4.2. Interestingly, it is also worth noting that
a similar behavior of re-entrant coacervation phase transition was also observed for free biopolymers (gelatin, type-B) in NaCl/alcohol/water mixtures with various pH values [161] where the solvent composition is quite similar to my study.

Figure 4.7 (Figure 52) The normalized number of translocation events is plotted with respect to ethanol concentration change under different driven pressure. (a) For a higher grafting density of PNiPAAm-grafted
nanopores, data are already used in Figure 4.5a. (b) For a lower grafting density of PNiPAAm-grafted nanopores, data are already used in Figure 4.5b. Molecular weight of the PNiPAAm polymer is Mn = 1.5ⅹ10

4

g/mol, Mw/Mn = 1.18. The size of blank nanopores is 50 nm and test temperature is 298 K. Not that the dotted
lines in the figure are guides to eyes.

In Figure 4.9, by fitting the experimental results in Figure 4.5 and Figure 4.6 using Eq.(4.5), we
quantitatively constructed diagrams for cononsolvency behaviors of grafted PNiPAAm around the
rim of nanopores. From Table 4.1, we know that the polymer layers of short chains (Figure 4.9a)
are in polymer-brush regime. In Figure 4.9a, it is observed that an increase of grafting density of
PNiPAA brushes which are grafted around the rim of nanopores, weakens collapse transition of
brush layer in ethanol/tris buffer mixtures. It is remarkable that even with a different geometric
constraint, this phenomenon is the same as PNiPAAm brushes in ethanol/water mixtures on the
flat surface (see section 2.10 of Chapter 2), and this phenomenon is analytically predicted by the
the extended adsorption-attraction model (see Chapter 3). Comparing phase behaviors of shorter
and longer polymer chains, it is clear that the switching effect can be only realized by moderategrafting-density polymer layers.
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Figure 4.8(Figure 53) The normalized number of translocation events is plotted with respect to ethanol concentration change under different driven pressure. (a) For a higher grafting density of PNiPAAm-grafted
nanopores, data are already used in Figure 4.6a. (b) For a lower grafting density of PNiPAAm-grafted nanopores, data are already used in Figure 4.6b. Molecular weight of the PNiPAAm polymer is Mn = 3.0ⅹ10

4

g/mol, Mw/Mn = 1.25. The size of blank nanopores is 50 nm and test temperature is 298 K. Note that the dotted
lines in the figures are guides to eyes.

Figure 4.9(Figure 54) Ethanol-concentration responsive of grafted PNiPAAm polymer around the rim of na4

nopores. (a) Different grafting-density membranes with molecular weight of Mn = 1.5ⅹ10 g/mol, Mw/Mn =
4

1.18; (b) Different grafting-density membranes with molecular weight of Mn = 3.0ⅹ10 g/mol, Mw/Mn = 1.25.
The size of nanopores is 50 nm and test temperature is 298 K. Note that the dotted lines in the figures are
guides to eyes.

As for the phase behaviors of polymer chains with very low-grafting density as shown in Figure
4.9b, a decrease of grafting density weakens the collapse regarding the normalized swollen polymer
thickness, this is quite different from brush behaviors as shown in Figure 4.9a. These observations
are manifestations that phase behaviors of grafted polymers in a collapsed state (poor-solvent state)
can be quite different from free polymers in solutions. Merely with a decrease of a grafted
PNiPAAm polymer’s grafting density, the swollen polymer chains can show various morphologies
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such as collapsed brush, vertical phase segregation (coexistence of two phases) at a poor-solvent
state, octopus-shape micelle and collapsed globule [51, 52]. In Figure 4.9, it is interesting to observe
in my current experimental data that the grafting density has only a very small effect on the solventcomposition location of the maximum collapsed state, it doesn’t matter whether or not the polymer
layer is located in the brush regime; this phenomenon is also observed for polymer layers which
are grafted on the flat surface. The observation in Figure 4.9 is consistent with my previous study
which investigated grafting-density effect for the cononsolvency transition of grafted PNiPAAm
polymers on flat surfaces in ethanol-water mixtures, see section 2.10 and section 2.11 of Chapter 2.

Scheme 4.2(Figure 55) A depiction of ethanol-concentration induced phase transition of PNiPAAm layer
around the rim of nanopore under the condition of flow pressure.

4.3.3

Switching effect of polymer brushes on the flat surface in the tri-buffer/ethanol mixtures

Although my DNA translocation experiments clearly indicated that the grafted PNiPPAm polymers around the rim of nanopores show signatures of re-entrant and switchable effect with respect
to ethanol concentration, it is not clear whether these signatures are equilibrium behaviors, since
my DNA translocation experiment is a kind of somewhat quasi-equilibrium method. Actually, few
experiments reported that poly(N-n-propylacrylamide) [162] and PNiPAAm [163] show non-equilibrium phase-transition behaviors in the alcohol/water mixtures. To further check my observations
in DNA translocation experiments, we used a well-developed in-situ Vis-spectroscopic ellipsometry method to study equilibrium swollen thickness of PNiPAAm brushes in ethanol/tris-buffer mixtures. The details of conducting ellipsometry experiments were already reported in my previous
studies, see section 2.2.3 of Chapter 2.
Typical real-time measurements of in-situ Vis-spectroscopic ellipsometry for swollen brush
thickness of PNiPAAm in tris-buffer/ethanol mixtures are shown in Figure 4.10a. A summary of
swollen thickness of polymer brushes with respect to ethanol concentration at various pH values
of the buffer solution is plotted in Figure 4.10b. The ellipsometry study clearly indicates that
PNiPAAm brushes show collapse behaviors with respect to an increase of ethanol concentration.
As in cases of neutral and basic buffer solution, Figure 9b also indicates that at high concentration
of ethanol, PNiPAAm brushes also show re-entrant behaviors, while in acidic buffer solutions this
behavior disappears, currently the reason behind this difference is still unclear.
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These ellipsometry observations qualitatively cross verified my DNA translocation experiments.
However, it is also clear that that the phase-transition window detected by translocation experiments through nanopores under non-equilibrium conditions differs from the phase-transition window detected by ellipsometry experiments in equilibrium. The main reason for this discrepancy
may be attributed to the fact that the brush is subject to flow fields, osmotic pressure induced by
the translocating DNA and hydrostatic pressure effects. From the theoretical description of the cononsolvency transition in brushes and in solutions [23, 24], it is known that densification of the
polymer due to external forces shifts the cononsolvency transition to smaller cosolvent concentrations. What is more, it is remarkable that despite of the shift in the transition window, the reduction
of relative height in the flat brush corresponds the change of the radius of the polymer-grafted
nanopore when the grafting density is at the same level, see data of black squares in Figure 4.9a
and red circles in Figure 4.10b, this can be analytically predicted by my previous theoretical studies
for brush layers, see Chapter 3.

Figure 4.10(Figure 56) Swollen brush thickness of a PNiPAAm brush on a flat surface in ethanol/tris buffer
mixtures. (a) Real-time swollen brush thickness of the PNiPAAm brush as a function of measurement time,
pH value of the buffer is 7.45. (b) Average swollen brush thickness as a function of ethanol concentration
obtained via in-situ Vis-ellipsometry at different pH values of buffer solutions. Parameters of the PNiPAAm
2

4

brush are grafting density 0.143 chains/nm , Mn = 6.1ⅹ10 g/mol, and Mw/Mn = 1.40. Measurement temperature
is at 25 °C, note that the dotted lines in the Figure 4.10b are guides to eyes.

In Chapter 3, we have presented a thermodynamic model to understand the effect of huge hydrostatic pressure on the cononsolvency transition which also indicates a shift to smaller cosolvent
concentrations. The fact that an increase of hydrostatic pressure (it is about equaling to an increase
of flow pressure in this study) reduces the cosolvent chemical potential (μ). Based on my previous
theoretical discussion, see section 3.4.4 of Chapter 3, a reduction of cosolvent chemical potential (μ)
further shifts the collapse state to a position where the cosolvent concentration is significantly lower.
A reduction of cosolvent chemical potential (μ) by flow pressure is about, also see Eq.(3.15) and
Eq.(3.34),
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P V m



RTx

,

(4.6)

where ΔP is the increase of pressure on the polymer layer, ΔVm is the excess molar volume of mixing
cosolvent and solvent, R is the gas constant and T is the temperature, x is the cosolvent’s molar
fraction in solvent mixtures. In my DNA translocation experiments, it is expected that the hydrostatic pressure on the polymer layer which is grafted around the rim of nanopores (see Scheme 4.1),
is significantly smaller than the hydrostatic pressure which is applied to the side of membrane
without polymer layer. In my experiments, the hydrostatic pressure applied by the equipment on
5

the side of membrane without polymer layer is at the order of 2bar (or 2.0ⅹ10 Pa). For the collapsed
state of polymer layer in absence of flow pressure, the molar fraction of cosolvent (ethanol) is about
x = 0.05 (volume fraction is about 0.15, see Figure 4.10b). As a rather overestimated choice of pa5

rameters for the polymer layer, ΔP = 1.0ⅹ10 Pa (this value is significantly higher than an estimated
flow pressure on the polymer layer by using Hagen-Poiseuille equation, which is close to atmos-6

3

pheric pressure), ΔVm = - 1.0ⅹ10 m /mol [138], we get Δμ ≈ - 0.001. This shift (Δμ ≈ - 0.001) is too
small that can be neglected, thus hydrostatic-pressure effect on the solvent is trivial and would not
be the reason for the shift of phase-transition window in this study.

4.3.4

An attempt of numerical fit of experimental data using the extended adsorption-attraction model

Because it is hard to know how to exactly estimate chemical potential (μ) of mixing ethanol with
tris buffer solution, here we just naively used a lattice-like formula to calculate chemical potential
μ of experimental data (Figure 4.9a),
 x 
+C,
 1− x 

 = ln 

(4.7)

where x is the molar fraction of ethanol in the mixtures and C is a parameter that it represents the
chemical-potential shift of ethanol/tris buffer solutions from ideal mixing. In this thesis, C is chosen
to be C = 3 to obtain a good fit performance between experimental data and the extended adsorption-attraction model (see Chapter 3), the volume fraction of ethanol ρ in the model is roughly estimated by lattice model,

=

exp (  )

1 + exp (  )

.

(4.8)

It seems that the experimental data (Figure 4.9a) can be well fitted by the extended adsorptionattraction model, see Figure 4.11. It is remarkable that fit values of model parameters (Table 4.2)
are quite close to my previous report for ethanol-water mixtures, see Chapter 3. It is worth pointing
out that the value of C = 3 in Eq.(4.7) is chosen to be quite arbitrary, it is obvious that the approach
of Eq.(4.7) and Eq.(4.8) distorted the real situation in an unknown way. An improvement can be
realized by considering osmotic-pressure effect generated by flow pressure on the polymer layer.
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Even though, one still needs to know how to exactly estimate chemical potential (μ) of mixing ethanol with tris buffer solution. Currently this task is impossible to be achieved on account of the fact
that thermodynamic data of this system is still unavailable.
Table 4.2(Table 14) Fit parameters for the ethanol-tris buffer system (polymer brush, 298 K, Figure 4.11). We
choose λ and ν from their experimental values. The first part of the value for λχcs is estimated as its experimental value, the second part of the value for λχcs is a correction to fit the experimental data. Experimental
value of PNiPAAm-water interaction (χps) is around 0.40.

Grafting density

λ

ε

ν

λχcs

χps

0.15 chains/nm2

3.2587

1.23

0.20

1.2443+0.50

0.40

Figure 4.11(Figure 57) Cononsolvency responsive of grafted PNiPAAm polymer around the rim of na4

nopores. Molecular weight of the PNiPAAm polymer is Mn = 1.5ⅹ10 g/mol, Mw/Mn = 1.18. The grafting den2

sity of polymer layers is around 0.15 chains/nm . The size of nanopores is 50 nm and the test temperature is
298 K.

4.4

Chapter summary

In this study, different molecular-weight PNiPAAm polymers are successfully grafted around
the rim of solid-state nanopores by using grafting-to method. Regardless of chain length and grafting density of the grafted PNiPAAm polymers around the rim of nanopores, we demonstrate that
small amounts of ethanol admixed to an aqueous solution can trigger the translocation of fluorescence DNA through polymer-decorated nanopores. We can identify the cononsolvency effect as
being responsible for this observation which causes an abrupt collapse of the brush by increasing
the alcohol content of the aqueous solution followed by a reswelling at higher alcohol concentration.
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For the first time, we provide a quantitative method to estimate hydrodynamic thickness of a polymer layer which is grafted around the rim of nanopores. Regardless of the grafting density of a
grafted PNiPAAm polymer layer around the rim of nanopores, in the alcohol-tris buffer mixtures,
the polymer layer displays solvent-composition responsive behaviors in the range of metabolic pH
values and room temperatures.
Although in this study PNiPAAm was chosen as a model synthetic polymer, we believe in that
the conclusions made for PNiPAAm can be also in general extended to other synthetic polymers as
well as to biopolymers such as such as gelatin [161] and elastin-like polypeptides [164]. As a proof
of concept of using synthetic polymers to mimic biological functions of cell-membrane channels
such as protein-induced transient pores in lipid membranes [165], my study clearly transpired that
cononsolvency effect of polymers can be used as a novel trigger [166] to change the size of nanopores in analogy to the opening and closure of the gates of cell-membrane channels. What is more,
in an application perspective, my study also shows that cononsolvency-controlled dynamic barrier
on the nanoscale provides a new pathway for biomolecular separation and analysis such as ultrafiltration [167].

4.5
4.5.1

Chapter appendix
An estimation of grafting density

As for a grafted polymer layer, if it is in the brush regime, the following relation shall hold:
H swell 

N
D
g blob ,

Dblob   g 1

(4.9)

where Hswell is the swollen thickness of polymer layer, Dblob is the thermal blob size, g is the number
of monomers in a thermal blob, and ν1 = 0.588 is the Flory exponent for a polymer chain in a good
solvent. It is also noted that
Dblob  S =

1

.

(4.10)

 1− 1
 .




(4.11)



Substitute Eq.(4.10) into Eq.(4.9), we get


H
   swell1


 N 1

2 1

Here, it is worth pointing out that Eq.(4.11) can be approximately used to determine a polymer
layer’s grafting density if we cannot directly measure thickness of a dry polymer layer, see Eq.(2.1)
of Chapter 2.
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The method of processing data

The mean value of DNA translocation event (NDNA) is

N DNA =

1 n
N .
n i DNA ,i

(4.12)

The error bar of DNA translocation event (ΔNDNA) in this study is defined as its average absolute
deviation instead of popular used standard deviation, because one could not naïvely assume that
the data sample must comply to a “bell-shaped” statistical distribution such as Gaussian distribution. Another problem for standard deviation is that the population number of the data sample
should not be too small (a general requirement is larger than 50). The average absolute deviation
doesn’t require a data sample to comply to a specific statistical distribution and doesn’t have a restriction on population number in a data sample,
N DNA =

1 n
 N − N DNA .
n i =1 DNA ,i

(4.13)

Figure 4.12(Figure 58) A graphic description how to get an error bar (ΔPc) of a critical pressure by using
Eq.(4.14).

The critical pressure (Pc) can be obtained by fitting the nonlinear equation Eq.(4.5), we rewrite it
here,

Thesis author: Huaisong Yong

98

Chapter 4 Gating the translocation of DNA through poly(N-isopropylacrylamide) decorated
nanopores using the cononsolvency effect in aqueous environments

P
N DNA = k3 
 Pc


 Pc
 exp  −
 P



,


(4.14)

where P is the gradient of pressure applied in experiments. In practice, when Pc/P is small, Eq.(4.14)
reduces to a linear equation,
N DNA =

k3
Pc

P − k3 .

(4.15)

Figure 4.13(Figure 59) A graphic description how to get an error bar (ΔPc) of a critical pressure by using
Eq.(4.15).

Therefore, a linear fit procedure of Eq.(4.15) is preferable when the data show an asymptotic
linear behaviour between DNA translocation event (NDNA) and the pressure (P), otherwise a nonlinear fit procedure of Eq.(4.14) is a necessary choice. Note that k1 in Eq.(4.14) and Eq.(4.15) is a
constant for a given system. The key to get an error bar (ΔPc) of the critical pressure is to use NDNA
+ ΔNDNA, NDNA - ΔNDNA and NDNA to fit Eq.(4.14) and Eq.(4.15). Figure 4.12 and Figure 4.13 are examples of determining an error bar of a critical pressure by using Eq.(4.14) and Eq.(4.15), respectively. In a practice of numerical fit procedures, the extrapolated values of critical pressure (Pc) by
using Eq.(4.14) and Eq.(4.15) can be quite different, this phenomenon is an artefact. In physics, critical pressure (Pc) has to be always unique for a given system, therefore, to get a reasonable absolute
value of critical pressure (Pc), a LINEAR fit of Eq.(4.14) should be always considered first. However,
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it is also worth pointing out that when we follow the same equation (Eq.(4.14) or Eq.(4.15)) to process data, the estimated sizes of nanopores don’t have obvious difference (Eq.(4.3)). This is because
in Eq.(4.3), the ratio (Pc,0 / Pc, eff) is independent of choosing Eq.(4.14) or Eq.(4.15).
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Chapter 5 Concluding remarks and outlooks
5.1

Concluding remarks

Cononsolvency occurs if a mixture of two good solvents causes the collapse or demixing of polymers into a polymer-rich phase in a certain range of compositions of these two solvents. The better
solvent is usually called cosolvent and another common solvent is called solvent. In this thesis, I
experimentally investigated the cononsolvency effect of poly(N-isopropylacrylamide) (PNiPAAm)
brushes at different grafting densities in aqueous alcohol mixtures. I have used Vis-spectroscopic
ellipsometry measurements and proved the hypothesis that the cononsolvency transition of
PNiPAAm brushes occurs as a volume phase-like equilibrium transition.
I found a strong collapse transition in PNiPAAm brushes followed by a reentry behavior as observed by ellipsometry measurements. Using a series of alcohols with increasing alkyl-chain length
I have demonstrated that the cononsolvency effect is enhanced and shifted to smaller volume fractions of the alcohol. Particularly for the alcohol with increasing hydrophobic property this is correlated with an increasing tendency of demixing between the cosolvent and water. This is apparently
in contrast to the hypothesis of strongly associative solvents being the origin of the cononsolvency
effect. The hypothesis of preferential adsorption, on the other hand, can account for this case by
assuming an increasing hydrophobically driven adsorption of the cosolvent on the polymer chains.
The recently proposed adsorption-attraction model based on the concept of preferential adsorption,
can be used to predict the corresponding phase-transition behavior. In particular the model predictions for variations of the grafting density is in agreement with the experimental findings. However,
to reflect the imperfect mixing of the longer alcohols in water as well as finite miscibility of the
polymers in the common solvent, extensions of the model have to be considered. I have shown that
the simplest extension of the model taking into account the Flory-Huggins parameter for polymer
and water can account for the qualitative changes observed for temperature changes in my experiments.
However, hydrophobically-driven preferential adsorption can be merely the phase-transition
mechanism for cononsolvency transition of LCST polymers in organic solvent’s aqueous solutions
where the organic solvent is a better solvent. When water becomes a better solvent in cononsolvency
transition, such as for cases of poly(N, N-dimethylacrylamide) and poly(2-(methacryloyloxy)ethyl
phosphorylcholine) in alcohol-water mixtures, a preferential adsorption of water rather than alcohol should be considered as a candidate of phase-transition mechanism of cononsolvency transition.
As for these cases, it may be suitable that the rationalization of preferential adsorption which is
based on the competition between the two solvents in forming hydrogen bonds with the polymers.
Both a theoretical analysis and experimental observations show that the phase-transition mechanism of cononsolvency depends on the relative strengths of various interactions in the polymer
solutions. A cononsolvency transition can be driven by a strong cosolvent-solvent attraction or by
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the preferential adsorption of cosolvent onto the polymer. By an extension of the adsorption-attraction model, I report on a comprehensive and quantitative theoretical study of the cononsolvency
effect of neutral polymers such as PNiPAAm brushes, macro-gels and single long chains. The extended adsorption-attraction model is able to describe and predict the phase-transition behaviors
of PNiPAAm brushes, gels and long single chain in various aqueous alcohol solutions quantitatively. My analysis showed that besides the dominant roles of polymer-cosolvent preferential adsorption and the monomer-cosolvent-monomer triple contacts (cosolvent-assisted temporary crosslinking effect) that define the strength of the collapse-transition in the cosolvent-poor region, other
effects are shown to be of relevance: The non-ideal mixing between polymer and solvent plays a
role in shifting the collapse transition to the lower-concentration region of cosolvent, and an increase of the demixing tendency between cosolvent and solvent on the polymer chains reduce the
width of the cononsolvency transition. Using data from my own experiments and literature I can
show that the cononsolvency response of brushes, gels and single long polymer chain can be consistently described with the same model. Thus, also the swelling/deswelling behavior of PNiPAAm
gels and single long chains with respect to cononsolvency is quantitatively described in this work.
The used parameters are consistent with their microscopic interpretation. In addition, weakening
of the cononsolvency transition in cosolvent-poor aqueous solutions at high hydrostatic pressure
can be explained by the suppression of demixing tendencies between cosolvent and water, and
between polymer and water in the case of PNiPAAm.
I also found that a consistent understanding of the LCST behavior of PNiPAAm together with
the cononsolvency effect can be addressed using the concepts presented in this work. It is noted
that both LCST and cononsolvency transitions of PNiPAAm polymers show behaviors of a type-II
phase transition where the third virial coefficient is negative but the second virial coefficient stays
positive in the free energy expansion. The reason behind this general phenomenon can be attributed
to the fact that PNiPAAm achieves LCST transition by a kind of water-depleted physical crosslinking (attraction) of its hydrophobic side chains, while the polymer achieves cononsolvency transition
by a kind of cosolvent-assisted physical crosslinking (attraction) of its side hydrophobic chains.
Therefore, both phase transitions can indeed overlap with each other when temperature varies in
the PNiPAAm/cosolvent/water solutions, such as PNiPAAm in the alcohol-water mixtures. The
overlap of water-depleted and cosolvent-assisted physical crosslinkings can explain the phenomenon where LCST transition of PNiPAAm in cosolvent-water mixtures is enhanced by an increase of
cosolvent concentration in the cosolvent-poor region.
An investigation of the grafting-density effect in the cononsolvency transition of grafted
PNiPAAm polymers, showed that a decrease of grafting density at the collapse state when the temperature is fixed, the swollen polymer chains can show various morphologies such as collapsed
brush and maybe octopus-shape micelles. In addition, my experimental results clearly showed that
the strongest collapsed state can be only realized by moderate-grafting-density polymer brushes.
My results display the universal character of the cononsolvency effect with respect to series of cosolvents and show that PNiPAAm brushes display a well-defined and sharp collapse transition. This
is most pronounced for 1-propanol as cosolvent which is still fully miscible in water. Thus, switches
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built from implementation of brushes in pores and similar concave geometries can be realized by
harnessing the cononsolvency effect of stimuli-responsive polymers such as PNiPAAm.
Therefore, in this thesis, as an example of application of cononsolvency effect of grafted polymers, different molecular-weight PNiPAAm polymers are successfully grafted around the rim of
solid-state nanopores by using grafting-to method. I demonstrate that small amounts of ethanol
admixed to an aqueous solution can trigger the translocation of fluorescence DNA through polymer-decorated nanopores. I can identify the cononsolvency effect as being responsible for this observation which causes an abrupt collapse of the brush by increasing the alcohol content of the
aqueous solution followed by a reswelling at higher alcohol concentration. For the first time, I provide a quantitative method to estimate hydrodynamic thickness of a polymer layer which is grafted
around the rim of nanopores. Regardless of the grafting density of a grafted PNiPAAm polymer
layer around the rim of nanopores, in the alcohol-tris buffer mixtures, the polymer layer displays
solvent-composition responsive behaviors in the range of metabolic pH values and room temperatures. Although in this study PNiPAAm was chosen as a model synthetic polymer, I believe in that
the conclusions made for PNiPAAm can be also in general extended to other synthetic polymers as
well as to biopolymers such as proteins. As a proof of concept of using synthetic polymers to mimic
biological functions of cell-membrane channels, my study clearly transpired that cononsolvency
effect of polymers can be used as a trigger to change the size of nanopores in analogy to the opening
and closure of the gates of cell-membrane channels.
In this thesis, in the case of weak cosolvent-solvent attraction, experimental observations for cononsolvency transition are successfully explained by a concept of preferential adsorption of the
cosolvent onto polymer chains, this phase-transition mechanism has been confirmed by my experimental studies. Even though, it is worthy of pointing out that, the interpretation of the experimental observations in this thesis also heavily relies on the central assumption of the cosolventassisted temporary crosslinking effect that dominates the cononsolvency transition. This central assumption has been directly confirmed by molecular-dynamic simulations and it is consistent with
all available experimental observations to date; however, so far, it is still lacking direct evidence in
experimental studies for the central assumption. A feasible experimental way to prove this central
assumption, is that finding cononsolvency transition of LCST polymers such as poly(N-isopropylacrylamide) in binary mixtures of two good organic solvents (such as two different alcohols), as
this is an expectation that implied by the central assumption; however, these topics are beyond the
scope of this thesis.

5.2

Outlooks: A preliminary discussion of the cononsolvency transition of polymer solutions

It is reported [56] that poly (vinyl alcohol) shows sol-gel behaviors (percolation transition) in
DMSO-water mixtures when the concentration of DMSO is low. This phenomenon in principle can
be explained by the assumption of preferential adsorption of DMSO molecules on polymer chains
and DMSO-assisted temporary crosslinking effect between monomers. If we use the adsorptionattraction model presented in Chapter 2 and Chapter 3, these models will require a rather strong
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cosolvent-assisted binding effect between monomers (γε) to explain the strong and discontinuous
transition of the polymer solution in the cosolvent-poor region. This explanation is an artifact since
the cosolvent-assisted binding effect between monomers is almost independent of the polymer’s
topological structures when the chemistry of the monomer, the cosolvent and the solvent are given.
Therefore, it is necessary to recast the concept of preferential adsorption for the case of polymer
solution, and to consider additional elastic energy to accounting for sol-gel behaviors.
The elastic energy on accounting of forming a network by “crosslinkers” (cosolvent) in polymer
solutions is roughly approximated in terms of a free energy per monomer unit by:

felastic



 3
=
− 3 + ln ( c )  ,

2 N k  23
c


(5.1)

where Nk is the average number of Kuhn segments between two crosslinks in the network structure,
α is the fraction of elastically effective chains in the network and can be considered as a topological
parameter characterizing the network structure. The right hand side of Eq.(5.1) arises in the FloryRehner approach [113] for a network, the last logarithmic term is the correction term due to the
volume change of the network. For a phantom network model [9], we have:

=

 f −2
f −2
, Nm = Nk 
 nb ,
f
 f 

(5.2)

where Nm is the total number of Kuhn segments in the gel structure, f is the linking degree (functionality) for one crosslinker (or junction), and nb is the number of “crosslinkers” in the network:
nb
Nm

= 2 ( 1 −  ) .

(5.3)

For real polymer chains, if two monomers are bridged by a cosolvent, the linking degree naturally
equals 4, for this case, the most common example is the system of PNiPAAm/alcohol/water. However, on account of network defects in particular dangling ends, the effective value of f is quite close
to but larger than 2 for a temporary crosslinker (junction). Substituting Eq.(5.2) and Eq.(5.3) into
Eq.(5.1), we get:


3
felastic =  2 ( 1 −  )  2 − 3 + ln ( c )  .
 3

c


(5.4)

The following entropic free energy contribution for mixing in the polymer solution, keeping
other terms the same as in Chapter 3, yields:
fmix =

ln ( c )  1

+  − 1 −   ln (1 − c −  c ) ,
N
c


(5.5)

where the excess volume fraction in case of a full saturation of the polymer by cosolvent is given by
ν, and N is the polymer chain length. The physical meaning of ν is that it describes the excludedvolume difference between the same monomer and the two good solvents. The first term in Eq.(5.5)
is the translational mixing entropy of polymer chains in the solution.
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It is noted that because of the non-linear coupling between cosolvent and monomers in the above
model, no analytic solution exists for the general case. Even though, to get some analytic insights
from the model, we consider a case but without losing generality, i.e., ν = 0, χps = 0 and Δχcs = 0, we
rewrite the model as:
f ( , c) =



ln ( ) + ( 1 −  ) ln ( 1 −  ) −  −  +  cs ( 1 −  )



−2 ( 1 −  ) c +


.
ln ( c )  1 
3
+  − 1  ln ( 1 − c ) +  2 ( 1 −  )  2 − 3 + ln ( c ) 
 3

N
c

c


(5.6)

In Eq.(5.6) the symmetry φ → 1 – φ is only broken by the adsorption constant μ + ε/λ. Obviously,
the maximum contraction of the single polymer chain is reached for the case φ → 1/2, where the
temporary crosslinking effect reaches its maximum. We introduce the deviation from this half occupation of the chain by cosolvent by the variable δ defined by
1
(1 −  ) .
2
Ignoring constant terms, under the constraint of |δ| < 0.3 we obtain

=

(5.7)



1
1
3
−  1 −  2 c +  2 1 −  2  2 − 3 + ln ( c ) 
 3

2
4
c

ln
c
( ) +  1 − 1  ln 1 − c
1
+  cs 1 −  2 +
.
)

 (
4
N
c 
1
1
1
1 ln 2

1

+ 1 +  2 + 1 − +
− ln 2   +   +  
2  
2 

2



(

f ( , c )

(

)

(

)

)

(5.8)

The coupling of cosolvent with the single chain, the first and second terms in Eq.(5.8), favors halfoccupation of the polymer chain by the cosolvent (smaller value of δ →0) because this leads to a
maximum energy gain by sharing cosolvents. Minimizing the free energy in Eq.(5.8) with respect
to δ yields


2  3
 − 1  
−
3
+
ln
c
(
)
2

2  3
2 cs
c

.

1
1
1 ln 2
 1

+  1 +  +  1 − +
− ln 2  +   +  = 0
2 


 
 2

 c −

(5.9)

The equilibrium condition with respect to δ thus yields

 =−

1
  1  1 ln 2

 +  + 1− +
− ln 2 

2
  2  



2 3

1 1
 c −  2 − 3 + ln ( c )  +  1 +  −  cs
   2
2  3
c


.

Minimizing the free energy in Eq.(5.8) with respect to polymer concentration (c) reads

(5.10)
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c + ln ( 1 − c ) −

c
N
 = 1−
.
1
 1
2 
2
3
 −2c + c  −  c
4 
 2
2

(5.11)

The formal solution for the equilibrium concentration of the polymer chain can be obtained implicitly using Eq.(5.10) and Eq.(5.11) by introducing the adsorption field, U, in the following form:
2

1

1 ln 2

U =   + + 1− +
− ln 2  .
4

 


(5.12)

Notice that with Eq.(5.10) and Eq.(5.11), we have an analytic construction for the adsorption field,
U,

2

U =  c −
2




2
c





c + ln ( 1 − c ) −
N 
 3 − 3 + ln ( c )  +  1 + 1  − 1    1 −
.
1
 23
    2 cs    2 
 1
2 
3

c


 −2c + c  −  c


4 
 2

(5.13)

Figure 5.1(Figure 60) (a) The adsorption filed (U), is displayed as a function of monomer concentration (c).
(b) The monomer concentration (c) is displayed as a function of chemical potential change of the cosolvent,
μ. Model parameters used in the calculation are: N = 10, λ = 1.0, ν = 0, γ = 1.0, f = 4.0, ε = 0.5, λχcs = 0, Δχcs = 0
and χps = 0.

The symmetry of the simplified model, see Eq.(5.6), with respect to low and high cosolvent density transitions is captured by the fact that U represents the square of a function of cosolvent density
with two solutions of chemical potential μ. It is noted that the function U, with respect to monomer
concentration (c), always has a local minimum and a local maximum even for a very weak cosolvent-assisted binding effect between monomers (γε) and a very short polymer chain (N). This
means that the true equilibrium results have to be obtained by the Maxwell construction through
the instability; because for a given solvent composition (represented by solvent chemical potential
μ), in the cononsolvency transition of polymer solutions, based on the phase rule, the system cannot
have three coexisting equilibrium monomer concentrations (three coexisting phases). In Figure 5.1a,
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as an example, we display the function U with respect to monomer concentration (c) and its Maxwell construction through the instability.
It is well accepted that an existence of a Maxwell construction is an indication of the fist-order
phase transition for a system [168], therefore, this indicates that the formulation of Eq.(5.8) for temporary network elastic energy indeed correctly captures sol-gel behaviors (percolation transition)
of cononsolvency transition of polymer solutions such as poly (vinyl alcohol) in DMSO-water mixtures [56] when the concentration of DMSO is low. In Figure 5.1b, we show the analytical solution
for the true equilibrium monomer concentration (c) with respect to solvent chemical potential (μ).
The physical model also predicts that when the repulsion interaction between cosolvent and solvent
becomes stronger, the range of cosolvent concentration for the collapse state of cononsolvency transition becomes narrower, see Figure 5.2; this prediction is already observed by studying cononsolvency of poly(vinylpyrolidone) solutions in methanol-water and ethanol-water mixtures [64, 65].

Figure 5.2(Figure 61) Illustration of the impact of cosolvent-solvent interaction on the predicted cononsolvency response of polymer solution. The monomer concentration (c) is displayed as a function of chemical
potential change of the cosolvent, μ: A change of cosolvent-solvent interaction χcs, while other model parameters remained fixed as N = 10, λ = 1.0, ν = 0, γ = 1.0, f = 4.0, ε = 0.5, and χps = 0.

On the one hand, it is noted that in a previous theoretical study [24] which discussed the cononsolvency transition of confined polymer solutions, an osmotic pressure per monomer (Π/c) was
used to account for osmotic-pressure effects where only solvents can permeate through a membrane.
The physical constraint of the study [24] is a little different from my current discussion which is for
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unconfined polymer solutions. Even though, it is worth pointing out that polymer chains are confined by a membrane, the process of preferential adsorption of cosolvent onto polymer chains and
cosolvent-assisted physical crosslinking between monomers would not differ much between confined and unconfined polymer solutions, since solvents molecules can go freely through the membrane and are adsorbed by polymer chains. The theoretical study [24] obviously underestimated
the free energy of the confined polymer solutions, since the existence of network elastic energy is
ignored. It is still questionable whether or not the theoretical approach of ref.[24] can even be applied to describe confined polymer solutions such as cytoplasm, where biomaterials such as RNA
and proteins can aggregate and form network-like structures/aggregations [169, 170].
On the other hand, it is worth pointing out that my current approach (Eq.(5.4)) generates some
unrealistic results. For example, if the value of cosolvent-assisted binding effect between monomers
(γε) is chosen to be zero and other model parameters are kept the same as in Figure 5.1, the function
U which is with respect to monomer concentration (c) still has a local minimum and a local maximum. This is unphysical, since if there is no preferential adsorption for two good solvents on the
polymer chains, the solvent mixtures should behave like a conventional good solvent and there is
no phase transition at all in this situation. Obviously, the current approach of Eq.(5.4), over-estimates the elastic energy of forming a network by “crosslinkers” (cosolvent) in polymer solutions.
In mathematics, this issue can be overcome by an interpolation of combing Eq.(5.4) and Eq.(3.8) for
network elastic energy, however, this naïve approach lacks of any physical foundation and should
not be pursued. A further study which has a sound physical foundation is particularly needed in
order to eliminate or at least mitigate these unrealistic side effects.
A further investigation on cononsolvency transition of polymer solutions and related systems is
beyond the scope of this thesis, it will be discussed in another independent study.

Thesis author: Huaisong Yong

108

References and notes

References and notes
[1] W.M. Babinchak, W.K. Surewicz, Liquid-Liquid Phase Separation and Its Mechanistic Role in
Pathological Protein Aggregation, Journal of Molecular Biology, 432 (2020) 1910-1925.
[2] S.F. Banani, A.M. Rice, W.B. Peeples, Y. Lin, S. Jain, R. Parker, M.K. Rosen, Compositional
Control of Phase-Separated Cellular Bodies, Cell, 166 (2016) 651-663.
[3] A.A. Hyman, C.A. Weber, F. Julicher, Liquid-liquid phase separation in biology, Annual Review
of Cell and Developmental Biology, 30 (2014) 39-58.
[4] Y. Shin, C.P. Brangwynne, Liquid phase condensation in cell physiology and disease, Science,
357 (2017).
[5] P. Atkins, J.d. Paula, Physical Chemistry (9th Edition), W. H. Freeman Company, New York,
2009.
[6] H. Falahati, A. Haji-Akbari, Thermodynamically driven assemblies and liquid-liquid phase
separations in biology, Soft Matter, 15 (2019) 1135-1154.
[7] P.J. Flory, Thermodynamics of High Polymer Solutions, The Journal of Chemical Physics, 9 (1941)
660-660.
[8] M.L. Huggins, Solutions of Long Chain Compounds, The Journal of Chemical Physics, 9 (1941)
440-440.
[9] M. Rubinstein, R.H. Colby, Polymer Physics, Oxford University Press, Oxford, 2003.
[10] J.-M. Choi, A.S. Holehouse, R.V. Pappu, Physical Principles Underlying the Complex Biology
of Intracellular Phase Transitions, Annual Review of Biophysics, 49 (2020).
[11] P.-G. de Gennes, Polymers at an interface: a simplified view, Advances in Colloid and Interface
Science, 27 (1987) 189-209.
[12] D. Romeis, J.U. Sommer, Binary and Bidisperse Polymer Brushes: Coexisting Surface States,
ACS Applied Materials & Interfaces, 7 (2015) 12496-12504.
[13] S. Qi, L.I. Klushin, A.M. Skvortsov, M. Liu, J. Zhou, F. Schmid, Tuning Transition Properties of
Stimuli-Responsive Brushes by Polydispersity, Advanced Functional Materials, 28 (2018)
1800745.
[14] D. Mukherji, C.M. Marques, T. Stuehn, K. Kremer, Depleted depletion drives polymer swelling
in poor solvent mixtures, Nature Communications, 8 (2017) 1374.
[15] R. Wang, Z.-G. Wang, Theory of Polymers in Poor Solvent: Phase Equilibrium and Nucleation
Behavior, Macromolecules, 45 (2012) 6266-6271.
[16] R. Wang, Z.-G. Wang, Theory of Polymer Chains in Poor Solvent: Single-Chain Structure,
Solution Thermodynamics, and Θ Point, Macromolecules, 47 (2014) 4094-4102.
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2.1d is only used to guide eyesight. The error bars in Figure 2.1d are neglected because
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Scheme 2.2(Figure 8) Main cononsolvency transition regimes of a PNiPAAm brush in
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fraction of cosolvent (a) Cononsolvency transition of the same PNiPAAm brush in
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different alcohol aqueous solutions, at the temperature of 25 C. Parameters of the
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collapse region for the longer alcohols (Figure 2.3b). ............................................................. 26
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fraction of cosolvent: Cononsolvency transition of the same PNiPAAm brush in propanol
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isomer aqueous solutions, at the temperature of 25 C. Parameters of the PNiPAAm brush
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are: grafting density σ = 0.143 chains/nm , Mn = 6.1×10 g/mol, Mw/Mn = 1.40. Note that the
dotted line in the figure are guides to the eyes. ....................................................................... 27
Figure 2.5(Figure 12) Normalized PNiPAAm brush thickness as a function of the volume
fraction of cosolvent (a) Cononsolvency transition of the same PNiPAAm brush in butanol
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isomer aqueous solutions, at the temperature of 25 C. Parameters of the PNiPAAm brush
2

4

are: grafting density σ = 0.143 chains/nm , Mn = 6.1×10 g/mol, Mw/Mn = 1.40. (b) A zoom-in
of Figure 2.5a for the alcohol’s volume fraction ranging from 0 to 25%. Note that the dotted
and solid lines in the figures are guides to the eyes. ............................................................... 28
Figure 2.6(Figure 13) Free energy change of mixing alcohols with water: (a) Molar Gibbs free
energy change of mixing ΔmixGm, when mixing different alcohols with water at the
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temperature of 25 C. (b) Effective Flory-interaction parameter between the two solvents
o

χCS, when mixing different alcohols with water at the temperature of 25 C. Data are
extracted and reprocessed from refs. [86-89], note that the dotted lines in the figures are
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Figure 2.7(Figure 14) Temperature effect on the cononsolvency transition of the same
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2

4

grafting density σ = 0.143 chains/nm , Mn = 6.1×10 g/mol, Mw/Mn = 1.40. Note that the
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polymer layers; (b) with molecular weight of Mn = 3.8×10 g/mol, Mw/Mn = 1.38 for all
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4
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