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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 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 hydropho-

bic property this is correlated with an increasing tendency of demixing between the cosolvent 

and water. This is apparently in contrast to the hypothes is 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 ad-

sorption 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 correspond-

ing phase-transition behavior. In particularly the model predictions for variation of the graft-

ing 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 com-

mon 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 wa-

ter can account for the qualitative changes observed for temperature changes in my experi-

ments.  



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 adsorpti on 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 pre-

dict the phase-transition behaviors of these systems in various aqueous alcohol solutions 

quantitatively. My  analysis showed that besides the dominant role of polymer -cosolvent pref-

erential adsorption and the monomer -cosolvent-monomer triple contacts (cosolvent-assisted 

temporary cross-linking effect) that define the strength of the collapse -transition in the cosol-

vent-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, weak-

ening 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 lim-

ited 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 tran-

sition. This is most pronounced for 1 -propanol as cosolvent which is still  fully miscible in wa-



Thesis a uthor: Huaisong Yong  

 

ter. Potential applications are switches built from implementation of brushes in pores and sim-

ilar concave geometries can be realized by harnessing the cononsolvency effect of stimuli-re-

sponsive polymers such as PNiPAAm .  

As an example of application of cononsolvency effect of grafted polymers, different molec-

ular -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 solu-

tion 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 fol-

lowed by a reswelling at higher alcohol concentration. For the first time, I provide a quantita-

tive 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 value s and room tem-

peratures. Althou gh in this study PNiPAAm was chosen as a model synthetic polymer, I be-

lieve in that the conclusions made for PNiPAAm can be also in general extended to other syn-

thetic 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 num-

ber 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]. According ly , 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 extraor-

dinary 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 single -

component 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 

ÐÕɯÈɯËÌÊÙÌÈÚÌɯÐÕɯÛÏÌɯÔÐßÛÜÙÌɀÚɯ&ÐÉÉÚɯÍÙÌÌɯÌÕÌÙÎà [5, 6]. Let xl ȑ (xl1, xl2ȮɯȱȮɯxln) 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 < Ϟɯ<1 so that xl = Ϟßd + (1 - Ϟ)xc. 

Since the two phases d and c will be at an equilibrium, ϟd(xd) = ϟc(xc) with ϟϔ ȑɯȹϟϔƕ, ϟϔƖȮɯȱȮɯϟϔÕ) being 

a chemical potential vector for phase ϔɯ= d, c. The change in the free energy of the system as a result 

of a phase separation will therefore be given by: 

( )( ) ( ) ( ) ( )( ) ( ) ( )D l l l m l m m= + - - = + - -
d d c c l l d d d c c c l l l

g g x g x g x x x x x x x1 1 . (1.1) 

Here gϔ(xϔ) is the molar Gibbs free energy of phase ϔɯ= d, c, l. The described phase separation will 

be thermodynamically favoured  if gͅ = xl(ϟd(xd) - ϟl(xl)) = xl(ϟc(xc) - ϟl(xl)) < 0. Also, the constraints 

imposed on chemical potentials and the overall composition of the two phases imply that xd and xc 

and Ϟ 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 ϟϔ, 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 Gibbs -

Duhem equation holds:  
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where dϟϔÐ is an infinitesimal increase in chemical potential for the i-th component in the ϔ-phase. 

Figure 1.1 is a graphical presentation when there are only two component s 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 mixtureɀÚɯ&ÐÉÉÚ 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 ther-

modynamic 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 Ϫ-parameter. This model can 

be written in the following form for a simple polymer solvent mixture:   

()
( ) ( ) ( )c= + - - + -

FH ps

c c
G c c c c

N

ln
1 ln 1 1 . (1.3) 

'ÌÙÌȮɯÛÏÌɯÝÖÓÜÔÌɯÍÙÈÊÛÐÖÕɯÖÍɯÌÈÊÏɯ×ÖÓàÔÌÙɯÊÏÈÐÕɯÊÖÕÚÐÚÛÐÕÎɯÖÍɯ-ɯÔÖÕÖÔÌÙÚɯÐÕɯÛÏÌɯÚÖÓÜÛÐÖÕɯÐÚɯËÌɪ

ÕÖÛÌËɯÉàɯÊȮɯÈÕËɯÛÏÌɯÍÙÌÌɯÌÕÌÙÎàɯ×ÌÙɯÝÖÓÜÔÌɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕȮɯ&%'ȮɯÐÚɯÛÈÒÌÕɯÐÕɯÜÕÐÛÚɯÖÍɯÒ!3ȭɯ(Õɯ

ÛÏÐÚɯÙÌ×ÙÌÚÌÕÛÈÛÐÖÕɯÛÏÌɯϪɪ×ÈÙÈÔÌÛÌÙȮɯϪ×ÚȮɯÊÖÙÙÌÚ×ÖÕËÚɯÛÖɯÛÏÌɯÌÍÍÌÊÛÐÝÌɯȹÛà×ÐÊÈÓÓàɯÙÌ×ÜÓÚÐÝÌȺɯÐÕÛÌÙÈÊÛÐÖÕɯ
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ÉÌÛÞÌÌÕɯÛÏÌɯÔÖÕÖÔÌÙÚɯÈÕËɯÛÏÌɯÚÖÓÝÌÕÛȭɯ(ÕɯÔÌÈÕɪÍÐÌÓËɯÛÏÌÖÙÐÌÚɯÍÖÙɯÏÖÔÖ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕÚȮɯÛÏÌɯ×Èɪ

ÙÈÔÌÛÌÙɯϪ×ÚɯÐÚɯËÌÍÐÕÌËɯÈÚȯɯ 

( )e e e
c

- -
=

ps pp ss

ps

B

z

k T

2

2
. (1.4) 

(Õɯ$ØȭȹƕȭƘȺȮɯÛÏÌɯÛÌÙÔɯϘÐÑɯÙÌÍÌÙÚɯÛÖɯÈɯÔÌÈÕɪÍÐÌÓËɯÌÕÌÙÎàɯÍÖÙɯÈÕɯÐÕÛÌÙÈÊÛÐÖÕɯÉÌÛÞÌÌÕɯÚ×ÌÊÐÌÚɯÐɯÈÕËɯÑȰɯÛÏÌɯ

ÚÜÉÚÊÙÐ×ÛÚɯ×ɯÈÕËɯÚɯÙÌÍÌÙɯÛÖɯÛÏÌɯ×ÖÓàÔÌÙɯÈÕËɯÚÖÓÝÌÕÛȮɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯ3ÏÌɯÈÓÎÌÉÙÈÐÊɯÚÜÔɯÖÍɯÌÕÌÙÎÐÌÚɯÐÚɯ

ÔÈËÌɯËÐÔÌÕÚÐÖÕÓÌÚÚɯÉàɯÕÖÙÔÈÓÐáÈÛÐÖÕɯÜÚÐÕÎɯÛÏÌɯ×ÈÙÈÔÌÛÌÙɯÒ!3ȮɯÞÏÐÊÏɯØÜÈÕÛÐÍÐÌÚɯÛÏÌɯÛÏÌÙÔÈÓɯÌÕɪ

ÌÙÎàɯÈÛɯÛÌÔ×ÌÙÈÛÜÙÌɯ3ȰɯáɯÐÚɯÈɯÊÖÖÙËÐÕÈÛÐÖÕɯÕÜÔÉÌÙɯÛÏÈÛɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÈÝÌÙÈÎÌɯÕÜÔÉÌÙɯÖÍɯÕÌÈÙÌÚÛɪ

ÕÌÐÎÏÉÖÙɯÐÕÛÌÙÈÊÛÐÖÕÚɯÛÏÈÛɯÌÈÊÏɯÔÖÕÖÔÌÙÐÊɯÜÕÐÛɯÞÐÛÏÐÕɯÛÏÌɯ×ÖÓàÔÌÙɯÊÈÕɯÔÈÒÌȭ 

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] : 

()
FH

c c
G c c c c

N
2 3 4

1 2 3 4

ln 1 1 1
,...

2 6 12
n n n n= + + + + +. (1.5) 

'ÌÙÌȮɯÛÏÌɯÍÐÙÚÛɯÝÐÙÐÈÓɯÊÖÌÍÍÐÊÐÌÕÛɯÐÚɯϠƕɯǻɯϪ×ÚɯɬɯƕȮɯÛÏÌɯÚÌÊÖÕËɯÝÐÙÐÈÓɯÊÖÌÍÍÐÊÐÌÕÛɯÐÚɯϠƖɯǻɯƕɯɪɯƖϪ×ÚɯÞÐÛÏɯÉÖÛÏɯÛÏÌɯ

ÛÏÐÙËɯÈÕËɯÛÏÌɯÍÖÜÙÛÏɯÝÐÙÐÈÓɯÊÖÌÍÍÐÊÐÌÕÛÚɯÉÌÐÕÎɯϠƗɯǻɯƕȮɯϠƘɯǻɯƕȭɯ6ÏÌÕɯÛÏÌɯÚÌÊÖÕËɯÝÐÙÐÈÓɯÊÖÌÍÍÐÊÐÌÕÛɯÐÚɯÕÌÎɪ

ÈÛÐÝÌɯȹÛÏÌɯÛÏÐÙËɯÝÐÙÐÈÓɯÊÖÌÍÍÐÊÐÌÕÛɯÐÚɯ×ÖÚÐÛÐÝÌȺȮɯÛÏÌɯ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕɯÐÚɯÜÕÚÛÈÉÓÌɯÈÕËɯÐÛɯËÌÊÖÔ×ÖÚÌÚɯ

ÐÕÛÖɯÈɯËÐÓÜÛÌɯÈÕËɯÊÖÕËÌÕÚÌɯ×ÖÓàÔÌÙɯ×ÏÈÚÌÚȭɯ3ÏÐÚɯÛà×Ìɯ×ÏÈÚÌɯÚÌ×ÈÙÈÛÐÖÕɯÐÚɯÞÌÓÓɪÒÕÖÞÕɯÈÕËɯÞÌÓÓɪ

ÚÛÜËÐÌËɯÈÚɯÛà×Ìɪ(ɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕȭɯ(ÛɯÐÚɯÕÖÛÌËɯÛÏÈÛɯÍÙÖÔɯÛÏÌɯÝÐÙÐÈÓɯÌß×ÈÕÚÐÖÕȮɯÛÏÌɯÛÞÖɪÉÖËàɯÐÕÛÌÙÈÊɪ

ÛÐÖÕɯȹÝȮɯÖÙɯÊÖÕÝÌÕÛÐÖÕÈÓÓàɯÛÌÙÔÌËɯÈÚɯÌßÊÓÜËÌËɯÝÖÓÜÔÌȺɯÉÌÛÞÌÌÕɯ×ÖÓàÔÌÙɯÈÕËɯÚÖÓÝÌÕÛɯÊÈÕɯÉÌɯÌÚÛÐɪ

ÔÈÛÌËɯÉàɯÝɯǻɯϠƖÉɯ
Ɨ
ǻɯȹƕɯɬɯƖϪ×ÚȺÉ

Ɨ
ɯÈÕËɯÛÏÌɯÛÏÙÌÌɪÉÖËàɪÐÕÛÌÙÈÊÛÐÖÕɯȹÞȺɯÉÌÛÞÌÌÕɯ×ÖÓàÔÌÙɯÈÕËɯÚÖÓÝÌÕÛɯÐÚɯ

ÊÈÓÊÜÓÈÛÌËɯȻƝȼɯÉàɯÞɯǻɯϠƗÉ
ƚ
ɤƗɯǻɯÉ

ƚ
ɤƗȮɯÞÏÌÙÌɯÉɯÐÚɯÈɯÔÖÕÖÔÌÙɯÚÐáÌɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙȭ 

(ÕɯÈɯ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕɯȻƝȮɯƕƔȼɯÊÖÔ×ÙÐÚÐÕÎɯÈɯ×ÖÓàÔÌÙɯÈÕËɯÈɯ×ÖÖÙɯÚÖÓÝÌÕÛɯÞÏÌÙÌɯÛÏÌɯÚÌÊÖÕËɯÝÐÙÐÈÓɯ

ÊÖÌÍÍÐÊÐÌÕÛɯȹϠƖȺɯÐÚɯÕÌÎÈÛÐÝÌɯȹÚÌÌɯ$ØȭȹƕȭƙȺȺȮɯÛÏÌÙÌɯÌßÐÚÛÚɯÈɯÚàÚÛÌÔɪÚ×ÌÊÐÍÐÊɯϪ×ÚɪËÌ×ÌÕËÌÕÛɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯ

ÛÏÙÌÚÏÖÓËɯËÌÚÐÎÕÈÛÌËɯÈÚɯÛÏÌɯÚÈÛÜÙÈÛÐÖÕɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÖÙɯÊÚÈÛɯÉÌàÖÕËɯÞÏÐÊÏɯÛÏÌɯÚàÚÛÌÔɯÚÌ×ÈÙÈÛÌÚɯÐÕÛÖɯ

ÈɯÊÖÕËÌÕÚÌɯ×ÖÓàÔÌÙɪÙÐÊÏɯ×ÏÈÚÌɯȹÚÖÔÌÛÐÔÌÚɯÐÕɯÛÏÌɯÍÖÙÔɯÖÍɯ×ÙÌÊÐ×ÐÛÈÛÌȺɯÛÏÈÛɯÊÖÌßÐÚÛÚɯÞÐÛÏɯÈɯÝÌÙàɯËÐɪ

ÓÜÛÌɯÓÐØÜÐËɯÚÜ×ÌÙÕÈÛÈÕÛɯȹ×ÖÓàÔÌÙɪ×ÖÖÙɯ×ÏÈÚÌȮɯÞÐÛÏɯÛÏÌɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÊÚÈÛɯȺȮɯÚÌÌɯ%ÐÎÜÙÌɯƕȭƖȭɯ3ÏÌɯÝÖÓɪ

ÜÔÌɯÍÙÈÊÛÐÖÕÚɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɯÐÕɯÛÏÌɯÊÖÌßÐÚÛÐÕÎɯËÐÓÜÛÌɯÈÕËɯÊÖÕËÌÕÚÌɯ×ÏÈÚÌÚɯÈÙÌɯËÌÚÐÎÕÈÛÌËɯÈÚɯÊËÐÓÜÛÌɯ

ÈÕËɯÊËÌÕÚÌȮɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯÞÏÌÙÌɯÊËÐÓÜÛÌɯǻɯÊÚÈÛȭɯ%ÖÙɯÊËÐÓÜÛÌɯǾɯÊɯǾɯÊËÌÕÚÌȮɯÛÏÌɯÕÜÔÉÌÙÚɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɯÔÖÓÌÊÜÓÌÚɯ

ÐÕɯÛÏÌɯÛÞÖɯ×ÏÈÚÌÚɯÈÙÌɯËÌÛÌÙÔÐÕÌËɯÉàɯÛÏÌɯÚÖɪÊÈÓÓÌËɯÓÌÝÌÙɯÙÜÓÌȯɯÕËÐÓÜÛÌɯǻɯÕÛÖÛÈÓȹÊËÌÕÚÌɯɬɯÊȺɤȹÊËÌÕÚÌɯɬɯÊËÐÓÜÛÌȺɯÈÕËɯ

ÕËÌÕÚÌɯǻɯÕÛÖÛÈÓȹÊɯɬɯÊËÐÓÜÛÌȺɤȹÊËÌÕÚÌɯɬɯÊËÐÓÜÛÌȺȮɯÞÏÌÙÌɯÕËÐÓÜÛÌɯÈÕËɯÕËÌÕÚÌɯÈÙÌɯÛÏÌɯÕÜÔÉÌÙÚɯÖÍɯ×ÖÓàÔÌÙɯÔÖÓÌÊÜÓÌÚɯÐÕɯÛÏÌɯ

ËÐÓÜÛÌɯÈÕËɯÊÖÕËÌÕÚÌɯ×ÏÈÚÌÚɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯÈÕËɯÕÛÖÛÈÓɯÐÚɯÛÏÌɯÛÖÛÈÓɯÕÜÔÉÌÙɯÖÍɯ×ÖÓàÔÌÙɯÔÖÓÌÊÜÓÌÚȯɯÕÛÖÛÈÓɯǻɯ

ÕËÐÓÜÛÌɯǶɯÕËÌÕÚÌȭɯ%ÖÙɯÏÖÔÖ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕÚȮɯÛÏÌɯÔÈÎÕÐÛÜËÌɯÖÍɯÛÏÌɯÚàÚÛÌÔɪÚ×ÌÊÐÍÐÊɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯÐÕɪ

ÛÌÙÈÊÛÐÖÕɯ×ÈÙÈÔÌÛÌÙɯÉÌÛÞÌÌÕɯÛÏÌɯ×ÖÓàÔÌÙɯÈÕËɯÚÖÓÝÌÕÛɯϪ×ÚȮɯÞÏÐÊÏɯÐÚɯÓÈÙÎÌÙɯÛÏÈÕɯƔȭƙɯǶɯƕɤȄ-ɯÐÕɯÈɯ×ÖÖÙɯ
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Thesis a uthor: Huaisong Yong  

 

ÚÖÓÝÌÕÛȮɯÞÐÓÓɯËÌÛÌÙÔÐÕÌɯÛÏÌɯÝÈÓÜÌÚɯÖÍɯÊËÐÓÜÛÌɯÈÛɯÛÏÌɯÖÙËÌÙɯÖÍɯȹƖϪ×ÚɯɬɯƕȺɯÌß×ȹɬȹƖϪ×ÚɯɬɯƕȺɯ-
ƖɤƗ
ȺɯÈÕËɯÊËÌÕÚÌɯÈÛɯÛÏÌɯ

ÖÙËÌÙɯÖÍɯȹƖϪ×ÚɯɪƕȺɯÝÐÈɯÛÏÌɯÚÖɪÊÈÓÓÌËɯcÖÔÔÖÕɯÛÈÕÎÌÕÛɯÊÖÕÚÛÙÜÊÛÐÖÕɯÍÖÙɯÍÙÌÌɯÌÕÌÙÎàɯ&%'ɯÞÐÛÏɯÙÌÚ×ÌÊÛɯÛÖɯ

×ÖÓàÔÌÙɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÊȭ 

 

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 Ȁɯcdilute ÖÙɯÊɯȁɯcdense, there is no phase 

separation. Parameter used in the plot are N = 100 and Ϫps = 0.8. 

'ÌÙÌȮɯÐÛɯÐÚɯÞÖÙÛÏɯÕÖÛÐÕÎɯÛÏÈÛɯÈɯÉÐÕÈÙàɯÔÐßÛÜÙÌɯÊÖÔ×ÙÐÚÐÕÎɯÈɯ×ÖÓàÔÌÙɯÈÕËɯÈɯÚÖÓÝÌÕÛȮɯÈɯ×ÖÚÐÛÐÝÌɯ

%ÓÖÙàɪ'ÜÎÎÐÕÚɯϪɪ×ÈÙÈÔÌÛÌÙɯÐÔ×ÓÐÌÚɯÛÏÈÛɯÛÏÌɯ×ÖÓàÔÌÙɯÈÕËɯÛÏÌɯÚÖÓÝÌÕÛɯÛÌÕËɯÛÖɯÓÖÞÌÙɯÛÏÌɯÍÙÌÌɯÌÕÌÙÎàɯ

ÞÏÌÕɯÛÏÌàɯÚÌ×ÈÙÈÛÌɯÌÈÊÏɯÖÛÏÌÙɯÐÕÛÖɯÛÞÖɯ×ÏÈÚÌÚȯɯÖÕÌɯ×ÖÓàÔÌÙɪÙÐÊÏɯ×ÏÈÚÌɯÈÕËɯÈɯÚÖÓÝÌÕÛɪÙÐÊÏɯ×ÏÈÚÌȭɯ

3ÏÐÚɯÓÌÈËÚɯÛÖɯÛÏÈÛɯÍÖÙɯÉÖÛÏɯ×ÏÈÚÌÚȮɯÌÕÛÏÈÓ×àɯÊÖÕÛÙÐÉÜÛÐÖÕɯÐÚɯÚÔÈÓÓɯÈÕËɯÛÏÌɯÍÙÌÌɯÌÕÌÙÎàɯȹ&%'ȺɯÐÚɯÓÖÞȮɯ

ÚÌÌɯ$ØȭȹƕȭƗȺȭɯ6ÏÈÛɀÚɯÔÖÙÌȮɯÛÖɯÓÖÞÌÙɯÛÏÌɯÖÝÌÙÈÓÓɯÍÙÌÌɯÌÕÌÙÎàȮɯÈɯËÐÚÊÖÕÛÐÕÜÖÜÚɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯ×ÏÈÚÌɯ

ÛÙÈÕÚÐÛÐÖÕɯÈÕËɯÊÖÌßÐÚÛÌÕÊÌɯÉÌÛÞÌÌÕɯÈɯÊÖÕËÌÕÚÌËɯ×ÏÈÚÌɯÈÕËɯÈɯÝÌÙàɯËÐÓÜÛÌËɯ×ÏÈÚÌɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɯÐÚɯ

ÛÏÌɯÊÖÕÚÌØÜÌÕÊÌɯÖÍɯÛÏÌɯÉÈÓÈÕÊÌɯÉÌÛÞÌÌÕɯÛÏÌɯÌÕÛÙÖ×àɯÖÍɯÛÙÈÕÚÓÈÛÐÖÕɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙÚɯÐÕɯÛÏÌɯËÐÓÜÛÌËɯ

ÚÛÈÛÌɯÈÕËɯÛÏÌɯÐÕÛÌÙÈÊÛÐÖÕɯÌÕÛÏÈÓ×àɯÐÕɯÛÏÌɯÊÖÕËÌÕÚÌËɯÚÛÈÛÌȮɯÚÌÌɯ$ØȭȹƕȭƗȺȭɯ.ÕɯÈÊÊÖÜÕÛÐÕÎɯÖÍɯÛÏÐÚɯÙÌÈÚÖÕȮɯ

ÍÖÙɯ×ÖÓàÔÌÙɯÊÏÈÐÕÚɯÐÔÔÖÉÐÓÐáÌËɯÖÕɯÈɯÚÜÉÚÛÙÈÛÌɯȹÉÙÜÚÏÌÚȺȮɯÉàɯÊÙÖÚÚɪÓÐÕÒÐÕÎɯȹÎÌÓÚȺȮɯÖÙɯÐÕɯÛÏÌɯÚÌÔÐɪ

ËÐÓÜÛÌËɯÚÛÈÛÌɯȹÊɯȁɯÊËÌÕÚÌȮɯÚÌÌɯ%ÐÎÜÙÌɯƕȭƖȺɯÚÜÊÏɯÈÚɯÊÈÜÚÌËɯÉàɯÈɯÍÐÕÐÛÌɯÖÚÔÖÛÐÊɯ×ÙÌÚÚÜÙÌɯȹÖÚÔÖÛÐÊɯÔÌÔɪ

ÉÙÈÕÌȺȮɯÛÏÌɯÍÐÙÚÛɯÛÌÙÔɯÐÕɯ$ØȭȹƕȭƗȺɯÝÈÕÐÚÏÌÚȮɯÖÙɯÊÈÕɯÉÌɯÐÎÕÖÙÌËȮɯÛÏÜÚɯÕÖɯ×ÏÈÚÌɯÊÖÌßÐÚÛÌÕÊÌɯÊÈÕɯÖÊÊÜÙȭɯ

(ÕɯÛÏÌÚÌɯÊÈÚÌÚȮɯÛÏÌɯËÌÎÙÈËÈÛÐÖÕɯÖÍɯÛÏÌɯÚÖÓÝÌÕÛɯØÜÈÓÐÛàɯÔÌÙÌÓàɯÓÌÈËÚɯÛÖɯÈɯÔÖÕÖÛÖÕÖÜÚɯÈÕËɯÚÔÖÖÛÏɯ

ÐÕÊÙÌÈÚÌɯÖÍɯËÌÕÚÐÛàȭɯ 
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+ÌÛɯÜÚɯÊÖÕÚÐËÌÙɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯÈÚɯÈÕɯÌßÈÔ×ÓÌɯÛÖɯ×ÙÖÝÌɯÛÏÌɯÈÉÖÝÌɯÚÛÈÛÌÔÌÕÛɯÐÕɯËÌÛÈÐÓȮɯÖÛÏÌÙɯ

ÊÈÚÌÚɯÊÈÕɯÉÌɯÝÌÙÐÍÐÌËɯÉàɯÛÏÌɯÚÈÔÌɯÔÌÛÏÖËȭɯ%ÖÙɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚȮɯÞÐÛÏɯÈÕɯÈÕÚÈÛáɯÖÍɯÔÌÈÕɪÍÐÌÓËɯ ÓÌßɪ

ÈÕËÌÙǸËÌɯ&ÌÕÕÌÚɯÈ××ÙÖÈÊÏɯȻƕƕȼɯÍÖÙɯÌÓÈÚÛÐÊɯÌÕÌÙÎàɯÖÍɯÈɯÉÙÜÚÏɯÓÈàÌÙȮɯÞÌɯÙÌÞÙÐÛÌɯ$ØȭȹƕȭƗȺɯÈÚȯ 

( ) ( ) ( )d
FH ps

G c c c c
c

2
1

1 ln 1 1
2

s
c= + - - + -. (1.6) 

Here, parameter Ϧd is the dimensionless grafting density of the polymer brush  with the physical 

constraint of 0 < Ϧd Ȁ 1. The condition for the two -phase coexistence of a polymer-brush system can 

be probed by a study of spinodal phase decomposition in terms of the second derivative (d
2
GFH/dc

2
) 

of the free energy (GFH), which corresponds to the surface of free energy (GFH) being concave in 

mathematics (d
2
GFH/dc

2
 < 0), then we get the boundary , 

dFH
ps

d G

cdc c

22

2 3

1
2 0

1

s
c= + - <

-
. (1.7) 

It is inconvenient to get analytical solution s for monomer concentration (c) from parameters Ϧd and 

Ϫps in the Eq.(1.7); however, it is much easier to handle its inverse function. We get, 

( )
d

ps
cc

2

3

1

2 12

s
c > +

-
. (1.8) 

(ÛɯËÖÌÚɯÕÖÛɯÔÈÛÛÌÙɯÞÏÈÛɯÐÚɯÛÏÌɯÝÈÓÜÌɯÖÍɯÛÏÌɯ×ÈÙÈÔÌÛÌÙɯƔɯǾɯϦËɯȀɯƕɯÛÏÈÛɯÞÌɯÊÏÖÖÚÌȮɯÛÏÌɯÍÜÕÊÛÐÖÕɯÖÍɯϪ×Úɯ

ÞÐÛÏɯÙÌÚ×ÌÊÛɯÛÖɯÊɯËÖÌÚÕɀÛɯÌßÐÚÛɯÈɯ×ÏàÚÐÊÈÓɯÚÖÓÜÛÐÖÕɯȹƔɯǾɯÊɯǾɯƕȺɯÈÛɯϪ×ÚɯǻɯƕɤƖɯÍÖÙɯÈɯ×ÖÓàÔÌÙɯÉÙÜÚÏȮɯÛÏÐÚɯ

ÊÖÕÛÙÈÚÛÚɯÙÌÔÈÙÒÈÉÓàɯÞÐÛÏɯÛÏÌɯÊÈÚÌɯÖÍɯ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕÚȭɯ ÊÛÜÈÓÓàȮɯÞÐÛÏɯÈɯÝÌÙàɯÚ×ÈÙÚÌɯÎÙÈÍÛÐÕÎɯËÌÕɪ

ÚÐÛàɯÚÜÊÏɯÈÚɯϦËɯȁɯƔȭƔƕȮɯ$ØȭȹƕȭƜȺɯÈÓÙÌÈËàɯËÖÌÚÕɀÛɯÏÈÝÌɯÈɯ×ÏàÚÐÊÈÓɯÚÖÓÜÛÐÖÕɯÞÏÌÕɯÛÏÌɯÝÈÓÜÌɯÖÍɯϪ×ÚɯÓÖÊÈÛÌÚɯ

ÐÕɯÈɯÙÈÛÏÌÙɯÊÖÕÝÌÕÛÐÖÕÈÓɯ×ÏàÚÐÊÈÓɯÙÈÕÎÌɯȹƕɤƖɯǾɯϪ×ÚɯȀɯƔȭƙƝȺɯÍÖÙɯ×ÖÖÙɯÚÖÓÝÌÕÛȮɯÚÌÌɯ%ÐÎÜÙÌɯƕȭƗȭɯ3ÏÌÙÌÍÖÙÌȮɯ

ÐÛɯÐÚɯÐÔ×ÖÚÚÐÉÓÌɯÛÖɯÖÊÊÜÙɯ×ÏÈÚÌɯÊÖÌßÐÚÛÌÕÊÌɯÍÖÙɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯÜÕËÌÙɯÛÏÌɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯÈ××ÙÖÈÊÏɯ

ÓÐÒÌɯÍÖÙɯ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕÚȭɯ%ÖÙɯÛÏÐÚɯÚÐÛÜÈÛÐÖÕȮɯÛÏÌɯËÌÎÙÈËÈÛÐÖÕɯÖÍɯÛÏÌɯÚÖÓÝÌÕÛɯØÜÈÓÐÛàɯȹÛÏÌɯÐÕÊÙÌÈÚÌɯÖÍɯ

Ϫ×ÚɯÈÙÖÜÕËɯƕɤƖȺɯÔÌÙÌÓàɯÓÌÈËÚɯÛÖɯÈɯÔÖÕÖÛÖÕÖÜÚɯÈÕËɯÚÔÖÖÛÏɯÐÕÊÙÌÈÚÌɯÖÍɯËÌÕÚÐÛàȮɯÚÌÌɯ%ÐÎÜÙÌɯƕȭƗȭɯ$ÝÌÕɯ

ÛÏÖÜÎÏȮɯÐÛɯÐÚɯÞÖÙÛÏɯÔÌÕÛÐÖÕÐÕÎɯÛÏÈÛɯÞÏÌÕɯÛÏÌɯËÐÚ×ÌÙÚÐÛàɯÖÍɯÈɯÉÙÜÚÏɯÓÈàÌÙɯÐÚɯÚÐÎÕÐÍÐÊÈÕÛÓàɯÍÈÙɯÈÞÈàɯ

ÍÙÖÔɯÈɯÜÕÐÍÖÙÔɯ×ÖÓàÔÌÙɯÉÙÜÚÏȮɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯÈ××ÙÖÈÊÏɯÊÈÕɯÕÖɯÓÖÕÎÌÙɯËÌÈÓɯÞÐÛÏɯÛÏÐÚɯÊÈÚÌɯ×ÙÖ×ÌÙÓàȮɯ

ÊÖÔ×ÜÛÌÙɪÚÐÔÜÓÈÛÐÖÕɯÚÛÜËÐÌÚɯȻƕƖȮɯƕƗȼɯÚÏÖÞÌËɯÛÏÈÛɯÐÛɯÐÚɯ×ÖÚÚÐÉÓÌɯÍÖÙɯ×ÖÓàËÐÚ×ÌÙÚÌɯÈÕËɯÉÐɪËÐÚ×ÌÙÚÌɯ

ÉÙÜÚÏÌÚɯÛÖɯÏÈ××ÌÕɯ×ÏÈÚÌɯÊÖÌßÐÚÛÌÕÊÌɯÐÕɯÈɯÊÖÔÔÖÕɯÛÏÌÙÔÈÓɯÚÖÓÝÌÕÛɯȹÛÏÌɯÝÈÓÜÌɯÖÍɯϪ×ÚɯÐÚɯÈÙÖÜÕËɯƕɤƖȺȭ 

(ÕɯÈɯÎÖÖËɯÚÖÓÝÌÕÛɯȻƝȮɯƕƔȼȮɯϪ×ÚɯÐÚɯÚÔÈÓÓÌÙɯÛÏÈÕɯƔȭƙɯǶɯƕɤȄ-ȮɯÞÏÐÊÏɯÐÔ×ÓÐÌÚɯÛÏÈÛɯÈɯ×ÖÓàÔÌÙɪÚÖÓÝÌÕÛɯ

ÐÕÛÌÙÈÊÛÐÖÕɯÐÚɯÍÈÝÖÙÌËɯÖÝÌÙɯÈɯ×ÖÓàÔÌÙɪ×ÖÓàÔÌÙɯÐÕÛÌÙÈÊÛÐÖÕȭɯ ÚɯÈɯÙÌÚÜÓÛȮɯÈɯÏÖÔÖÎÌÕÌÖÜÚȮɯÖÕÌɪ×ÏÈÚÌɯ

ÔÐßÛÜÙÌɯÐÚɯ×ÙÌÍÌÙÙÌËɯÐÙÙÌÚ×ÌÊÛÐÝÌɯÖÍɯÛÏÌɯÝÈÓÜÌɯÖÍɯ×ÖÓàÔÌÙɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÊȭɯ(ÕɯÈɯϛɪÚÖÓÝÌÕÛȮɯÈÓÚÖɯÒÕÖÞÕɯ

ÈÚɯÈÕɯÐÕËÐÍÍÌÙÌÕÛɯÚÖÓÝÌÕÛɯÞÏÌÙÌɯÛÏÌɯÚÌÊÖÕËɯÝÐÙÐÈÓɯÊÖÌÍÍÐÊÐÌÕÛɯϠƖɯǻɯƔȮɯÐȭÌȭȮɯϪ×ÚɯǻɯƔȭƙɯǶɯƕɤȄ-ȮɯÈÕËɯÛÏÌɯ

×ÖÓàÔÌÙɪÚÖÓÝÌÕÛȮɯ×ÖÓàÔÌÙɪ×ÖÓàÔÌÙȮɯÈÕËɯÚÖÓÝÌÕÛɪÚÖÓÝÌÕÛɯÐÕÛÌÙÈÊÛÐÖÕÚɯÈÙÌɯ×ÌÙÍÌÊÛÓàɯÊÖÜÕÛÌÙÉÈÓÈÕÊÌËȭɯ

 ÊÊÖÙËÐÕÎÓàȮɯÛÏÌɯÌÕÛÙÖ×àɯÖÍɯÔÐßÐÕÎɯÐÚɯÛÏÌɯÖÕÓàɯÙÌÓÌÝÈÕÛɯÛÌÙÔȮɯÈÕËɯÛÏÐÚɯÍÈÝÖÙÚɯÛÏÌɯÍÖÙÔÈÛÐÖÕɯÖÍɯÈÕɯ

ÐËÌÈÓɪÓÐÒÌȮɯÖÕÌɪ×ÏÈÚÌɯÔÐßÛÜÙÌɯÐÕɯÈɯϛɪÚÖÓÝÌÕÛȭɯ6ÏÌÕɯÈɯ×ÖÓàÔÌÙɯÐÚɯÔÐßÌËɯÞÐÛÏɯÈɯÚÖÓÝÌÕÛȮɯÛÏÌɯÎÖÖËɪȮɯϛɪɯ
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Thesis a uthor: Huaisong Yong  

 

ÈÕËɯ×ÖÖÙɪÚÖÓÝÌÕÛɯÚÛÈÛÌÚɯÊÈÕɯÉÌɯÙÌÈÓÐáÌËɯÉàɯÊÏÈÕÎÐÕÎɯÛÌÔ×ÌÙÈÛÜÙÌɯ3ȭɯ(Õɯ×ÈÙÛÐÊÜÓÈÙȮɯÛÏÌɯÛÌÔ×ÌÙÈÛÜÙÌɯ

ÍÖÙɯÈɯ×ÖÓàÔÌÙɪÚÖÓÝÌÕÛɯÚàÚÛÌÔɯÛÏÈÛɯÙÌÈÓÐáÌÚɯÈɯϛɪÚÖÓÝÌÕÛɯÚÛÈÛÌɯÐÚɯÜÚÜÈÓÓàɯÊÈÓÓÌËɯÛÏÌɯϛɪÛÌÔ×ÌÙÈÛÜÙÌȭɯ%ÖÙɯ

ÛÏÌɯÊÈÚÌɯÖÍɯÈɯ×ÖÓàÔÌÙɯÐÚɯÔÐßÌËɯÞÐÛÏɯÈɯ×ÜÙÌɯÚÖÓÝÌÕÛȮɯÛÏÌɯϛɪÚÖÓÝÌÕÛɯÚÛÈÛÌɯÐÚɯÜÕÐØÜÌȭɯ6ÏÌÙÌÈÚɯÍÖÙɯÈɯ

ÔÜÓÛÐɪÊÖÔ×ÖÕÌÕÛɯÚàÚÛÌÔɯÖÍɯ×ÖÓàÔÌÙÚɯÞÐÛÏɯÚÖÓÝÌÕÛÚȮɯÏÖÞɯÛÖɯËÌÛÌÙÔÐÕÌɤ×ÙÌËÐÊÛɯϛɪÚÖÓÝÌÕÛɯÚÛÈÛÌɯÐÚɯÚÛÐÓÓɯ

ÙÈÛÏÌÙɯÊÖÔ×ÓÌßȮɯÐÛɯÊÖÜÓËɯÏÈÝÌɯÔÈÕàɯËÐÍÍÌÙÌÕÛɯϛɪÚÖÓÝÌÕÛɯÚÛÈÛÌÚɯÞÏÐÊÏɯÎÌÕÌÙÈÓÓàɯËÌ×ÌÕËɯÖÕɯÉÖÛÏɯÛÏÌɯ

ÊÖÕÊÌÕÛÙÈÛÐÖÕɯÖÍɯÌÈÊÏɯÊÖÔ×ÖÕÌÕÛɯÈÕËɯÐÕÛÌÙÈÊÛÐÖÕÚɯÉÌÛÞÌÌÕɯÛÏÌÚÌɯÊÖÔ×ÖÕÌÕÛÚȭɯ%ÖÙɯÌßÈÔ×ÓÌȮɯÐÍɯÈɯ

×ÖÓàÔÌÙɯÐÚɯÔÐßÌËɯÞÐÛÏÐÕɯÛÞÖɯ×ÖÖÙɯÚÖÓÝÌÕÛÚȮɯÚÖÓÜÉÐÓÐÛàɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɯÊÈÕɯÉÌɯÐÔ×ÙÖÝÌËɯÞÏÌÕɯÊÖÔɪ

×ÈÙÌËɯÞÐÛÏɯÐÛÚɯÚÖÓÜÉÐÓÐÛàɯÐÕɯÌÈÊÏɯ×ÜÙÌɯ×ÖÖÙɯÚÖÓÝÌÕÛȮɯÛÏÐÚɯ×ÏÌÕÖÔÌÕÖÕɯÐÚɯÞÌÓÓɪÒÕÖÞÕɯÈÚɯÊÖÚÖÓÝÌÕÊàɯ

ȻƕƘȼȭɯ%ÖÙɯÛÏÌɯÊÖÚÖÓÝÌÕÊàɯÚàÚÛÌÔȮɯÞÏÌÕɯÛÏÌɯ×ÖÓàÔÌÙɯÊÖÕÊÌÙÛÈÛÐÖÕɯÐÚɯÍÐßÌËȮɯÖÕÓàɯÊÏÈÕÎÐÕÎɯÚÖÓÝÌÕÛɯ

ÊÖÔ×ÖÚÐÛÐÖÕȮɯÛÏÌÙÌɯÔÈàɯÉÌɯÈÚɯÔÜÊÏɯÈÚɯÛÞÖɯÚÖÓÝÌÕÛɪÊÖÔ×ÖÚÐÛÐÖÕɯËÌ×ÌÕËÌÕÛɯϛɪÚÖÓÝÌÕÛɯÚÛÈÛÌÚɯÈÛɯÞÏÐÊÏɯ

ÛÏÌɯÊÏÈÐÕɯÊÖÕÍÖÙÔÈÛÐÖÕÚɯÈÙÌɯÕÌÈÙÓàɯÐËÌÈÓȭ 

 

Figure 1.3(Figure 3) A graphical plot of the Flory -Huggins parameter  (Ϫps, 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 Ϫps in its 

conventional physical range (0 Ȁ Ϫps Ȁɯ4.0). 

'ÌÙÌȮɯÐÛɯÐÚɯÞÖÙÛÏɯ×ÖÐÕÛÐÕÎɯÖÜÛɯÛÏÈÛɯÈÕɯÖÉÝÐÖÜÚɯÍÈÊÛɯÛÏÈÛɯÐÚɯÕÖÛɯÊÈ×ÛÜÙÌËɯÉàɯÛÏÌɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯ

ÛÏÌÖÙàɯÐÚɯÛÏÌɯÓÈÙÎÌɯÓÖÊÈÓÐáÌËɯËÌÕÚÐÛàɯÍÓÜÊÛÜÈÛÐÖÕɯÐÕɯÛÏÌɯËÐÓÜÛÌɯÚÖÓÜÛÐÖÕɯȻƕƙȮɯƕƚȼȭɯ3ÏÌɯÐÕÚÛÈÕÛÈÕÌÖÜÚɯ

×ÐÊÛÜÙÌɯÖÍɯÛÏÌɯÚÖÓÜÛÐÖÕɯÏÈÚɯÔÜÊÏɯÏÐÎÏÌÙɯ×ÖÓàÔÌÙɯËÌÕÚÐÛàɯÞÏÌÙÌɯÛÏÌɯÊÏÈÐÕÚɯÈÙÌɯÓÖÊÈÛÌËɯÈÕËɯ×ÜÙÌɯ

ÚÖÓÝÌÕÛÚɯÌÓÚÌÞÏÌÙÌȮɯÞÏÐÊÏɯÐÚɯÚÐÎÕÐÍÐÊÈÕÛÓàɯËÐÍÍÌÙÌÕÛɯÍÙÖÔɯÛÏÌɯÙÈÕËÖÔɪÔÐßÐÕÎɯ×ÐÊÛÜÙÌɯÌÕÝÐÚÐÖÕÌËɯÐÕɯ

ÛÏÌɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯÛÏÌÖÙàȭɯ%ÖÙɯ×ÖÓàÔÌÙÚɯÐÕɯ×ÖÖÙɯÚÖÓÝÌÕÛÚȮɯÚÜÊÏɯÓÖÊÈÓÐáÌËɯËÌÕÚÐÛàɯÍÓÜÊÛÜÈÛÐÖÕɯÛÈÒÌÚɯ

ÛÏÌɯÍÖÙÔɯÖÍɯÚÐÕÎÓÌɪÊÏÈÐÕɯÎÓÖÉÜÓÌÚɯÈÕËɯÔÜÓÛÐÊÏÈÐÕɯÊÓÜÚÛÌÙÚȭɯ ÕÖÛÏÌÙɯÐÔ×ÖÙÛÈÕÛɯÍÈÊÛɯÕÖÛɯÙÌÍÓÌÊÛÌËɯÐÕɯ

ÛÏÌɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯÛÏÌÖÙàɯÐÚɯÛÏÌɯÊÏÈÕÎÌɯÐÕɯÊÏÈÐÕɯÊÖÕÍÖÙÔÈÛÐÖÕɯÈÊÊÖÙËÐÕÎɯÛÖɯËÐÍÍÌÙÌÕÛɯÚÖÓÝÌÕÛɯØÜÈÓÐɪ

ÛÐÌÚȭɯ$ÝÌÕɯÛÏÖÜÎÏȮɯÈÍÛÌÙɯÊÖÜÕÛÐÕÎɯÛÏÌÚÌɯÍÈÊÛÚɯÌßÊÌ×ÛɯÛÏÈÛɯÈɯÓÈÙÎÌÙɯËÐÓÜÛÌɪ×ÏÈÚÌɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯȹÊËÐÓÜÛÌȺɯ
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ÞÐÛÏɯÈɯÓÖÞÌÙɯÊÖÕËÌÕÚÌɪ×ÏÈÚÌÚɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯȹÊËÌÕÚÌȺɯÈÙÌɯÌß×ÌÊÛÌËȮɯÛÏÌɯÚÖÓÝÌÕÛɪØÜÈÓÐÛàɯÙÜÓÌɯÚÛÐÓÓɯÏÖÓËÚɯ

ÍÖÙɯϛɪÚÖÓÝÌÕÛɯÞÏÌÙÌɯϪ×ÚɯǻɯƔȭƙɯǶɯƕɤȄ-ȭ 

3ÖɯÙÌÈÓÐáÌɯÈɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÍÖÙɯÈɯÉÐÕÈÙàɯÚÖÓÜÛÐÖÕɯÖÍɯÈɯ×ÖÓàÔÌÙɯÈÕËɯÈɯÚÖÓÝÌÕÛȮɯÛÏÌɯÚÖÓÝÌÕÛɯØÜÈÓÐÛàɯ

ÐÚɯÜÚÜÈÓÓàɯËÌÎÙÈËÌËɯÉàɯÊÏÈÕÎÐÕÎɯÛÌÔ×ÌÙÈÛÜÙÌȭɯ3ÏÌÙÌɯÈÙÌɯÛÞÖɯËÐÍÍÌÙÌÕÛɯ×ÖÓàÔÌÙɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕÚɯ

Ü×ÖÕɯÈɯÊÏÈÕÎÌɯÖÍɯÛÌÔ×ÌÙÈÛÜÙÌȭɯ3ÏÌɯÍÐÙÚÛɯÖÕÌɯÐÚɯÉàɯÈɯËÌÊÙÌÈÚÌɯÖÍɯÛÌÔ×ÌÙÈÛÜÙÌȰɯÐÛɯÐÚɯÛÏÌɯÚÖɪÊÈÓÓÌËɯÜ××ÌÙɯ

ÊÙÐÛÐÊÈÓɯÚÖÓÜÛÐÖÕɯÛÌÔ×ÌÙÈÛÜÙÌɯȹ4"23ȺɯÛÙÈÕÚÐÛÐÖÕɯÞÏÐÊÏɯÊÈÕɯÉÌɯÞÌÓÓɯÈ××ÙÖßÐÔÈÛÌËɯÉàɯÛÏÌɯ%ÓÖÙàɪ'ÜÎɪ

ÎÐÕÚɯÛÏÌÖÙàȮɯÞÏÌÙÌɯÛÏÌɯÚÌÊÖÕËɯÝÐÙÐÈÓɯÊÖÌÍÍÐÊÐÌÕÛɯÐÚɯÕÌÎÈÛÐÝÌɯÉÜÛɯÛÏÌɯÛÏÐÙËɯÝÐÙÐÈÓɯÊÖÌÍÍÐÊÐÌÕÛɯÐÚɯ×ÖÚÐÛÐÝÌɯ

ÍÖÙɯÍÙÌÌɯÌÕÌÙÎàɯÌß×ÈÕÚÐÖÕȮɯÚÌÌɯ$ØȭȹƕȭƙȺȭɯ(ÕɯÊÖÕÛÙÈÚÛȮɯÈÕÖÛÏÌÙɯÖÕÌɯÐÚɯÛÏÌɯÚÖɪÊÈÓÓÌËɯÓÖÞÌÙɯÊÙÐÛÐÊÈÓɯÚÖÓÜɪ

ÛÐÖÕɯÛÌÔ×ÌÙÈÛÜÙÌɯȹ+"23ȺɯÛÙÈÕÚÐÛÐÖÕɯÉàɯÈÕɯÐÕÊÙÌÈÚÌɯÖÍɯÛÌÔ×ÌÙÈÛÜÙÌɯÞÏÐÊÏɯÐÕɯÎÌÕÌÙÈÓɯÊÈÕÕÖÛɯÉÌɯÞÌÓÓɯ

ËÌÚÊÙÐÉÌËɯÉàɯÛÏÌɯÛÏÌɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯÛÏÌÖÙàȭɯ 

1.3 Polymer phase separation in mixtures of two good solvents 

%ÖÓÓÖÞÐÕÎɯÛÏÌɯÚÛÈÕËÈÙËɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯÔÖËÌÓɯÖÍɯÛÏÌɯÓÐØÜÐËɪÓÐØÜÐËɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯÈɯ×ÖÓàÔÌÙɯ

ÚÖÓÜÛÐÖÕȮɯÛÏÌɯÛÙÈÕÚÓÈÛÐÖÕɯÌÕÛÙÖ×àɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙÚɯÐÚɯÌÚÚÌÕÛÐÈÓɯÐÕɯÖÙËÌÙɯÛÖɯÚÛÈÉÐÓÐáÌɯÛÏÌɯËÐÓÜÛÌËɯ×ÖÓàÔÌÙɯ

×ÏÈÚÌɯÐÕɯÊÖÌßÐÚÛÌÕÊÌɯÞÐÛÏɯÈɯ×ÖÓàÔÌÙɪÊÖÕËÌÕÚÌËɯ×ÏÈÚÌȭɯ3ÏÐÚɯÙÌÚÜÓÛÚɯÐÕɯÛÏÈÛɯËÌÎÙÈËÐÕÎɯÛÏÌɯÚÖÓÜÉÐÓÐÛàɯ

ÖÍɯÐÔÔÖÉÐÓÐáÌËɯ4"23ɪ×ÖÓàÔÌÙÚȮɯÚÜÊÏɯÈÚɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚȮɯÐÕɯÊÖÔÔÖÕɯÛÏÌÙÔÈÓɯÚÖÓÝÌÕÛÚɯÊÈÕɯÖÕÓàɯ

ÓÌÈËɯÛÖɯÈɯÚÔÖÖÛÏɯÊÙÖÚÚÖÝÌÙɯÍÙÖÔɯÛÏÌɯÎÖÖËɪÚÖÓÝÌÕÛɯÚÛÈÛÌɯÛÖɯÛÏÌɯ×ÖÖÙɪÚÖÓÝÌÕÛɯÚÛÈÛÌȮɯÚÌÌɯ%ÐÎÜÙÌɯƕȭƗȭɯ(Õɯ

×ÙÐÕÊÐ×ÓÌȮɯÚÞÐÛÊÏÈÉÓÌɯÚÜÙÍÈÊÌÚɯÊÈÕɯÖÕÓàɯÉÌɯÌÍÍÐÊÐÌÕÛɯÐÍɯÚÔÈÓÓɯÝÈÙÐÈÛÐÖÕÚɯÖÍɯÌÕÝÐÙÖÕÔÌÕÛÈÓɯ×ÈÙÈÔÌÛÌÙÚɯ

ÊÈÕɯÐÕËÜÊÌɯÈɯÓÈÙÎÌɯÙÌÚ×ÖÕÚÌɯÚÜÊÏɯÈÚɯÝÖÓÜÔÌɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕÚɯÐÕɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚȭɯ2ÞÐÛÊÏɪÓÐÒÌɯÙÌɪ

Ú×ÖÕÚÌɯÖÍɯÐÔÔÖÉÐÓÐáÌËɯÕÌÜÛÙÈÓɯ×ÖÓàÔÌÙÚɯÊÈÕɯÛÏÌÙÌÍÖÙÌɯÖÕÓàɯÉÌɯÖÉÛÈÐÕÌËɯÐÕɯɁÜÕÊÖÔÔÖÕɂɯÚÖÓÝÌÕÛÚɯ

ÞÏÐÊÏɯËÖɯÕÖÛɯÖÉÌàɯÈɯÚÐÔ×ÓÌɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯ×ÏÈÚÌɪÛÙÈÕÚÐÛÐÖÕɯÉÌÏÈÝÐÖÙȭɯ%ÖÙɯÞÈÛÌÙɯÚÖÓÜÉÓÌɯ×ÖÓàÔÌÙÚɯ

ÛÏÌÙÌɯÈÙÌɯÛÏÙÌÌɯÞÌÓÓɪÒÕÖÞÕɯÙÖÜÛÌÚɯÛÖɯÈÊÏÐÌÝÌɯÛÏÐÚɯÎÖÈÓȯɯ3ÏÌɯÛÙÈÕÚÐÛÐÖÕɯÈÛɯÛÏÌɯÓÖÞÌÙɯÊÙÐÛÐÊÈÓɯÚÖÓÜÛÐÖÕɯ

ÛÌÔ×ÌÙÈÛÜÙÌɯȻƕƛȼȮɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÌřÌÊÛɯȻƕƜȼɯÈÕËɯÕÈÕÖ×ÈÙÛÐÊÓÌÚɯÐÕËÜÊÌËɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÐÕɯ×ÖÓɪ

àÔÌÙɯÚÖÓÜÛÐÖÕÚɯȻƕƝɪƖƕȼȭɯ(Õɯ×ÙÌÝÐÖÜÚɯÛÞÖɯÊÈÚÌÚȮɯÈɯÚÜÉÛÓÌɯÐÕÛÌÙ×ÓÈàɯÖÍɯÐÕÛÌÙÈÊÛÐÖÕÚɯÉÌÛÞÌÌÕɯ×ÖÓàÔÌÙɯ

ÈÕËɯÚÖÓÜÛÐÖÕɯÎÐÝÌÚɯÙÐÚÌɯÛÖɯÈɯÚÖɪÊÈÓÓÌËɯÛà×Ìɪ((ɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÞÏÌÙÌɯÛÏÌɯÛÏÐÙËɯÝÐÙÐÈÓɯÊÖÌÍÍÐÊÐÌÕÛɯÐÚɯ

ÕÌÎÈÛÐÝÌɯÉÜÛɯÛÏÌɯÚÌÊÖÕËɯÝÐÙÐÈÓɯÊÖÌÍÍÐÊÐÌÕÛɯÚÛÈàÚɯ×ÖÚÐÛÐÝÌɯÍÖÙɯÍÙÌÌɯÌÕÌÙÎàɯÌß×ÈÕÚÐÖÕɯȻƖƖɪƖƘȼȮɯÞÏÐÊÏɯ

ÊÈÜÚÌÚɯÈɯÑÜÔ×ɪÓÐÒÌɯÊÖÓÓÈ×ÚÌɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɯÓÈàÌÙȭɯ3ÏÌÙÔÖɪÙÌÚ×ÖÕÚÐÝÌɯÚÞÐÛÊÏɪÓÐÒÌɯÉÌÏÈÝÐÖÙɯÖÍɯ

ÉÙÜÚÏÌÚȮɯÍÖÙɯÐÕÚÛÈÕÊÌȮɯÏÈÚɯÉÌÌÕɯËÌÛÌÊÛÌËɯÞÐÛÏɯ×ÖÓàÔÌÙÚɯËÐÚ×ÓÈàÐÕÎɯÈɯ+"23ɯÉÌÏÈÝÐÖÙɯÚÜÊÏɯÈÚɯ×ÖÓàȹ-ɪ

ÐÚÖ×ÙÖ×àÓÈÊÙàÓÈÔÐËÌȺȭɯ(ÕɯÛÏÐÚɯÊÈÚÌɯÈɯ×ÏÌÕÖÔÌÕÖÓÖÎÐÊÈÓɯÊÖÕÊÌÕÛÙÈÛÐÖÕɪËÌ×ÌÕËÌÕÛɯ%ÓÖÙàɪ×ÈÙÈÔÌÛÌÙɯ

ÏÈÚɯÉÌÌÕɯÐÕÛÙÖËÜÊÌËɯÐÕɯÖÙËÌÙɯÛÖɯÈÊÊÖÜÕÛɯÍÖÙɯÛÏÌɯÜÕÜÚÜÈÓɯ×ÏÈÚÌɯÉÌÏÈÝÐÖÙÚɯȻƕƛȮɯƖƖȼȭɯ 

6ÏÐÓÌɯÛÏÌÙÔÖɪÙÌÚ×ÖÕÚÐÝÌɯÉÙÜÚÏÌÚɯÙÌÊÌÐÝÌËɯÔÜÊÏɯÈÛÛÌÕÛÐÖÕȮɯÛÏÌÐÙɯÚÞÐÛÊÏÐÕÎɪÉÌÏÈÝÐÖÙɯÐÚɯËÌÛÌÙɪ

ÔÐÕÌËɯÉàɯÛÏÌɯ+"23ɪÛÙÈÕÚÐÛÐÖÕɯÛÌÔ×ÌÙÈÛÜÙÌɯÞÏÐÊÏɯÐÕɯÛÜÙÕɯÐÚɯÍÐßÌËɯÈÕËɯÓÐÔÐÛÌËɯÉàɯÛÏÌÐÙɯ×ÖÓàÔÌÙɯ

ÊÏÌÔÐÚÛÙàɯȻƕƛȮɯƖƖȼȭɯ ÕɯÐÕÛÌÙÌÚÛÐÕÎɯÈÓÛÌÙÕÈÛÐÝÌɯÈÙÌɯÔÜÓÛÐɪÊÖÔ×ÖÕÌÕÛɯÚÖÓÝÌÕÛÚɯÞÏÐÊÏɯÖÍÍÌÙɯÛÏÌɯ×ÖÚÚÐɪ

ÉÐÓÐÛàɯÛÖɯÐÕËÜÊÌɯÈɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÈÚɯÈɯÙÌÚ×ÖÕÚÌɯÛÖɯÛÏÌɯÊÏÌÔÐÊÈÓɯÊÖÔ×ÖÚÐÛÐÖÕɯÐÕɯÈɯÉÙÖÈËɯÙÈÕÎÌɯÖÍɯ

ÛÌÔ×ÌÙÈÛÜÙÌÚȮɯÈɯÚ×ÌÊÐÈÓɯÉÜÛɯÚÐÔ×ÓÌɯÊÈÚÌɯÖÍɯ×ÖÓàÔÌÙɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÐÕɯÔÜÓÛÐɪÊÖÔ×ÖÕÌÕÛɯÚÖÓÝÌÕÛɯ

ÚàÚÛÌÔɯÐÚɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯȻƕƜȼȭɯ"ÖÕÖÕÚÖÓÝÌÕÊàɯÖÊÊÜÙÚɯÐÍɯÈɯÔÐßÛÜÙÌɯÖÍɯÛÞÖɯÎÖÖËɯÚÖÓÝÌÕÛÚɯ

ÊÈÜÚÌÚɯÛÏÌɯÊÖÓÓÈ×ÚÌɯÖÙɯËÌÔÐßÐÕÎɯÖÍɯ×ÖÓàÔÌÙÚɯÐÕÛÖɯÈɯ×ÖÓàÔÌÙɪÙÐÊÏɯ×ÏÈÚÌɯÐÕɯÈɯÊÌÙÛÈÐÕɯÙÈÕÎÌɯÖÍɯÊÖÔ×Öɪ

ÚÐÛÐÖÕÚɯÖÍɯÛÏÌÚÌɯÛÞÖɯÚÖÓÝÌÕÛÚȭɯ3ÏÌɯÉÌÛÛÌÙɯÚÖÓÝÌÕÛɯÐÚɯÜÚÜÈÓÓàɯÊÈÓÓÌËɯÊÖÚÖÓÝÌÕÛɯÈÕËɯÈÕÖÛÏÌÙɯÊÖÔÔÖÕɯ

ÚÖÓÝÌÕÛɯÐÚɯÊÈÓÓÌËɯÚÖÓÝÌÕÛȭɯ(ÛɯÐÚɯÕÖÛÌËɯÛÏÈÛɯÜÕËÌÙɯÊÌÙÛÈÐÕɯÚÐÛÜÈÛÐÖÕȮɯÚÖÓÜÛÌÚɯÚÜÊÏɯÈÚɯÕÈÕÖ×ÈÙÛÐÊÓÌÚɯÈÕËɯ
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ÚÈÓÛÚɯ×ÓÈàɯÚÐÔÐÓÈÙɯÙÖÓÌÚɯÓÐÒÌɯÊÖÚÖÓÝÌÕÛɯÐÕɯÛÏÌɯÙÌÌÕÛÙÈÕÛɯÊÖÕËÌÕÚÈÛÐÖÕɯÖÍɯ×ÖÓàÔÌÙÚɯȻƖƙȼȮɯÛÏÜÚɯÍÖÙɯÊÖÕɪ

ÝÌÕÐÌÕÊÌɯÛÏÌÚÌɯÚÖÓÜÛÌÚɯÈÙÌɯÛÌÙÔÌËɯÈÚɯÊÖÚÖÓÜÛÌÚȭɯ3ÞÖɯÛà×ÐÊÈÓɯÌßÈÔ×ÓÌÚɯÍÖÙɯÛÏÐÚɯÚÐÛÜÈÛÐÖÕɯÈÙÌȯɯȹÐȺɯ×ÏÈÚÌɯ

ÛÙÈÕÚÐÛÐÖÕɯÖÍɯÜÓÛÙÈɪÏÐÎÏɯÔÖÓÌÊÜÓÈÙɯÞÌÐÎÏÛɯ×ÖÓàȹÌÛÏàÓÌÕÌɯÖßÐËÌȺɯÐÕɯÚÐÓÐÊÈɯÕÈÕÖ×ÈÙÛÐÊÓÌɀÚɯÈØÜÌÖÜÚɯÚÖɪ

ÓÜÛÐÖÕÚɯȻƖƕȼɯÞÏÌÙÌɯÚÐÓÐÊÈɯÕÈÕÖ×ÈÙÛÐÊÓÌɯÐÚɯÛÏÌɯÊÖÚÖÓÜÛÌȮɯÈÚɯÞÌÓÓɯÈÚɯȹÐÐȺɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯÉÖÝÐÕÌɯÚÌÙÜÔɯ

ÈÓÉÜÔÐÕɯ×ÙÖÛÌÐÕɯÈØÜÌÖÜÚɯÚÖÓÜÛÐÖÕɯÖÕɯÈËËÐÛÐÖÕɯÖÍɯÚÈÓÛÚɯÞÏÌÙÌɯÛÙÐɤÛÌÛÙÈɪÝÈÓÌÕÛɯÚÈÓÛɯÐÚɯÛÏÌɯÊÖÚÖÓÜÛÌɯȻƖƚȼȭ 

 

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 c ononsolvency relies on correctly determining  

the roles of various interactions among solvent molecules and/or polymer. Different from a con-

venient but heuristic black-box early discussion [27] on the phenomenological Ϫ-parameter of var-

ious interactions in phase transition s of polymer brushes in mixed solvent s, 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 Schemeɷ1.1. 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 re-

cently in theoretical studies. As an ad hoc example of a rationalization of  preferential adsorption, 

Tanaka, Koga and Winnik  [29] pioneering ly  proposed that cononsolvency of temperature-respon-

sive polymers can be explained based on the competition between the two solvents in forming hy-

drogen 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, how-

ever, it is not correct to say that the competition source for the cononsolvency of LCST polymers is 
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from hydrogen bonds formation with polymers, this will be further investigated in depth in Chap-

ter 2.  

Meanwhile , it is also well-known  that polymers with UCST  behaviors, such as standard poly-

mers 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(N -

isopropylacrylamide) gels [32-34].These observations point to the possible generic origin of this en-

igmatic 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 ϯ of mono-

mers 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 ϯb of monomers is bridged by cosolvent molecules, while 

the rest fraction of (1 ɬ ϯ ɬ ϯb) 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: 

() ( )( ) ( ) ( )j j j j j j j j ej e j m j j= + + - - - - - - - +
ads b b b b b b b

f ln 2 ln 2 1 2 ln 1 2 , (1.9) 

where ϟ 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 Ϙ and the bridging ener gy between two monomers is denoted as Ϙb. 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 architec-

ture of the polymer material, such as a single chain, polymer brushes and polymer gels, cononsol-

vency transition of the same kind polymer all show very sharp collapse transition in the cosolvent -

poor solvent mixture ; in addition, the minimum locati on 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 ex-

pected 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 dif-

ferent 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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( )gej j=- -
attr

f c2 1 , (1.10) 

where ϯ denotes the fraction of  monomers that is adsorbed by cosolvent molecules and c is mono-

mer concentration in the polymer phase. Ϙ denotes the preferential-adsorption energy of one cosol-

vent molecule with respect to the polymer. The strength of a temporary crosslink is given by ϖϘ, in 

which the parameter ϖ 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 cosol-

vent 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: 

() ( ) ( ) ()df c c c c
cc

2
2

2

1 1 1
1 ln 1

2 8

s
e m c

å õ
= + - - - + -æ ö

ç ÷
, (1.11) 

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

()
( )m ege

c
ge

è ø+
é ù= -
é ù+
ê ú

c
c

2

1
1

2 4 1
. (1.12) 

Here, parameter ϟ 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 : 

() ( ) df c c c c ...
c

2
2 2 3

2 3 42

1 1 1 1 1

8 2 2 6 12

s
e m n n n=- + + + + + +, (1.13) 

with  virial coefficients, 
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( )

( )

( )

n ge ge e m

n g e e m

n g e e m

= - + +

= - +

= + +

2

2

22 2

3

23 3

4

1
1

4
3

1
4
3

1
2

. (1.14) 

As a rather moderate example of ϟ = -3.0 which corresponds that the volume fraction of cosolvent 

in a solvent mixture is about 5% and we choose ϖȮɯϘɯǻɯ1.0, we reach a state where the third virial  

coefficient Ϡ3 = -2.0, is negative but the second virial  coefficient Ϡ2 = 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 particul arly explain the LCST behav-

iours of hydrophilic polymers such as polyethylene glycol  [37, 38] and poly(N -isopropylacrylamide) 

[17, 22]. 

Minimiz ing free energy in Eq.(1.11) with respect to the monomer concentration (c), one can pre-

dict 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 (ϖϘ).This model furthe r predicted the cononsolvency response of polymer 

brushes with respect to the relevant parameters such as solvent selectivity (Ϙ) and grafting density 

(Ϧd). 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 polym er 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 ex-

amined. 

1.4 Characterizing cononsolvency transition in experimental study 

6ÏÐÓÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÏÈÚɯÉÌÌÕɯÌß×ÓÈÐÕÌËɯÉàɯÝÈÙÐÖÜÚɯÛÏÌÖÙÌÛÐÊÈÓɯÊÖÕÊÌ×ÛÚȮɯÛÏÌÚÌɯÊÖÕɪ

ÊÌ×ÛÚɯÕÌÌËɯÛÖɯÉÌɯÊÏÌÊÒÌËɯÉàɯÌß×ÌÙÐÔÌÕÛÚȭɯ6ÏÌÕɯÞÌɯÈÙÌɯÐÕÛÌÙÌÚÛÌËɯÐÕɯÛÏÌɯÔÖÓÌÊÜÓÈÙɯÔÌÊÏÈÕÐÚÔɯÖÍɯ

ÓÐØÜÐËɪÓÐØÜÐËɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕȮɯÈɯÜÚÌÍÜÓɯÔÌÛÏÖËÖÓÖÎàɯÐÚɯËÌÛÌÊÛÐÕÎɯÊÏÈÕÎÌÚɯÖÍɯÖÉÚÌÙÝÈÉÓÌɯÝÈÙÐÈÉÓÌÚɯ

ÛÏÈÛɯÊÖÜ×ÓÐÕÎɯÖÙɯÊÖÙÙÌÓÈÛÐÕÎɯÞÐÛÏɯÛÏÌɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÚÜÊÏɯÈÚɯÝÖÓÜÔÌɯÊÏÈÕÎÌȭɯ6ÐÛÏÖÜÛɯÌßÊÌ×ÛÐÖÕȮɯ

ÛÏÐÚɯÔÌÛÏÖËÖÓÖÎàɯÏÈÚɯÈÓÚÖɯÉÌÌÕɯÈ××ÓÐÌËɯÛÖɯÚÛÜËàɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÍÖÙɯÈɯÓÖÕÎɯÛÐÔÌȭɯ"Öɪ

ÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÚÏÖÞÚɯÉÌÏÈÝÐÖÙÚɯÖÍɯÛÏÌɯÍÐÙÚÛɪÖÙËÌÙɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕȭɯ(Õɯ×ÈÙÛÐÊÜÓÈÙȮɯÛÏÌɯÝÖÓÜÔÌɯ

ÖÍɯÈɯ/-Ð/  ÔɯÔÈÊÙÖÎÌÓɯÚÏÖÞÚɯÚÛÌ×ɯȹÕÖÕÊÖÕÛÐÕÜÖÜÚȺɯÊÏÈÕÎÌɯÞÏÌÕɯÛÏÌɯÎÌÓɯÐÚɯÐÔÔÌÙÚÌËɯÐÕɯ

#,2.ɤÞÈÛÌÙɯÈÕËɯƕɪ×ÙÖ×ÈÕÖÓɤÞÈÛÌÙɯÔÐßÛÜÙÌÚɯȻƘƔȼȭɯ3ÏÌÙÌÍÖÙÌȮɯÛÏÌɯÔÖÚÛɯÊÖÕÝÌÕÐÌÕÛɯÔÌÛÏÖËɯÛÖɯÚÛÜËàɯ

ÊÖÕÖÕÊÖÓÝÌÕÊàɯÖÍɯÈɯÔÈÊÙÖÎÌÓɯÐÚɯÛÖɯÜÚÌɯÈɯÔÐÊÙÖÚÊÖ×ÌɯÛÖɯÔÌÈÚÜÙÌɯÛÏÌɯÝÖÓÜÔÌɯÊÏÈÕÎÌɯÞÏÌÕɯÛÏÌɯÊÖÔɪ

×ÖÚÐÛÐÖÕɯÖÍɯÚÖÓÝÌÕÛɯÔÐßÛÜÙÌÚɯÐÚɯÊÏÈÕÎÌËȮɯÛÏÐÚɯÞÈÚɯÈɯËÐÙÌÊÛɯÔÌÛÏÖËɯÜÚÌËɯÐÕɯÌÈÙÓàɯÓÐÛÌÙÈÛÜÙÌÚɯȻƗƗȮɯƗƘȮɯ

ƘƔɪƘƖȼȭɯ(ÕɯÛÏÌɯÓÐØÜÐËɪÓÐØÜÐËɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕȮɯÐÕÛÌÙÈÊÛÐÖÕɯÉÌÛÞÌÌÕɯÚÖÓÝÌÕÛɯÈÕËɯ×ÖÓàÔÌÙɯÈÓÚÖɯÊÏÈÕÎÌÚȮɯ

ÊÏÙÖÔÈÛÖÎÙÈ×ÏàɯÈÕËɯÚ×ÌÊÛÙÖÚÊÖ×àɯÔÌÛÏÖËÚɯÈÙÌɯÜÚÌÍÜÓɯÛÖɯËÌÛÌÊÛɯÛÏÌÚÌɯÊÏÈÕÎÌÚȮɯÛÏÌÚÌɯÔÌÛÏÖËÚɯÊÈÕɯ
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ÈÛɯÓÌÈÚÛɯØÜÈÓÐÛÈÛÐÝÌÓàɯËÌÛÌÙÔÐÕÌɯÙÌÓÈÛÐÝÌɯÚÛÙÌÕÎÛÏɯÖÍɯÝÈÙÐÖÜÚɯÐÕÛÌÙÈÊÛÐÖÕÚɯÈÔÖÕÎɯÚÖÓÝÌÕÛɯÔÖÓÌÊÜÓÌÚɯ

ÈÕËɤÖÙɯ×ÖÓàÔÌÙȭɯ3ÏÌɯÊÖÔ×ÖÚÐÛÐÖÕɯËÐÍÍÌÙÌÕÊÌɯÖÍɯÊÖÚÖÓÝÌÕÛɯÐÕɯÈÕËɯÖÜÛÚÐËÌɯÖÍɯÈɯÎÌÓɯÐÕɯÊÖÕÖÕÚÖÓÝÌÕÊàɯ

ÛÙÈÕÚÐÛÐÖÕɯÞÈÚɯØÜÈÓÐÛÈÛÐÝÌÓàɯÖÙɯØÜÈÕÛÐÛÈÛÐÝÌÓàɯËÌÛÌÙÔÐÕÌËɯÉàɯÊÏÙÖÔÈÛÖÎÙÈ×ÏàɯÈÕËɯÚ×ÌÊÛÙÖÚÊÖ×àɯ

ÔÌÛÏÖËÚɯÐÕɯÓÐÛÌÙÈÛÜÙÌÚɯȻƖƜȮɯƗƗȮɯƘƔȮɯƘƗɪƘƚȼȭɯ3ÏÌɯÔÌÈÚÜÙÌÔÌÕÛÚɯÚÏÖÞÌËɯÛÏÈÛɯÐÕɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕɪ

ÚÐÛÐÖÕɯÖÍɯÎÌÓÚȮɯÈÓÊÖÏÖÓɯÈÕËɯÈÊÌÛÖÕÌɯÔÖÓÌÊÜÓÌÚɯÌÕÙÐÊÏɯÐÕɯÛÏÌɯÎÌÓÚɯȻƖƜȮɯƘƔȮɯƘƗɪƘƚȼɯÞÏÐÓÌɯÛÏÐÚɯÌÕÙÐÊÏÔÌÕÛɯ

ÐÚɯÕÖÛɯÖÉÝÐÖÜÚɯÍÖÙɯ#,2.ɯȻƘƔȮɯƘƘȼɯÈÕËɯÓÐØÜÐËɯ×ÖÓàÌÛÏàÓÌÕÌɯÎÓàÊÖÓɯȹÚÜÊÏɯÈÚɯ/$&ɯƖƔƔȺɯȻƗƗȼɯÔÖÓÌÊÜÓÌÚȭɯ 

(ÕɯÊÖÕÛÙÈÚÛɯÛÖɯÎÌÓÚȮɯÐÛɯÐÚɯÐÕÊÖÕÝÌÕÐÌÕÛɯÛÖɯËÐÙÌÊÛÓàɯÔÌÈÚÜÙÌɯÝÖÓÜÔÌɯÊÏÈÕÎÌɯÖÍɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯÐÕɯ

×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕȭɯ(ÕÚÛÌÈËȮɯÖÉÚÌÙÝÐÕÎɯÔÖÙ×ÏÖÓÖÎàɯÊÏÈÕÎÌɯÉÌÊÖÔÌÚɯÈɯÊÖÕÝÌÕÐÌÕÛɯÔÌÛÏÖËɯÚÜÊÏɯÈÚɯÜÚɪ

ÐÕÎɯÈÛÖÔÐÊɯÍÖÙÊÌɯÔÐÊÙÖÚÊÖ×àɯÛÖɯÚÛÜËàɯÍÙÐÊÛÐÖÕɯÍÖÙÊÌɯÊÏÈÕÎÌɯÉÌÛÞÌÌÕɯÈɯÎÖÓËɯÊÖÓÓÖÐËɯÈÕËɯÈɯ×ÖÓàÔÌÙɯ

ÉÙÜÚÏɯȻƘƛȮɯƘƜȼȭɯ6ÏÌÕɯÛÏÌɯÎÙÈÍÛÐÕÎɯËÌÕÚÐÛàɯÖÍɯÈɯ×ÖÓàÔÌÙɯÓÈàÌÙɯÐÚɯÕÖÛɯÛÖÖɯÓÖÞȮɯÛÏÌɯ×ÙÖÉÓÌÔɯÖÍɯÔÌÈÚÜÙɪ

ÐÕÎɯÛÏÌɯÝÖÓÜÔÌɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɯÓÈàÌÙɯÊÈÕɯÉÌɯÛÙÈÕÚÍÖÙÔÌËɯÐÕÛÖɯÔÌÈÚÜÙÐÕÎɯÛÏÌɯÛÏÐÊÒÕÌÚÚɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɯ

ÓÈàÌÙɯÞÐÛÏɯÈÕɯÈÕÚÈÛáɯÛÏÈÛɯÛÏÌɯ×ÖÓàÔÌÙɯÓÈàÌÙɯÚÏÖÞÚɯÏÖÔÖÎÌÕÖÜÚɯÔÖÙ×ÏÖÓÖÎÐÌÚɯÈÕËɯÛÏÌɯÓÈÛÌÙÈÓɪÚÛÙÜÊɪ

ÛÜÙÌɯÌÍÍÌÊÛɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɯÓÈàÌÙɯÊÈÕɯÉÌɯÕÌÎÓÌÊÛÌËȭɯ%ÖÙɯÛÏÐÚɯÚÐÛÜÈÛÐÖÕȮɯÐÕɪÚÐÛÜɯÚ×ÌÊÛÙÖÚÊÖ×ÐÊɯÌÓÓÐ×ÚÖÔɪ

ÌÛÙàɯÞÈÚɯÜÚÌËɯÛÖɯÔÌÈÚÜÙÌɯÉÙÜÚÏɯÛÏÐÊÒÕÌÚÚɯÈÕËɯÚÛÜËàɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯ

ȻƘƛȮɯƘƝȮɯƙƔȼȭɯ6ÏÌÕɯÛÏÌɯÎÙÈÍÛÐÕÎɯËÌÕÚÐÛàɯÖÍɯÈɯ×ÖÓàÔÌÙɯÓÈàÌÙɯÐÚɯÝÌÙàɯÓÖÞȮɯÈÛɯÈɯ×ÖÖÙɪÚÖÓÝÌÕÛɯÚÛÈÛÌɯÛÏÌɯ

ÚÞÖÓÓÌÕɯ×ÖÓàÔÌÙɯÊÏÈÐÕÚɯÊÈÕɯÚÏÖÞɯÝÈÙÐÖÜÚɯÔÖÙ×ÏÖÓÖÎÐÌÚɯÚÜÊÏɯÈÚɯÊÖÌßÐÚÛÌÕÊÌɯÖÍɯÛÞÖɯ×ÏÈÚÌÚȮɯÖÊÛÖɪ

×ÜÚɪÚÏÈ×ÌɯÔÐÊÌÓÓÌɯÈÕËɯÊÖÓÓÈ×ÚÌËɯÎÓÖÉÜÓÌɯȻƙƕȮɯƙƖȼȰɯÜÕËÌÙɯÛÏÐÚɯÚÐÛÜÈÛÐÖÕɯÐÛɯÐÚɯÕÖɯÓÖÕÎÌÙɯÌÕÖÜÎÏɯÛÖɯÊÖÙɪ

ÙÌÊÛÓàɯÊÏÈÙÈÊÛÌÙÐáÌɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÉàɯÔÌÙÌÓàɯÔÌÈÚÜÙÐÕÎɯÛÏÌɯÛÏÐÊÒÕÌÚÚɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɯÓÈàÌÙȮɯÚÐÕÊÌɯ

ÛÏÌɯ×ÖÓàÔÌÙɯÓÈàÌÙɯÐÚɯÐÕÏÖÔÖÎÌÕÌÖÜÚȭɯ ÚɯÈÕɯÈÓÛÌÙÕÈÛÐÝÌȮɯØÜÈÙÛáɯÊÙàÚÛÈÓɯÔÐÊÙÖÉÈÓÈÕÊÌɯÊÈÕɯÉÌɯÈÛɯÓÌÈÚÛɯ

ØÜÈÓÐÛÈÛÐÝÌÓàɯÜÚÌËɯÛÖɯÚÛÜËàɯÔÈÚÚɯÊÏÈÕÎÌɯÐÕɯÛÏÌɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯÈɯ×ÖÓàÔÌÙɯÓÈàÌÙɯȻƙƗȮɯƙƘȼȭɯ(ÕɯÈËËÐɪ

ÛÐÖÕȮɯÚÖÔÌɯÚ×ÌÊÐÈÓɯÔÌÛÏÖËÚɯÚÜÊÏɯÈÚɯÚÜÙÍÈÊÌɯÍÖÙÊÌÚɯÈ××ÈÙÈÛÜÚɯȻƙƙȼɯÞÈÚɯÈÓÙÌÈËàɯÈ××ÓÐÌËɯÛÖɯÊÏÈÙÈÊÛÌÙÐáÌɯ

ÊÖÕÖÚÕÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚȭɯ 

ɯɯ ÚɯÍÖÙɯ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕÚȮɯÐÕɯÈÕɯÌß×ÌÙÐÔÌÕÛÈÓɯÚÛÜËàȮɯÐÛɯÐÚɯÏÈÙËɯÛÖɯÈÊÊÜÙÈÛÌÓàɯÔÌÈÚÜÙÌɯÛÏÌɯÊÏÈÕÎÌɯ

ÖÍɯÝÖÓÜÔÌɯÖÙɯÔÖÕÖÔÌÙɯÊÖÕÊÌÕÛÙÈÛÐÖÕɯÊÖÔ×ÈÙÐÕÎɯÞÐÛÏɯ×ÖÓàÔÌÙÐÊɯÎÌÓÚɯÈÕËɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚȭɯ(Õɪ

ÚÛÌÈËȮɯÈɯÔÌÈÚÜÙÌÔÌÕÛɯÖÍɯØÜÈÕÛÐÛÐÌÚɯÛÏÈÛɯÐÕËÐÙÌÊÛÓàɯÊÏÈÙÈÊÛÌÙÐáÌɯÝÖÓÜÔÌɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÐÚɯÜÚÜÈÓÓàɯ

ÐÔ×ÓÌÔÌÕÛÌËȮɯÍÖÙɯÌßÈÔ×ÓÌÚȮɯÈɯÔÌÈÚÜÙÌÔÌÕÛɯÖÍɯÖÚÔÖÛÐÊɯ×ÙÌÚÚÜÙÌɯȻƙƚȼɯÖÙɯÈɯÔÌÈÚÜÙÌÔÌÕÛɯÖÍɯ+"23ɤɯ

4"23ɯÛÙÈÕÚÐÛÐÖÕɯÛÌÔ×ÌÙÈÛÜÙÌÚɯȻƗƔȮɯƙƛȼɯÉàɯÝÐÚÐÉÓÌɯÓÐÎÏÛɯÛÙÈÕÚÔÐÚÚÐÖÕɯÐÕɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕȭɯ

$ÝÌÕɯÛÏÖÜÎÏȮɯÈɯËÐÙÌÊÛɯÔÌÈÚÜÙÌÔÌÕÛɯÖÍɯÝÖÓÜÔÌɯÊÏÈÕÎÌɯÖÍɯ×ÖÓàÔÌÙɯÊÏÈÐÕÚɯÐÕɯ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕÚɯÐÚɯ

×ÖÚÚÐÉÓÌȭɯ ÊÛÜÈÓÓàȮɯÛÏÌɯÝÖÓÜÔÌɯÖÍɯÈɯ×ÖÓàÔÌÙɯÊÏÈÐÕɯÚÜÊÏɯÈÚɯÏàËÙÖËàÕÈÔÐÊɯÙÈËÐÜÚɯÞÈÚɯÚÜÊÊÌÚÚÍÜÓÓàɯ

ÜÚÌËɯÛÖɯØÜÈÕÛÐÍàɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯÈɯÚÐÕÎÓÌɯÊÏÈÐÕɯȻƙƜȮɯƙƝȼɯÉàɯÚÊÈÛÛÌÙÐÕÎɯÔÌÛÏÖËÚȭɯ2ÊÈÛÛÌÙɪ

ÐÕÎɯÔÌÛÏÖËÚɯÞÌÙÌɯÈÓÚÖɯÈ××ÓÐÌËɯÛÖɯÐÕÝÌÚÛÐÎÈÛÌɯÚÖÓÜÛÐÖÕɯÚÛÙÜÊÛÜÙÌÚɯÚÜÊÏɯÈÚɯÊÏÈÕÎÌɯÖÍɯ×ÖÓàÔÌÙɯÊÖÕÍÖÙɪ

ÔÈÛÐÖÕÚɯÐÕɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯȻƚƔɪƚƗȼȭɯ'ÖÞÌÝÌÙȮɯÐÛɯÐÚɯÚÛÐÓÓɯÊÏÈÓÓÌÕÎÐÕÎɯÍÖÙɯÚÊÈÛÛÌÙÐÕÎɯÔÌÛÏÖËÚɯ

ÛÖɯØÜÈÕÛÐÍàɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕÚȮɯÚÐÕÊÌɯÊÜÙÙÌÕÛÓàɯÈɯÍÌÞɯÊÈÚÌɯÚÛÜËÐÌÚɯÚÏÖÞÌËɯÛÏÈÛɯ

ÚÊÈÛÛÌÙÐÕÎɯÔÌÛÏÖËÚɯÊÖÜÓËɯÕÖÛɯÊÖÙÙÌÊÛÓàɯÊÏÈÙÈÊÛÌÙÐáÌɯÚÖÓɪÎÌÓɯÉÌÏÈÝÐÖÙÚɯȹ×ÌÙÊÖÓÈÛÐÖÕɯÛÙÈÕÚÐÛÐÖÕȺɯȻƙƚȼɯÖÍɯ

ÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕȮɯÍÖÙɯËÌÛÈÐÓÚɯ×ÓÌÈÚÌɯÙÌÍÌÙɯÛÖɯÙÌÍÚȭȻƚƘȮɯƚƙȼȭ 

(Õɯ×ÙÐÕÊÐ×ÓÌȮɯÈÕàɯÌß×ÌÙÐÔÌÕÛÈÓɯÔÌÛÏÖËɯÛÏÈÛɯÊÖÔ×ÓÐÌÚɯÛÖɯÛÏÌɯÔÌÛÏÖËÖÓÖÎàɯÖÍɯËÌÛÌÊÛÐÕÎɯÊÏÈÕÎÌÚɯ

ÖÍɯÖÉÚÌÙÝÈÉÓÌɯÝÈÙÐÈÉÓÌÚɯÛÏÈÛɯÊÖÜ×ÓÐÕÎɯÖÙɯÊÖÙÙÌÓÈÛÐÕÎɯÞÐÛÏɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕȮɯÊÈÕɯÉÌɯÜÚÌËɯÛÖɯÚÛÜËàɯÊÖɪ

ÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯ×ÖÓàÔÌÙÚȭɯ%ÖÓÓÖÞÐÕÎɯÛÏÐÚɯÔÌÛÏÖËÖÓÖÎàȮɯÈÕɯÌÔÌÙÎÌÕÛɯÌß×ÌÙÐÔÌÕÛÈÓɯÛÌÊÏɪ

ÕÐØÜÌɯÛÏÈÛɯÉÈÚÌËɯÜ×ÖÕɯÛÙÈÕÚÓÖÊÈÛÐÖÕɯËàÕÈÔÐÊÚɯÖÍɯÍÓÜÖÙÌÚÊÌÕÊÌɯϞɪ#- ɯȻƚƚȼȮɯÐÚɯÌß×ÌÊÛÌËɯÛÖɯÉÌɯÈÉÓÌɯÛÖɯ
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ÈÛɯÓÌÈÚÛɯØÜÈÓÐÛÈÛÐÝÌÓàɯËÌÛÌÙÔÐÕÌɯÛÏÌɯÚÞÖÓÓÌÕɯÛÏÐÊÒÕÌÚÚɯÖÍɯ×ÖÓàÔÌÙɯÓÈàÌÙÚɯÞÏÐÊÏɯÈÙÌɯÎÙÈÍÛÌËɯÈÙÖÜÕËɯ

ÛÏÌɯÙÐÔɯÖÍɯÕÈÕÖ×ÖÙÌÚȭɯ(ÛɯÐÚɯÞÖÙÛÏɯ×ÖÐÕÛÐÕÎɯÖÜÛɯÛÏÈÛɯÛÖɯÔàɯÉÌÚÛɯÒÕÖÞÓÌËÎÌɯÛÏÐÚɯÛÈÚÒɯÊÈÕÕÖÛɯÉÌɯ

ÈÊÏÐÌÝÌËɯÉàɯÖÛÏÌÙɯÈÓÙÌÈËàɯÒÕÖÞÕɯÚÛÈÕËÈÙËɯÈÕÈÓàÛÐÊɯÔÌÛÏÖËÚȭɯ3ÏÐÚɯÌß×ÌÙÐÔÌÕÛÈÓɯÛÌÊÏÕÐØÜÌɯÞÐÓÓɯÉÌɯ

ÜÚÌËɯÛÖɯÚÛÜËàɯ×ÏÈÚÌɯÉÌÏÈÝÐÖÙÚɯÖÍɯ×ÖÓàȹ-ɪÐÚÖ×ÙÖ×àÓÈÊÙàÓÈÔÐËÌȺɯÓÈàÌÙÚɯÈÙÖÜÕËɯÛÏÌɯÙÐÔɯÖÍɯÕÈÕÖ×ÖÙÌÚȮɯ

ÍÖÙɯÛÏÌɯËÌÛÈÐÓÚɯ×ÓÌÈÚÌɯÚÌÌɯ"ÏÈ×ÛÌÙɯƘ 

1.5 Research motivation 

!àɯÈɯÏÖÓÐÚÛÐÊɯÊÖÔÉÐÕÈÛÐÖÕɯÖÍɯÌß×ÌÙÐÔÌÕÛÈÓɯÈÕËɯÛÏÌÖÙÌÛÐÊÈÓɯÚÛÜËÐÌÚȮɯÐÛɯÐÚɯÛÏÌɯÈÐÔɯÖÍɯÛÏÐÚɯÛÏÌÚÐÚɯÛÖɯ

×ÙÖÝÐËÌɯÈɯÚàÚÛÌÔÈÛÐÊɯÚÛÜËàɯÖÍɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÌÍÍÌÊÛɯÐÕɯ×ÖÓàÔÌÙÚɯÌÚ×ÌÊÐÈÓÓàɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯ

ÜÕËÌÙɯÛÏÌɯÝÈÙÐÈÛÐÖÕɯÖÍɯÛÏÌɯÊÖÚÖÓÝÌÕÛɪÊÖÕÛÌÕÛɯÐÕɯÈɯÊÖÚÖÓÝÌÕÛɪÞÈÛÌÙɯÉÐÕÈÙàɯÔÐßÛÜÙÌɯÛÖɯÉÌÛÛÌÙɯÜÕËÌÙɪ

ÚÛÈÕËɯÛÏÌɯÖÙÐÎÐÕɯÖÍɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÌÍÍÌÊÛȭɯ(Õɯ×ÈÙÛÐÊÜÓÈÙȮɯÍÖÙɯÛÏÌɯÍÐÙÚÛɯÛÐÔÌȮɯÞÌɯÚàÚÛÌÔÈÛÐÊÈÓÓàɯÚÛÜËàɯ

ÈɯÚÌÙÐÌÚɯÖÍɯÈÓÊÖÏÖÓÚɯÈÚɯÊÖÚÖÓÝÌÕÛÚɯÈÚɯÞÌÓÓɯÈÚɯÝÈÙÐÖÜÚɯÎÙÈÍÛÐÕÎɯËÌÕÚÐÛÐÌÚɯÖÍɯ×ÖÓàȹ-ɪÐÚÖ×ÙÖ×àÓÈÊÙàÓÈɪ

ÔÐËÌȺɯÉÙÜÚÏÌÚȭɯ6ÌɯÈÓÚÖɯÚÛÜËàɯÛÌÔ×ÌÙÈÛÜÙÌɯÌÍÍÌÊÛɯÐÕɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯ×ÖÓàȹ-ɪÐÚÖ×ÙÖ×ɪ

àÓÈÊÙàÓÈÔÐËÌȺɯ×ÖÓàÔÌÙÚȭ 

(ÕɯÛÏÐÚɯÛÏÌÚÐÚȮɯÛÏÌɯ×ÏÈÚÌɯÉÌÏÈÝÐÖÙÚɯÖÍɯ×ÖÓàȹ-ɪÐÚÖ×ÙÖ×àÓÈÊÙàÓÈÔÐËÌȺɯÉÙÜÚÏÌÚɯÐÕɯÉÐÕÈÙàɯÎÖÖËɯÚÖÓɪ

ÝÌÕÛÚɯÞÐÓÓɯÉÌɯÌß×ÌÙÐÔÌÕÛÈÓÓàɯÚÛÜËÐÌËɯÐÕɯ"ÏÈ×ÛÌÙɯƖȮɯÈÕËɯÈɯÔÐÕÐÔÈÓÐÚÛɯÊÖÔ×ÈÙÐÚÖÕɯÉÌÛÞÌÌÕɯÊÜÙÈÛÌËɯ

ÙÌÚÜÓÛÚɯÍÙÖÔɯÉÖÛÏɯÌß×ÌÙÐÔÌÕÛÚɯÈÕËɯÛÏÌÖÙÐÌÚɯÞÐÓÓɯÉÌɯÈÓÚÖɯËÐÚÊÜÚÚÌËɯÐÕɯ"ÏÈ×ÛÌÙɯƖȭɯ(Õɯ"ÏÈ×ÛÌÙɯƗȮɯÍÖÙɯ

ÛÏÌɯÍÐÙÚÛɯÛÐÔÌȮɯÈɯÔÌÈÕɪÍÐÌÓËɯÛÏÌÖÙàɯÞÐÓÓɯÉÌɯ×ÙÖ×ÖÚÌËɯÛÖɯÊÖÕÚÐÚÛÌÕÛÓàɯÈÕËɯØÜÈÕÛÐÛÈÛÐÝÌÓàɯ×ÙÌËÐÊÛɯÊÖɪ

ÕÖÕÚÖÓÝÌÕÊàɯÉÌÏÈÝÐÖÙÚɯÖÍɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚȮɯÎÌÓÚɯÈÕËɯÚÐÕÎÓÌɯÓÖÕÎɯ×ÖÓàÔÌÙÚȭɯ ÕɯÈ××ÓÐÊÈÛÐÖÕɯÍÖÙɯÛÏÌɯ

ÊÖÕÖÕÚÖÓÝÌÕÊàɯÌÍÍÌÊÛɯÖÍɯÎÙÈÍÛÌËɯ×ÖÓàÔÌÙÚɯÚÜÊÏɯÈÚɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯÈÙÖÜÕËɯÛÏÌɯÙÐÔɯÖÍɯÕÈÕÖ×ÖÙÌÚɯ

ÞÐÓÓɯÉÌɯÚÛÜËÐÌËɯÍÖÙɯÛÏÌɯÍÐÙÚÛɯÛÐÔÌɯÐÕɯ"ÏÈ×ÛÌÙɯƘȭɯ"ÖÕÊÓÜËÐÕÎɯÙÌÔÈÙÒÚɯÈÕËɯÖÜÛÓÖÖÒÚɯÖÕɯÊÖÕÖÕÚÖÓÝÌÕÊàɯ

ÖÍɯ×ÖÓàÔÌÙɯÞÐÓÓɯÉÌɯÔÈËÌɯÐÕɯ"ÏÈ×ÛÌÙɯƙȭ 
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Chapter 2 Phase behaviors of PNiPAAm  brushes in alcohol/water 

mixtures : A combined experimental and theoretical study  
ȹ-ÖÛÌȯɯ2ÖÔÌɯÙÌÚÜÓÛÚɯ×ÙÌÚÌÕÛÌËɯÐÕɯÛÏÐÚɯÊÏÈ×ÛÌÙɯÞÌÙÌɯÈÓÙÌÈËàɯ×ÜÉÓÐÚÏÌËɯÉàɯÛÏÌɯÈÜÛÏÖÙɯÐÕɯÛÏÌɯÑÖÜÙÕÈÓÚɯɁ,ÈÊÙÖÔÖÓÌɪ

ÊÜÓÌÚȮɯƖƔƕƝȮɯƙƖȹƕƚȺȮɯƚƖƜƙɪƚƖƝƗɂɯÈÕËɯɁ,ÈÛÌÙÐÈÓÚȮɯƖƔƕƜȮɯƕƕȹƚȺȮɯƝƝƕɂȭȺ 

2.1 Introduction 

"ÖÔ×ÈÙÌËɯÛÖɯ×ÖÓàÔÌÙɯÚÖÓÜÛÐÖÕÚɯÈÕËɯÎÌÓÚȮɯÍÖÙɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯÖÕÓàɯÓÐÔÐÛÌËɯÌß×ÌÙÐÔÌÕÛÈÓɯÙÌÚÜÓÛÚɯ

ÙÌÎÈÙËÐÕÎɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÌÍÍÌÊÛɯÏÈÝÌɯÉÌÌÕɯ×ÜÉÓÐÚÏÌËɯȻƘƛɪƙƔȮɯƙƗɪƙƙȮɯƚƛȮɯƚƜȼȭɯ(ÕɯÈËËÐÛÐÖÕȮɯÞÏÈÛɯÐÚɯ

ÚÛÐÓÓɯÔÐÚÚÐÕÎɯÜ×ɯÛÖɯÕÖÞɯÐÚɯÈɯ×ÏàÚÐÊÈÓɯÜÕËÌÙÚÛÈÕËÐÕÎɯÖÍɯÛÏÌɯÌØÜÐÓÐÉÙÐÜÔɯÉÌÏÈÝÐÖÙɯÈÕËɯÕÈÛÜÙÌɯÖÍɯÛÏÌɯ

ÊÖÕÖÕÚÖÓÝÌÕÊàɯÌÍÍÌÊÛɯÖÕɯÙÌÈÓɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚȭɯ ÚɯÈÕɯÐÕËÐÊÈÛÐÖÕɯÍÖÙɯÈɯÙÌÌÕÛÙàɪÛÙÈÕÚÐÛÐÖÕɯ8ÜɯÌÛɯÈÓȭȮȻƘƛȼɯ

ÈÕËɯ9ÏÈÕÎɯÌÛɯÈÓȭȮɯȻƘƜȼɯÍÖÜÕËɯÛÏÈÛɯÛÏÌɯÍÙÐÊÛÐÖÕɯÍÖÙÊÌɯÉÌÛÞÌÌÕɯÈɯÎÖÓËɯÊÖÓÓÖÐËɯÈÕËɯÈɯ×ÖÓàÔÌÙɯÉÙÜÚÏɯ

ËÐÚ×ÓÈàÚɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯÐÕÊÙÌÈÚÌɯÐÕɯÛÏÌɯÙÈÕÎÌɯÖÍɯÊÖÕÖÕÚÖÓÝÌÕÊàȭɯ&ÌÕÌÙÈÓÓàȮɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯÈÙÌɯÈɯ×ÈÙɪ

ÛÐÊÜÓÈÙɯÐÕÛÌÙÌÚÛÐÕÎɯÚàÚÛÌÔɯÛÖɯÈ××ÓàɯÊÖÕÖÕÚÖÓÝÌÕÊàɪÐÕËÜÊÌËɯÛÙÈÕÚÐÛÐÖÕÚɯÍÖÙɯ×ÖÛÌÕÛÐÈÓɯÈ××ÓÐÊÈÛÐÖÕÚɯ

ÙÈÕÎÐÕÎɯÍÙÖÔɯÞÌÛÛÐÕÎȮɯÖÝÌÙɯÍÙÐÊÛÐÖÕɯÛÖɯÔÐÊÙÖÍÓÜÐËÐÊÚȭɯ%ÙÖÔɯÛÏÌɯÛÏÌÖÙÌÛÐÊÈÓɯ×ÖÐÕÛɯÖÍɯÝÐÌÞɯ×ÖÓàÔÌÙɯ

ÉÙÜÚÏÌÚɯÈÙÌɯÐËÌÈÓɯÔÖËÌÓɯÚàÚÛÌÔÚɯÉÌÊÈÜÚÌɯÖÍɯÛÏÌÐÙɯÚÐÔ×ÓÌɯÈÙÊÏÐÛÌÊÛÜÙÌɯÞÏÌÙÌɯÌÈÊÏɯÊÏÈÐÕɯÐÚɯÈÕÊÏÖÙÌËɯ

ÛÖɯÛÏÌɯÚÜÉÚÛÙÈÛÌȭɯ#ÜÌɯÛÖɯÛÏÌɯÏÌÐÎÏÛɯÖÍɯÚàÕÛÏÌÛÐÊɯÉÙÜÚÏÌÚɯÞÏÐÊÏɯÐÚɯÛà×ÐÊÈÓÓàɯÐÕɯÛÏÌɯÖÙËÌÙɯÖÍɯƕƔƔɯÕÔȮɯÈɯ

ØÜÐÊÒɯÙÌÚ×ÖÕÚÌɯÛÖɯÛÏÌɯÊÏÈÕÎÌɯÖÍɯÚÖÓÝÌÕÛɯÊÖÔ×ÖÚÐÛÐÖÕɯÐÚɯ×ÖÚÚÐÉÓÌȭɯ/ÙÌÊÐÚÌɯÔÌÈÚÜÙÌÔÌÕÛÚɯÖÍɯÛÏÌɯÉÙÜÚÏɯ

ÛÏÐÊÒÕÌÚÚɯÜÚÐÕÎɯÖ×ÛÐÊÈÓɯÔÌÛÏÖËÚɯÈÓÓÖÞɯÍÖÙɯÈɯÊÖÔ×ÈÙÐÚÖÕɯÛÖɯÛÏÌÖÙÌÛÐÊÈÓɯ×ÙÌËÐÊÛÐÖÕÚɯÈÕËɯÚÐÔÜÓÈÛÐÖÕȭ 

(ÛɯÐÚɯÛÏÌɯÈÐÔɯÖÍɯÛÏÐÚɯÊÏÈ×ÛÌÙɯÛÖɯ×ÙÖÝÐËÌɯÈɯÚàÚÛÌÔÈÛÐÊɯÚÛÜËàɯÖÍɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÌÍÍÌÊÛɯÐÕɯ×ÖÓàȹ-ɪ

ÐÚÖ×ÙÖ×àÓÈÊÙàÓÈÔÐËÌȺɯȹ/-Ð/  ÔȺɯÉÙÜÚÏÌÚɯÜÕËÌÙɯÝÈÙÐÈÛÐÖÕɯÖÍɯÛÏÌɯÈÓÊÖÏÖÓɪÊÖÕÛÌÕÛɯÐÕɯÈÕɯÈÓÊÖÏÖÓɪÞÈɪ

ÛÌÙɯÉÐÕÈÙàɯÔÐßÛÜÙÌɯÛÖɯÉÌÛÛÌÙɯÜÕËÌÙÚÛÈÕËɯÛÏÌɯÖÙÐÎÐÕɯÖÍɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÌÍÍÌÊÛɯÈÕËɯÛÖɯÊÖÔ×ÈÙÌɯÛÏÌɯ

ÙÌÚÜÓÛÚɯÛÖɯÛÏÌɯÛÏÌÖÙàȭɯ(Õɯ×ÈÙÛÐÊÜÓÈÙɯ(ɯÚÛÜËàɯÈɯÚÌÙÐÌÚɯÖÍɯÈÓÊÖÏÖÓÚɯÈÚɯÊÖÚÖÓÝÌÕÛÚɯÈÚɯÞÌÓÓɯÈÚɯÝÈÙÐÖÜÚɯÎÙÈÍÛÐÕÎɯ

ËÌÕÚÐÛÐÌÚȭɯ(ɯÖÉÚÌÙÝÌɯÚÏÈÙ×ɯÊÖÓÓÈ×ÚÌɯÛÙÈÕÚÐÛÐÖÕÚɯÐÕɯÈÊÊÖÙËÈÕÊÌɯÞÐÛÏɯÛÏÌɯÛÏÌÖÙÌÛÐÊÈÓɯ×ÙÌËÐÊÛÐÖÕȭɯ(ɯÍÐÕËɯ

ÛÏÈÛɯÈÓÊÖÏÖÓÚɯÞÐÛÏɯÚÛÙÖÕÎÌÙɯÏàËÙÖ×ÏÖÉÐÊɯÌÍÍÌÊÛɯÐÕɯÞÈÛÌÙɯÛÏÈÛɯÎÐÝÌÚɯÙÐÚÌɯÛÖɯÈɯÚÛÙÖÕÎÌÙɯÛÙÈÕÚÐÛÐÖÕɯÈÕËɯ

ÚÏÐÍÛɯÛÏÌɯÊÖÓÓÈ×ÚÌɯÛÖɯÓÖÞÌÙɯÝÖÓÜÔÌɯÍÙÈÊÛÐÖÕÚɯÖÍɯÛÏÌɯÈÓÊÖÏÖÓȭɯ4ÚÐÕÎɯÛÏÌÙÔÖËàÕÈÔÐÊɯËÈÛÈɯÍÖÙɯÛÏÌɯÈÓÊÖɪ

ÏÖÓɪÞÈÛÌÙɯÔÐßÛÜÙÌÚɯÍÙÖÔɯÓÐÛÌÙÈÛÜÙÌɯ(ɯÊÈÕɯÊÖÕÊÓÜËÌɯÛÏÈÛɯÛÏÌɯÐÕÊÙÌÈÚÌɯÖÍɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÌÍÍÌÊÛɯÐÚɯÊÖÙÙÌɪ

ÓÈÛÌËɯÞÐÛÏɯÛÏÌɯÐÕÊÙÌÈÚÐÕÎɯÛÌÕËÌÕÊàɯÖÍɯËÌÔÐßÐÕÎȮɯÐȭÌȭɯÙÌ×ÜÓÚÐÖÕȮɯÉÌÛÞÌÌÕɯÛÏÌɯÛÞÖɯÚÖÓÝÌÕÛÚȮɯÞÏÐÊÏɯ

ÍÈÝÖÙÚɯÛÏÌɯÌß×ÓÈÕÈÛÐÖÕɯÖÍɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÌÍÍÌÊÛɯÉàɯÛÏÌɯÔÌÊÏÈÕÐÚÔɯÖÍɯ×ÙÌÍÌÙÌÕÛÐÈÓɯÈËÚÖÙ×ÛÐÖÕȭ 

2.2 Materials and Methods 

2.2.1 Materials 

Poly(glycidyl methacrylate) (PGMA, M n = (1.0-2.0)×10
4
 g/mol) was purchased from Sigma-Al-

ËÙÐÊÏɯȹ#ÈÙÔÚÛÈËÛȮɯ&ÌÙÔÈÕàȺȭɯ#ÙàɯÔÌÛÏÈÕÖÓɯȹ,Ì.'ȮɯȁƝƝȭƜǔȺȮɯÈÉÚÖÓÜÛÌɯÌÛÏÈÕÖÓɯȹ$Û.'ȮɯȁƝƝȭƜǔȺȮɯËÙàɯ

1-propanol (1-/Ù.'ȮɯȁƝƝȭƛǔȺɯÈÕËɯƕ-butanol (1-!Ü.'ȮɯȁƝƝȭƜǔȺɯÞÌÙÌɯ×ÜÙÊÏÈÚÌËɯÍÙÖÔɯ2ÐÎÔÈ-Aldrich 

ȹ#ÈÙÔÚÛÈËÛȮɯ&ÌÙÔÈÕàȺȭɯ&ÓàÊÌÙÖÓɯȹȁƝƝȭƔǔȺȮɯÌÛÏàÓÌÕÌɯÎÓàÊÖÓɯȹȁƝƝȭƜǔȺȮɯƕȮƗ-×ÙÖ×ÈÕÌËÐÖÓɯȹȁƝƝȭƚǔȺɯÈÕËɯ

1,4-ÉÜÛÈÕÌËÐÖÓɯȹȁƝƝȭƔǔȺɯÞÌÙÌɯ×ÜÙÊÏÈÚÌËɯÍÙÖÔɯ2ÐÎma-Aldrich (Darmstadt, Germany). Tetrahydro-

ÍÜÙÈÕɯȹ3'%ȮɯȁƝƝȭƝƜǔȺɯÈÕËɯÊÏÓÖÙÖÍÖÙÔɯȹ"'"Ó3ȮɯȁƝƝǔȺɯÞÌÙÌɯ×ÜÙÊÏÈÚÌËɯÍÙÖÔɯ ÊÙÖÚɯ.ÙÎÈÕÐÊÚɯȹ#ÈÙÔɪ
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stadt, Germany). Purified water (H 2O) was used from a Milli -Q Direct-8 system from Merck Milli-

pore (Darmstadt, Germany). Al l chemicals were used as received, if not otherwise specifically noted. 

Highly polished single -crystal silicon wafers of {100} orientation (Si-Mat Silicon Materials, Kaufer-

ing, Germany) were used as a substrate. End-functionalized PNiPAAm polymers ( P01: M n = 

3.80×10
4
 g/mol, Mw/M n = 1.38; P14: M n = 5.02×10

4
 g/mol, Mw/M n = 1.28; AK13P3: M n = 6.1×10

4
 g/mol, 

M w/M n = 1.40) with a terminal (tert-butyl protected) carboxy group were synthesized and character-

ized as described by ref.[69]. 

2.2.2 Preparation of Polymer Brushes 

Silicon substrates (13 × 20 mm
2
) were treated with EtOH in an ultrasonic bath for 10 min, dried 

with a stream of nitroge n, 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 

(0.3 mg/ml) with subsequent annealing at 110
o
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 ÍÖÓÓÖÞÐÕÎɯɁÎÙÈÍÛÐÕÎ-ÛÖɂɯ×ÙÖÊÌÚÚ [70]. Af-

terwards, a filtered solution of end -functionalize d PNiPAAm in THF (9.0 mg/m l) was spin coated 

onto the PGMA layer and subsequently annealed at 174
o
C in a vacuum oven (Scheme 2.1). The 

density of the chains attached to the surface grows with grafting -reaction time and approaches val-

ues around 0.2 chains/nm
2
ȮɯÞÏÐÊÏɯÈÙÌɯÛà×ÐÊÈÓɯÍÖÙɯȿȿÎÙÈÍÛÐÕÎ-ÛÖɀɀɯÉÙÜÚÏÌÚɯ[69]. To remove non-cova-

lently bonded polymers, the resulting films were immersed first in H 2O, then extracted in H 2O 

overnight, rinsed with EtOH, and dried in a stream of nitrogen.  

 

Scheme 2.1(Figure 6) /ÙÌ×ÈÙÈÛÐÖÕɯÖÍɯ/-Ð/  ÔɯÉÙÜÚÏÌÚɯÖÕɯÚÐÓÐÊÖÕɯÚÜÉÚÛÙÈÛÌÚɯÜÚÐÕÎɯÛÏÌɯɁÎÙÈÍÛÐÕÎ-ÛÖɂɯÈ×ɪ

proach. 

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 (ͅ ) and the relative amplitude 

ratio (ÛÈÕ͘) of the polymer brush films in the dry state, as well as in -situ in purified H 2O and H 2O/al-

cohol 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 measure-

ments 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 appa ratus. 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 

800 nm at an angle of incidence ͖ 0 of 70
o
, 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 multi-

layer-box-model consisting of silicon, silicon dioxide, anchoring layer PGMA, and a polymer b rush 

was assumed [69]. The refractive indices of the environment (water and H 2O/alcohol mixtures) were 

measured using a digital multiple wavelength refractom eter (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 reproduci-

bility of my ellipsometry measurements were quite good. 

2.2.4 Determining a polymer ÉÙÜÚÏɀÚɯÖÝÌÙÓÈ×ɯÎÙÈÍÛÐÕÎɯËÌÕÚÐÛà 

From the determined film thickness ( h) in the dry state, polymer brush parameters like grafting 

density (Ϧ) and distance between anchoring points (S) can be calculated by using the simple relation:  

r
s= =

A p

n

N h

MS2

1
, (2.1) 

where M n is the number-average molecular weight of the polymer, NA ÐÚɯÛÏÌɯ ÝÖÎÈËÙÖɀÚɯÕÜÔÉÌÙȮɯ

Ϥp ÐÚɯÛÏÌɯ×ÖÓàÔÌÙɀÚɯÔÌÓÛɯËÌÕÚÐÛà [72]. Here, Ϥp is 1.1 g/cm
3
 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):  

a< = 0.588

2 G

S
R N , (2.2) 

where ϔɯis a prefactor proportional to the monomer size and N is the degree of polymerization; for 

the PNiPAAm polymer, ϔ 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 thresh-

old of Ϧ** [52], 

r a
s =

A p
N

M N

**

0

, (2.3) 
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where M 0 is the molecular weight of repeat units of the polymer. If Ϧ > Ϧ**, the chains will form 

stretched brushes. This condition gives the lower boundary  for the grafting density, which is nec-

essary 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 homo-

geneous brush under the condition that chains collapse mostly, i.e., RP = ϔ-
1/3

 and S/2 < RP, where 

the radius of gyration under poor solvent conditions is taken. I note that this estimate slightly un-

derestimates 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 cor-

responding brush criteria such as critical grafting density Ϧ**, 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 
M n  

(g/mol)  
PDI  

h  

(nm)  

Ϧɯ**  

(chains/nm
2
) 

2RG 

(nm)  

2RP 

(nm)  

PGMA  (1-2)×10
4
 - 2.5±0.1 - - - 

PNiPAAm: P 01 3.80×10
4
 1.38 / 0.0958 18.3 4.2 

PGMA  

PNiPAAm: P14 

(1-2)×10
4
 

5.02×10
4
 

- 

1.28 

2.7±0.1 

/ 

- 

0.0834 

- 

21.6 

- 

4.6 

PGMA  

PNiPAAm: 

AK13P3 

(1-2)×10
4 

6.1×10
4
 

- 

1.40 

2.7±0.1 

/ 

- 

0.0756 

- 

24.2 

- 

4.9 

2.2.5 Test of PNiPAAm solubility in short-chain polyols 

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

 Glycerol  ethylene glycol  1,3-propanediol  1,4-butanediol  

PNiPAAm: P 01 non-solvent poor solvent good solvent good solvent 

PNiPAAm: P 14 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 real-

ization 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 ϯ, which depends on the volume fraction of the 

cosolvent, Ϥ, but also on the state of the polymer brush. The latter is described within the mean-

field 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, Ϧ. The central 

assumption of this model is that cosolvent molecules can be shared by two monomers which de-

creases 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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( )egj j=- -
attr

f c2 1 , (2.4) 

where ϖϘ denotes the gain of free energy due to a monomer-cosolvent-monomer triple contact , and 

parameter ϖ represents the size effect when cosolvent bridges monomers in ref.[23]. The above 

equation has the form of a Flory-Huggins intera ction term, where the Flory parameter is given as a 

function Ϫ(ϯ). From this we can conclude that a maximum coupling is related with ϯɯǽɯƕɤƖȮɯÈÕËɯÛÏÈÛɯ

both extreme cases, namely ϯŕ0 and ϯŕ1, lead to vanishing coupling. Given values of ϖϘ 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 con-

centration lead ϯɯ= 0 and ϯ = 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, ϯɯǽɯƕɤƖȮɯÈɯÊÖÓÓÈ×ÚÌËɯ

state of the polymer brush can be expected. This model has been discussed analytically and numer-

ically 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 in-

cluding 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 Ϟ, this gives rise to an adsorption free energy per monomer according to the lattice gas 

approximation:  

()( ) ( )
j

j j j mj ej
l
= + - - - -

ads
f ln 1 ln 1 , (2.5) 

where Ϙ denotes the adsorption energy (selectivity) of the cosolvent with respect to the polymer 

and ϟ represents the chemical potential change of the cosolvent when mixing with water.  

Furthermore, we used the following free energy for the brush:  

( )
s

uj uj
å õ

= + - - - -æ ö
ç ÷

brush
f t c c

cc

2

2

1
1 ln 1 , (2.6) 

where t is a numerical prefactor which accounts for the specific conformations of chains in a poly-

mer brush diverging from Alexander -de Gennes approach [11], and Ϡ is the added volume fraction 

by full saturation of the polymer by cosolvent.  

The overall free energy per monomer then is given by,  

j = + +
ads attr brush

f ( ,c) f f f . (2.7) 

To obtain the equilibrium state, minimization with respect to the order parameter of the adsorption, 

ϯ, and the brush concentration, c, has to be performed. We note that because of the non-linear cou-

pling 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 ϯ only leads to a free energy in an 

effective solvent which can be expressed as concentration-dependent Flory -Huggins parameter Ϫ(c) 

[23]. 
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2.4 Equilibrium behavior of cononsolvency transition of PNiPAAm brushes 

 ÓÛÏÖÜÎÏɯ×ÙÌÝÐÖÜÚɯÌß×ÌÙÐÔÌÕÛÈÓɯÚÛÜËÐÌÚɯȻƘƛɪƙƔȮɯƙƗɪƙƙȮɯƚƛȮɯƚƜȼɯÊÓÈÐÔÌËɯÛÏÈÛɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯ

ÛÙÈÕÚÐÛÐÖÕɯÖÍɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯÚÏÖÞɯÍÌÈÛÜÙÌÚɯÖÍɯÈɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕȮɯÚÖɯÍÈÙȮɯËÐÙÌÊÛɯÌß×ÌÙÐÔÌÕÛÈÓɯÌÝÐɪ

ËÌÕÊÌɯÐÚɯÔÐÚÚÐÕÎȭɯ(ÕɯÖÙËÌÙɯÛÖɯÊÏÌÊÒɯÞÏÌÛÏÌÙɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯÐÚɯÈÕɯ

ÌØÜÐÓÐÉÙÐÜÔɯÛÙÈÕÚÐÛÐÖÕȮɯ(ɯÔÌÈÚÜÙÌËɯÚÞÖÓÓÌÕɯÉÙÜÚÏɯÛÏÐÊÒÕÌÚÚɯÈÚɯÈɯÍÜÕÊÛÐÖÕɯÖÍɯÛÐÔÌȭɯ3ÏÌɯÎÙÈÍÛÐÕÎɯËÌÕɪ

ÚÐÛàɯÐÚɯÊÏÖÚÌÕɯÞÌÓÓɯÈÉÖÝÌɯÛÏÌɯÖÝÌÙÓÈ×ɯÎÙÈÍÛÐÕÎɯËÌÕÚÐÛàɯÍÖÙɯÛÏÌɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯËÌÎÙÌÌɯÖÍɯ×ÖÓàÔÌÙÐáÈɪ

ÛÐÖÕȮɯÍÖÙɯËÌÛÈÐÓÚɯÖÍɯËÌÛÌÙÔÐÕÐÕÎɯÉÙÜÚÏɀÚɯÖÝÌÙÓÈ×ɯËÌÕÚÐÛàɯÚÌÌɯÛÏÌɯÚÌÊÛÐÖÕɯƖȭƖȭƘȭɯ3à×ÐÊÈÓɯÙÌÈÓɪÛÐÔÌɯÔÌÈÚɪ

ÜÙÌÔÌÕÛÚɯÖÍɯ5ÐÚɪÚ×ÌÊÛÙÖÚÊÖ×ÐÊɯÌÓÓÐ×ÚÖÔÌÛÙàɯÍÖÙɯÚÞÖÓÓÌÕɯÉÙÜÚÏɯÛÏÐÊÒÕÌÚÚɯÖÍɯ/-Ð/  ÔɯÈÙÌɯÚÏÖÞÕɯÐÕɯ

%ÐÎÜÙÌɯƖȭƕÈɪÊȭɯ$ßÊÌ×ÛɯÍÖÙɯÛÏÌɯÊÖÕËÐÛÐÖÕɯÞÏÌÙÌɯÛÏÌɯÌÛÏÈÕÖÓɯÝÖÓÜÔÌɯÍÙÈÊÛÐÖÕɯÐÚɯÈÙÖÜÕËɯƙƔǔȮɯÐÛɯÐÚɯÊÓÌÈÙÓàɯ

ÚÌÌÕɯÛÏÈÛɯÈÍÛÌÙɯÈÉÖÜÛɯƙɯÔÐÕɯÖÍɯÊÖÕÛÐÕÜÖÜÚɯÔÌÈÚÜÙÌÔÌÕÛȮɯÛÏÌɯÉÙÜÚÏɯÚàÚÛÌÔɯÉÌÊÈÔÌɯÚÛÈÉÓÌȭɯ%ÖÙɯÛÏÌɯ

ÊÖÕËÐÛÐÖÕɯÖÍɯÛÏÌɯÌÛÏÈÕÖÓɯÝÖÓÜÔÌɯÍÙÈÊÛÐÖÕɯÈÙÖÜÕËɯƙƔǔȮɯÐÕɯÊÜÙÙÌÕÛɯÔÌÈÚÜÙÌÔÌÕÛȮɯÛÏÌɯÛÐÔÌɯÕÌÌËÌËɯÛÖɯ

ÞÈÐÛɯÍÖÙɯÛÏÌɯÉÙÜÚÏɯÚàÚÛÌÔɯÛÖɯÉÌÊÖÔÌɯÚÛÈÉÓÌɯÞÈÚɯÔÖÙÌɯÛÏÈÕɯƖƔɯÔÐÕȭɯ3ÏÜÚȮɯÛÏÌɯËÈÛÈɯÚÏÖÞÕɯÐÕɯ%ÐÎÜÙÌɯ

ƖȭƕÈɪÊɯÚÜ××ÖÙÛÌËɯÛÏÌɯÌØÜÐÓÐÉÙÐÜÔɯÕÈÛÜÙÌɯÖÍɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÛÏÈÛɯ(ɯÙÌ×ÖÙÛɯÐÕɯÛÏÐÚɯÛÏÌÚÐÚȭ 

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 chang ing solvent compo-

ÚÐÛÐÖÕɯÊÈÕɯÓÌÈËɯÛÖɯÊÏÈÕÎÌÚɯÐÕɯÛÏÌɯ×ÖÓàÔÌÙɀÚɯconformations  [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 vol-

ume 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 

ÈɯÔÈßÐÔÜÔɯËÌÊÙÌÈÚÌɯÖÍɯÛÏÐÊÒÕÌÚÚɯÐÕɯÈɯÝÌÙàɯÕÈÙÙÖÞɯÊÖÔ×ÖÚÐÛÐÖÕɯÙÈÕÎÌɯÖÍɯƔȭƕƙɯȀɯyE ȀɯƔȭƕƛɯȹScheme 

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 col-

lapsed 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 ex-

cluded volume coefficient, and thus to stronger swelling. I also note that this phenomenon could 

ÉÌɯ×ÈÙÛÐÈÓÓàɯÈÛÛÙÐÉÜÛÌËɯÛÖɯÛÏÌɯÔÖÓÌÊÜÓÈÙɯÝÖÓÜÔÌɯÖÍɯÌÛÏÈÕÖÓɯÉÌÐÕÎɯÓÈÙÎÌÙɯÛÏÈÕɯÛÏÌɯÞÈÛÌÙɀÚɯȹScheme 

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 tem-

perature of 25
o
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 

are: grafting density Ϧ = 0.20 chains/nm
2
, Mn = 5.02×10

4
 g/mol, M w/M n = 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, reach-

ing 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 wa-

ter and ethanol is negligible, which is in contrast with the corresponding AFM (Atomic force mi-

croscopy) measurement. My  own experience indicated that these discrepancies may be due to in-

sufficient equilibr ation 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 mix-

tures. 

2.5 Role of volume of solvent molecules in the swelling of PNiPAAm brushes 

Based on scaling theory [76]ȮɯÛÏÌɯÉÙÜÚÏɀÚɯÏÌÐÎÏÛȮɯH, on a flat surface can be expressed as:  

n n
-

=H kb S N1 1

1 1
1

, (2.8) 

where b is the effective monomer size, S is the average distance between two adjacent grafted pol-

ymer chains, N is the degree of polymerization, k is a numerical prefactor that depends on temper-

ÈÛÜÙÌɯÈÕËɯ×ÖÓàÔÌÙɀÚɯÊÏÌÔÐÊÈÓɯÚÛÙÜÊÛÜÙÌȮɯÈÕËɯϠ1 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, th e 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 

HE to the brush height in p ure water HW, is HE/HW = (1.14/0.98)
1/0.588

. I apply  Ϡ1 = 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 con-

sistent 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 thick-

ness in pure ethanol (yE = 1) is always thicker than in pure water ( yE = 0) partially due to the fact 

ÛÏÈÛɯÔÖÓÌÊÜÓÈÙɯÝÖÓÜÔÌɯÖÍɯÌÛÏÈÕÖÓɯÐÚɯÓÈÙÎÌÙɯÛÏÈÕɯÞÈÛÌÙɀÚȭ 

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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×ÖÓàÔÌÙÐáÈÛÐÖÕȮɯÍÖÙɯËÌÛÈÐÓÚɯÖÍɯËÌÛÌÙÔÐÕÐÕÎɯÉÙÜÚÏɀÚɯÖÝÌÙÓÈ×ɯËÌÕÚÐÛàɯÚÌÌɯÛÏÌɯsection 2.2.4. We note 

that most of the studies of cononsolvency, for instance for gels, were restricted to methanol or eth-

anol 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 ÚÏÖÞɯÛÏÈÛɯÐÕÊÙÌÈÚÐÕÎɯÛÏÌɯÈÓÊÖÏÖÓɀÚɯÏàɪ

drophobicity enhances the strength of the collapse transition of PNiPAAm brushes in the water -

rich 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 tem-

perature of 25
o
C. Parameters of the PNiPAAm brush are: grafting density Ϧ = 0.143 chains/nm

2
, M n = 6.1×10

4
 

g/mol, M w/M n = 1.40. (b) A zoom-in of Figure 2.2a ÍÖÙɯÛÏÌɯÈÓÊÖÏÖÓɀÚɯÝÖÓÜÔÌɯÍÙÈÊÛÐÖÕɯÙÈÕÎÐÕÎɯÍÙÖÔɯƔɯÛÖɯƖƙǔȭɯ

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 environ-

ment) 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 qualita-

tively in agreement with physical properties of these alcohol -water mixtures and experimental 

observations for cononsolvency transition of PNiPAAm in various alcoh ol-water mixtures. Con-

ÚÐÚÛÌÕÛÓàɯÞÐÛÏɯÛÏÌɯÌß×ÌÊÛÈÛÐÖÕȮɯÛÏÌɯÝÖÓÜÔÌɯÙÈÛÐÖɯϞɯÐÕÊÙÌÈÚÌÚɯÔÖÕÖÛÖÕÖÜÚÓàɯÞÐÛÏɯÛÏÌɯÓÌÕÎÛÏɯÖÍɯÛÏÌɯ

alcohol, as well as the selectivity Ϙ, the cosolvent added volume Ϡ, while the fit parameter for the 
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brush elasticity stays almost constant (the parameter describing the coupling efficiency ϖ was 

fixed and set to unity).  

 

Figure 2.3(Figure 10) Theoretical fit s 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 ϟ 

= ln(y/(1-y)), where y is the molar fraction of alcohol. The parameters of the PNiPAAm brush are: g rafting 

density Ϧ = 0.143 chains/nm
2
, M n = 6.1×10

4
 g/mol, M w/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  Ϟ ϖ Ϙ t  Ϡ 

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 o f the cosolvent to the mixing entropy within the brush phase, second term in 

Eq.(2.6)ȮɯÐÚɯÕÌÎÓÌÊÛÌËɯȹÈÚÚÜÔÐÕÎɯÈɯËÖÔÐÕÈÛÐÕÎɯÊÖÕÛÙÐÉÜÛÐÖÕɯÍÙÖÔɯÛÏÌɯɁÉÖÜÕËɂɯÊÖÚÖÓÝÌÕÛɯÌßɪ

pressed by the adsorption excess on the polymer, ϯ). The results for longer alcohols (Figur e 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 so-

lutions and butanol isomer aqueous solutions. The grafting density is chosen well above the overlap 

ÎÙÈÍÛÐÕÎɯËÌÕÚÐÛàɯÍÖÙɯÛÏÌɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯËÌÎÙÌÌɯÖÍɯ×ÖÓàÔÌÙÐáÈÛÐÖÕȮɯÍÖÙɯËÌÛÈÐÓÚɯÖÍɯËÌÛÌÙÔÐÕÐÕÎɯÉÙÜÚÏɀÚɯ

overlap density see the section 2.2.4. Figure 2.4 and Figure 2.5 show that with increasing the pro-

×ÈÕÖÓɯÐÚÖÔÌÙÚɀɯÏàËÙÖ×ÏÖÉÐÊÐÛàȮɯÛÏÌɯÓÖÊÈÛÐÖÕɯÖÍɯÛÏÌɯÔÐÕÐÔÜÔɯÖÍɯÛÏÌɯÙÌ-entrant transition curve shifts 

to lower alcohol -concentrations. Experimental evidence in Figure 2.2, Figure 2.4 and Figure 2.5 

ÚÏÖÞɯÛÏÈÛɯÐÕÊÙÌÈÚÐÕÎɯÛÏÌɯÈÓÊÖÏÖÓɀÚɯÏàËÙÖ×ÏÖÉÐÊÐÛàɯÌÕÏÈÕÊÌÚɯÛÏÌɯÚÛÙÌÕÎÛÏɯÖÍɯÛÏÌɯÊÖÓÓÈ×ÚÌɯÛÙÈÕÚÐÛÐÖÕɯ

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 propa-

nol 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 can-

not 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 cosol-

vent: Cononsolvency transition of the same PNiPAAm brush in propanol isomer aqueous solutions, at the 

temperature of 25
o
C. Parameters of the PNiPAAm brush are: grafting densit y Ϧ = 0.143 chains/nm

2
, M n = 

6.1×10
4
 g/mol, M w/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 

×ÖÓàÔÌÙɀÚɯ ÊÖÕÖÕÚÖÓÝÌÕÊàɯ ÛÙÈÕÚÐÛÐÖÕɯ[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 polyme r chains. This indication is particularly obvious for the co-

nonsolvency transition of PNiPAAm brushes in butanol isomers aqueous solutions. Actually, 1 -

butanol, 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 mix-

tures. 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 phase-

transition 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 cosol-

vent (a) Cononsolvency transition of the same PNiPAAm brush in  butanol isomer aqueous solutions, at the 

temperature of 25
o
C. Parameters of the PNiPAAm brush are: grafting density Ϧ = 0.143 chains/nm

2
, M n = 

6.1×10
4
 g/mol, M w/M n = 1.40. (b) A zoom-in of Figure 2.5a ÍÖÙɯÛÏÌɯÈÓÊÖÏÖÓɀÚɯÝÖÓÜÔÌɯÍÙÈÊÛÐÖÕɯÙÈÕÎÐÕÎɯÍÙÖÔɯƔɯÛÖɯ

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 as-

sumption is that of a cosolvent-solvent association frequently related with the picture of formation 

of cosolvent-ÚÖÓÝÌÕÛɯɁÊÓÜÚÛÌÙÚɂȮɯÚÏÖÙÛɯÈÚɯÊÓÜÚÛÌÙɯÔÖËÌÓɯȹ",Ⱥɯ[54, 58, 59, 82, 83]. Support for the PAM 

model came from atomistic simulations of PNiPAAm -methanol-water systems [75, 84]. Further-

more, 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 spec-

troscopy of variable -temperature high -resolution 
1
H MAS NMR to investigate cononsolvency effect 

of PNiPAAm gels in alcohol -water solutions. Their results demonstrated that the polymer prefer-

entially interacts with alcohol molecules a nd 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 recon-

sidered 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 idÌÈɯÖÍɯÛÏÌɯÍÖÙÔÈÛÐÖÕɯÖÍɯÚÖÓÝÌÕÛɯɁÊÖÔ×ÓÌßÌÚɂɯÖÙɯɁÊÓÜÚÛÌÙÚɂɯ

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 

of mixing mͅixGm, when mixing different alcohols with water at the temperature of 25
o
C. (b) Effective Flory-

interaction parameter between the two solvents ϪCS, when mixing different alcohols with water at the tem-

perature of 25
o
C. Data are extracted and reprocessed from refs. [86-89], note that the dotted lines in the fig-

ures are only used to guide eyesight. 

Considering this controversy about the origin of cononsolvency effect, the analysis of the cosol-

vent-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 pa-

rameter, i.e. an imperfect mixture of the solvents would lead to an enhancement of the co-non-

sovlency effect in the PAM model.  

Molar Gibbs free energy change of mixing mͅixGm 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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ÖÙËÌÙɯÙÌÓÈÛÐÖÕɯÌßÐÚÛÚɯÍÖÙɯÛÏÌɯÔÐßÐÕÎɯÍÙÌÌɯÌÕÌÙÎàȯɯɁmͅixGm (methanol, H 2.ȺɯȀɯmͅixGm (ethanol, H 2OȺɯȀɯ

mͅixGm (1-propanol, H 2OȺɯȀɯmͅixGm (1-butanol, H 2OȺɯȀƔɂȭɯ3ÏÐÚɯÐÚɯÐÕɯÈÊÊÖÙËÈÕÊÌɯÞÐÛÏɯÈɯÚÐÔ×ÓÌɯ×ÐÊÛÜÙÌɯ

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 origi n of the effective alcohol-water interaction can contain both enthal-

pic and entropic contributions. In order to quantify the effective interaction between the two sol-

vents, we thus use the molar excess Gibbs free energy of mixing [90] mͅixG
E

m. Using the data from 

refs. [86-89] we can extract the effective Flory-parameter between the two solvents Ϫcs, eff, calculated 

as:  

( )
D

c =
-

,
1

E

mix m
cs eff

G

RTx x
, (2.9) 

where x ÐÚɯÈÓÊÖÏÖÓɀÚɯÔÖÓÈÙɯÍÙÈÊÛÐÖÕɯÐÕɯÛÏÌɯÈÓÊÖÏÖÓ-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 t he 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/P NiPAAm 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 water-

rich 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 thick-

ness slightly increases for the temperature change from 15
o
C to 25

 o
C. This indicates that re-entry 

transition may be related with an UCST (upper cr itical 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 

of the PNiPAAm brush are: grafting density Ϧ = 0.143 chains/nm
2
, Mn = 6.1×10

4
 g/mol, M w/M n = 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 

around 32
 o

C, only a weak shift of the collapse transition is observed (data for 10
 o

C and 15
 o

C). 

When approaching the LCST temperature, at 25
 o
C, the collapse becomes weaker and is considera-

bly shifted towards smaller volume fractions of ethanol. This result may be explained by the non -

ideal 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 

ÈÕËɯÔÖÕÖÔÌÙÚɯϘȮɯÚÌÌ Eq.(2.4) and Eq.(2.5), by ͅ3/T which amounts to about 5%. Such a small 

change of Ϙ is not sufficient  to explain the shift between the results for 10
 o
C and 15

 o
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 polymer -

water system is to add a standard Flory-Huggins interaction term of the form:  

( )c= -1
int ps

f c , (2.10) 
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in Eq.(2.7). Here, Ϫps 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 con-

stant 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, Ϫps = 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 Ϫps 

= 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 Ϫps = 0.3, Ϫps = 0.4 and Ϫps = 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 -attrac-

tion 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 

ÈÚɯÈɯÍÜÕÊÛÐÖÕɯÖÍɯÛÏÌɯÊÏÌÔÐÊÈÓɯ×ÖÛÌÕÛÐÈÓɯÊÏÈÕÎÌɯϟɯÍÖÙɯϪps =0.3, Ϫps =0.4 and Ϫps =0.5. Note that in Figure 2.8 except 

changing the Flory-parameter Ϫps, other model parameters are fixed as Ϧ = 0.143 chains/nm
2
, ϖ = 1.0, t = 1.0, Ϙ 

=1 .5, Ϟ = 3 and Ϡ = 0.2. 

It is noted that both LCST and cononsolvency transitions of PNiPAAm polymer s show behaviors 

of a type-II phase transition  where the third virial  coefficient is negative but the second virial  coef-

ficient 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 co-

nonsolvency 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 cross-

linkings can explain the phenomenon where LCST transition of PNiPAAm in cosolvent-water mix-

tures 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 differ-

ent 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 dis-

played as solid lines in Figure 2.9a. 

 

Figure 2.9(Figure 16) Grafting -density effect in the cononsolvency transition of PNiPAAm brushes: (a) Co-

nonsolvency transition of PNiPAAm brushes with different grafting densities in ethanol aqueous solutions, 

at the temperature of 25
o
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 

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

plotted in Figure 2.9a from above to bottom are: grafting density Ϧ = 0.214 chains/nm
2
, M n = 5.02×10

4
 g/mol , 
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M w/M n = 1.28; Ϧ = 0.143 chains/nm
2
, M n = 6.1×10

4
 g/mol, M w/Mn = 1.40ȰɯϦɯǻɯƔȭƕƔƗɯchains/nm

2
, M n = 6.1×10

4
 g/mol, 

M w/M n = 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 2/H N
nś  is fulfilled because of mass con-

servation. The apparent scaling exponent Ϡ2 = 0.78±0.011 observed in double logarithmic represen-

tation 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 expo-

nent 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 spectros-

copy [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 

×ÖÓàÔÌÙɯÐÕɯÚÖÓÜÛÐÖÕÚȭɯ,ÌÙÌÓàɯÞÐÛÏɯÈɯËÌÊÙÌÈÚÌɯÖÍɯÈɯÎÙÈÍÛÌËɯ/-Ð/  Ôɯ×ÖÓàÔÌÙɀÚɯÎÙÈÍÛÐÕÎɯËÌÕÚÐÛàȮɯ

when the temperature is fixed and higher than its LCST temperature (at a poor -solvent state), the 

polymer chains can show various morpholog ies 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 

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

weight of  M n = 6.1×10
4
 g/mol, M w/M n = 1.40 for all polymer layers ; (b) with molecular weight of  M n = 3.8×10

4
 

g/mol, M w/Mn = 1.38 for all polymer layers . Note that t he dotted lines in the figure s 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 layerɀÚɯÎÙÈÍÛÐÕÎɯËÌÕÚÐÛà (Ϧ) is lower than a threshold  grafting density (Ϧ**, 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 (Ϧ) reaches a critical threshold (Ϧ**) for a polymer layer, a decrease of 

grafting density weakens the collapse, this is quite different from phase behaviors of a classic pol-

ymer brush for which  the brush thickness (H) is proportional to grafting density ( Ϧ) and the average 

number of monomers (N) in each polymer chain at the poor-solvent state. It indicates that  the pol-

ymer 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 sim-

ulation stud ies on cononsolvency transition of grafted polymer layers have also revealed octopus-

shape micelle morphologies [39, 97]. In Figure 2.10 and 2.11, it is interestingly observed in my cur-

rent experimental data that the grafting density has only a very small effect on the solvent -compo-

sition location of the maximum collapsed stateȮɯÐÛɯËÖÌÚÕɀÛɯÔÈÛÛÌÙɯÛÏÌɯ×ÖÓàÔÌÙɯÓÈàÌÙɯÐÚɯlocated 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 

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

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

3.8×10
4
 g/mol, M w/M n = 1.38 for all polymer layers. Note that the dotted lines in the figure s are guides to eyes. 

2.12   Chapter summary 

We investigated the cononsolvency effect of PNiPAAm brushes with different  grafting densit ies 

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 phase-

like 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. Partic-

ularly 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 cosol-

vent on the polymer chains. The recently proposed adsorption -attraction model can be used to pre-

dict the corresponding transition behavior. In particularly the model predictions for variation of the 

grafting density is in agreement with the experi mental 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 in-

teresting 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 phase-

transition mechanism of cononsolvency transition.  Even though, for these cases the interaction be-

tween water and monomer strongly depends on monomer concentration and on the unique ther-

modynamics of correlated water -organic solvent clusters in the solution . This means that an as-

sumption of a constant preferential -adsorption energy (Ϙ) 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 morpholog ies not limited to collapse brush. In addition , my 

experimental results clearly showed that the strongest collapse state can be only realized by poly-

mer 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 cononsol-

vency 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  ͅ mixGm, when mixing different alcohols with water molecules 

is written as,  

()( ) ( )
D D

= + + - -

E

mix m mix m
G

x x x x
RT RT

G
ln 1 ln 1 , (2.11) 

where ͅ mixGm 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 mͅixGm can be extracted from refs. [86-89]ȭɯ ÓÊÖÏÖÓɀÚɯÔÖÓÈÙɯÍÙÈÊÛÐÖÕɯx, can be converted into vol-

ume fraction y, by using,  

( )
r

r r r
=

+ -

w a

a w w a a w

M x
y

M M M x
, (2.12) 

where Mw and M a ÈÙÌɯÞÈÛÌÙɀÚɯÈÕËɯÈÓÊÖÏÖÓɀÚɯÔÖÓÈÙɯÔÈÚÚɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯϤw and Ϥa ÈÙÌɯÞÈÛÌÙɀÚɯÈÕËɯ

ÈÓÊÖÏÖÓɀÚɯÝÖÓÜÔÌÛÙÐÊɯÔÈÚÚɯËÌÕÚÐÛàɯÙÌÚ×ÌÊÛÐÝÌÓàȭɯEq.(2.12) is used to transform data of alcohol con-

centration 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 so-

lutions 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 ex-

tended model (see section 2.9) can also be used to explain the temperature effect in the cononsol-

vency 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 

swollen gel volume ( h

h
V R

å õ
æ ö
æ ö
ç ÷

3

0 ,0

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

of PNiPAAm micro -gels in pure water, and V0 ÐÚɯÛÏÌɯÎÌÓɀÚɯÚÞÖÓÓÌÕɯÝÖÓÜÔÌɯÐÕɯ×ÜÙÌɯÞÈÛÌÙȭ 

 

Figure 2.13(Figure 20) Cononsolvency transition of the same PNiPAAm macro -gel in methanol aqueous so-

lutions 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 (
dry

dry

V V

V V V
0 0

/V
=

/
) in Figure 2.13. 

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 solu-

tions 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 (contain-

ing 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 (
dry

dry

W WW

W W W
100 100

/
=

/
) in Figure 2.15. Note that W100 is the micro-ÎÌÓɀÚɯÚÞÖÓÓÌÕɯÞÌÐÎÏÛɯÐÕɯ×ÜÙÌɯ

methanol. 

Biswas et al. [104] reported swollen gel weight ratio (W/Wdry) of PNiPAAm mico -gel (contain-

ing 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 

(
dry

dry

W WW

W W W
0 0

/
=

/
) in Figure 2.16. Note that W 0 is the micro-ÎÌÓɀÚɯÚÞÖÓÓÌÕɯÞÌÐÎÏÛɯÐÕɯ×ÜÙÌɯÞÈÛÌÙȭ 

 

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 
ȹ-ÖÛÌȯɯ2ÖÔÌɯÙÌÚÜÓÛÚɯ×ÙÌÚÌÕÛÌËɯÐÕɯÛÏÐÚɯÊÏÈ×ÛÌÙɯÞÌÙÌɯÈÓÙÌÈËàɯ×ÜÉÓÐÚÏÌËɯÉàɯÛÏÌɯÈÜÛÏÖÙɯÐÕɯÛÏÌɯÑÖÜÙÕÈÓɯɁ,ÈÊÙÖÔÖÓÌɪ

ÊÜÓÌÚȮɯƖƔƖƔȮɯƙƗȹƛȺȮɯƖƗƖƗɪƖƗƗƙɂȭȺ 

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 Flory-

Huggins mean-field model [7, 8, 85] for polymers in a mixture of solvent and cosolvent with  the 

following form:  

()
( ) ()f f f f c f c f c ff= + + + + +

FH c c s s pc c ps s cs c s

c c
G c c

N

ln
ln ln . (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 ϩc, and the volume fraction of the 

solvent is ϩs = 1- c - ϩc. The free energy per volume is denoted by GFH, and is given in units of kBT. 

The phenomenological parameters Ϫpc, Ϫps and Ϫcs including of both excess enthalpic and excess 

entropic contributions, denote effective Flory -interaction parameters for the polymer -cosolvent in-

teraction, 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 ϩc 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 deriv-

ative (D) of the free energy GFH,  

f
ff

å õå õ å õµ µ µ
= - <æ öæ ö æ öæ ö æ öæ ö µ µµ µç ÷ ç ÷ç ÷

c

FH FH FH

cc ,T Tc ,T

G G G
D

cc

2
2 2 2

2 2
0 . (3.2) 

With the assumption of the Ϫ-parameters defined above being independent of c and ϩc, we get:  

c c c c c
f f f f

å õå õ å õ
= + - + - - + - - <æ öæ ö æ öæ öæ ö æ ö
ç ÷ç ÷ ç ÷

ps cs pc ps cs

s c s s

D
Nc

2

1 1 1 1 1
2 2 0 . (3.3) 

 ɯÛà×ÐÊÈÓɯÚÖÓÜÛÐÖÕɯÖÍɯ#ɯǾɯƔɯÍÖÙɯÛÏÌɯÚ×ÐÕÖËÈÓɯËÌÊÖÔ×ÖÚÐÛÐÖÕɯȹ$ØȭȹƗȭƗȺȺɯÐÚɯϪÊÚɯǾǾɯƔȮɯϪÊÚɯǾɯϪ×ÊɯÈÕËɯϪÊÚɯǾɯ

Ϫ×ÚɯÞÐÛÏɯÈɯÊÖÕÚÛÙÈÐÕÛɯÖÍɯϪ×ÊɯǾɯƔȭƙɯÈÕËɯϪ×ÚɯǾɯƔȭƙɯÍÖÙɯÎÖÖËɯÚÖÓÝÌÕÛɯÔÐßÛÜÙÌÚȭɯ ÊÊÖÙËÐÕÎɯÛÖɯÛÏÌɯÚÐÎÕÈÛÜÙÌÚɯ

ÉÌÏÐÕËɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯÝÈÙÐÖÜÚɯ×ÖÓàÔÌÙɯÚàÚÛÌÔÚȮɯÛÏÐÚɯÊÈÚÌɯÐÚɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯ

ÛÙÈÕÚÐÛÐÖÕɯÖÙÐÎÐÕÈÛÐÕÎɯÍÙÖÔɯÚÛÙÖÕÎɯÈÛÛÙÈÊÛÐÖÕɯÉÌÛÞÌÌÕɯÛÞÖɯÎÖÖËɯÚÖÓÝÌÕÛÚȭɯ3ÏÐÚɯÊÖÕÊÌ×ÛɯÏÈÚɯÙÌÊÌÕÛÓàɯ

ÉÌÌÕɯÈÕÈÓàáÌËɯÉàɯ#ÜËÖÞÐÊáɯÌÛɯÈÓȭɯȻƜƙȼɯÞÏÖɯÏÈÝÌɯÚÏÖÞÕɯÛÏÈÛɯÈɯÚÛÙÖÕÎɯÕÌÎÈÛÐÝÌɯ%ÓÖÙàɯ×ÈÙÈÔÌÛÌÙɯ
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ÉÌÛÞÌÌÕɯÛÏÌɯÛÞÖɯÚÖÓÝÌÕÛÚȮɯϪÊÚȮɯÐÚɯÕÌÊÌÚÚÈÙàɯÛÖɯÖÉÛÈÐÕɯÈɯËÌÔÐßÐÕÎɯÛÙÈÕÚÐÛÐÖÕɯÉÌÛÞÌÌÕɯÛÏÌɯ×ÖÓàÔÌÙɯÈÕËɯ

ÛÏÌɯÈÚÚÖÊÐÈÛÌËɯÚÖÓÝÌÕÛɯ×ÏÈÚÌȭɯ ɯÚÐÎÕÈÛÜÙÌɯÖÍɯÛÏÐÚɯÛà×ÌɯÖÍɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÐÚɯÛÏÈÛɯÛÏÌɯÈÚÚÖÊÐɪ

ÈÛÐÕÎɯÚÖÓÝÌÕÛɯÔÐßÛÜÙÌɯÍÜÕÊÛÐÖÕÚɯÈÚɯÈɯÙÌÈÓɯ×ÖÖÙɯÚÖÓÝÌÕÛɯÍÖÙɯÛÏÌɯ×ÖÓàÔÌÙȮɯÜÓÛÐÔÈÛÌÓàɯËÙÐÝÐÕÎɯÛÏÌɯÊÖɪ

ÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕȮɯÈÕËɯÛÏÌɯÙÌÚÜÓÛɯÞÐÓÓɯÉÌɯÈɯÚÖÓÝÌÕÛɯÈÕËɯÊÖÚÖÓÝÌÕÛɯËÌ×ÓÌÛÌËɯ×ÖÓàÔÌÙɯ×ÏÈÚÌɯȻƜƖȼȭɯ

3ÖɯÔàɯÉÌÚÛɯÒÕÖÞÓÌËÎÌȮɯÖÕÓàɯÖÙÎÈÕÐÊɪÈÊÐËɯÈÕËɯÖÙÎÈÕÐÊɪÉÈÚÌɯÚÖÓÝÌÕÛÚɯÞÌÙÌɯÙÌ×ÖÙÛÌËɯÍÖÙɯÛÏÐÚɯÛà×ÌɯÖÍɯ

ÊÖÕÖÕÚÖÓÝÌÕÊàɯÐÕɯÓÐÛÌÙÈÛÜÙÌɯȻƕƔƙȼȮɯÚÜÊÏɯÈÚɯÊÌÓÓÜÓÖÚÌɯÈÊÌÛÈÛÌɯÐÕɯÈÕÐÓÐÕÌɤÈÊÌÛÐÊɯÈÊÐËɯÔÐßÛÜÙÌÚɯȻƕƔƚȼȮɯ

×ÖÓàȹϘɪÊÈ×ÙÖÓÈÊÛÖÕÌȺɯÐÕɯ×àÙÐËÐÕÌɤÍÖÙÔÐÊɯÈÊÐËɯÖÙɯ×àÙÐËÐÕÌɤÈÊÌÛÐÊɯÈÊÐËɯÔÐßÛÜÙÌÚɯȻƕƔƛȼȮɯÈÕËɯ×ÖÓàȹÔÌɪ

ÛÏàÓɯÔÌÛÏÈÊÙàÓÈÛÌȺɯÐÕɯ×àÙÐËÐÕÌɤÍÖÙÔÐÊɯÈÊÐËɯÔÐßÛÜÙÌÚɯȻƕƔƛȼȭɯ ɯËÌÛÈÐÓÌËɯÈÕÈÓàÚÐÚɯÍÖÙɯÛÏÌÚÌɯÙÌÈÓɯÊÈÚÌÚɯ

ÊÈÕɯÉÌɯÍÖÜÕËɯÐÕɯÚÌÊÛÐÖÕɯƗȭƘȭƖȭ 

 ɯÚÌÊÖÕËɯÛà×ÌɯÖÍɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÙÐÎÐÕÈÛÌÚɯÍÙÖÔɯÛÏÌɯ×ÙÌÍÌÙÌÕÛÐÈÓɤÊÖÔ×ÌÛÐÛÐÝÌɯÈËÚÖÙ×ɪ

ÛÐÖÕɯÉÌÛÞÌÌÕɯÛÏÌɯÉÌÛÛÌÙɯÚÖÓÝÌÕÛɯÈÕËɯÛÏÌɯ×ÖÓàÔÌÙÚȮɯÈɯ×ÏÌÕÖÔÌÕÖÕɯÙÌÊÌÕÛÓàɯËÐÚÊÜÚÚÌËɯÛÏÌÖÙÌÛÐÊÈÓÓàɯ

Éàɯ,ÜÒÏÌÙÑÐɯÌÛɯÈÓɯȻƗƙȮɯƕƔƜȼȭɯ3ÏÐÚɯÊÈÚÌɯÊÖÙÙÌÚ×ÖÕËÚɯÛÖɯÈɯÚÖÓÜÛÐÖÕɯȹ#ɯǾɯƔȺɯÖÍɯϪ×ÊɯǾɯƔȮɯϪ×ÊɯǾɯϪ×ÚɯÈÕËɯϪ×ÊɯǾɯ

ϪÊÚɯÞÐÛÏɯÈɯÊÖÕÚÛÙÈÐÕÛɯÖÍɯϪÊÚɯǾɯƔȭƙɯÈÕËɯϪ×ÚɯǾɯƔȭƙɯÍÖÙɯÛÏÌɯÚ×ÐÕÖËÈÓɯËÌÊÖÔ×ÖÚÐÛÐÖÕɯȹ$ØȭȹƗȭƗȺȺɯÍÖÙɯÎÖÖËɯ

ÚÖÓÝÌÕÛɯÔÐßÛÜÙÌÚȭɯ3ÏÌɯÊÖÕÊÌ×ÛɯÖÍɯ×ÙÌÍÌÙÌÕÛÐÈÓɯÈËÚÖÙ×ÛÐÖÕɯÍÜÙÛÏÌÙɯÈÚÚÜÔÌÚɯÛÏÈÛɯÛÏÌɯÉÌÛÛÌÙɯÚÖÓÝÌÕÛɯ

ÍÖÙÔÚɯÛÌÔ×ÖÙÈÓɯÉÙÐËÎÌÚɯÉÌÛÞÌÌÕɯÔÖÕÖÔÌÙÚȭɯ ɯÚÐÎÕÈÛÜÙÌɯÖÍɯÛÏÐÚɯÛà×ÌɯÖÍɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÐÚɯ

ÛÏÈÛɯÐÕɯÛÏÌɯÚÌÎÙÌÎÈÛÌËɯ×ÏÈÚÌɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙȮɯÛÏÌɯÊÖÚÖÓÝÌÕÛɯÐÚɯÌÕÙÐÊÏÌËɯÐÕɯÈɯÊÖÈÊÌÙÝÈÛÌɯ×ÏÈÚÌɯȻƖƜȮɯƘƔȮɯ

ƘƗɪƘƚȼȭɯ'ÌÙÌȮɯÛÏÌɯÊÖÔÔÖÕɯÚÖÓÝÌÕÛɯÐÚɯËÌ×ÓÌÛÌËɯÖÕÓàȭɯ ÚɯÈɯÙÌÈÓÐáÈÛÐÖÕɯÖÍɯÛÏÌɯ×ÙÌÍÌÙÌÕÛÐÈÓɪÈËÚÖÙ×ÛÐÖÕɯ

ÊÖÕÊÌ×ÛɯÐÕɯÈɯÙÌÊÌÕÛÓàɯ×ÜÉÓÐÚÏÌËɯÈËÚÖÙ×ÛÐÖÕɪÈÛÛÙÈÊÛÐÖÕɯÔÖËÌÓɯȻƖƗȮɯƖƘȮɯƗƝȼȮɯÛÏÌɯ×ÙÌÍÌÙÌÕÛÐÈÓɯÈËÚÖÙ×ÛÐÖÕɯ

ÖÍɯ×ÖÓàÔÌÙɪÊÖÚÖÓÝÌÕÛɯÈÛÛÙÈÊÛÐÖÕɯÞÈÚɯÊÖÕÚÐËÌÙÌËɯÛÖɯÉÌɯÛÏÌɯÚÖÓÌɯËÙÐÝÐÕÎɯÍÖÙÊÌɯÍÖÙɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯ

ÛÙÈÕÚÐÛÐÖÕȮɯÞÏÐÓÌɯÛÏÌɯÌÍÍÌÊÛÚɯÖÍɯÐÕÛÌÙÈÊÛÐÖÕÚɯÉÌÛÞÌÌÕɯ×ÖÓàÔÌÙɯÈÕËɯÛÏÌɯÚÖÓÝÌÕÛȮɯÈÕËɯÊÖÚÖÓÝÌÕÛɪÚÖÓÝÌÕÛɯ

ÞÌÙÌɯÖÔÐÛÛÌËȭɯ3ÏÐÚɯÈÓÓÖÞÚɯÍÖÙɯÈÕɯÈÕÈÓàÛÐÊɯÚÖÓÜÛÐÖÕɯÖÍɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯ×ÙÖÉÓÌÔɯÐÕɯÊÈÚÌÚɯÖÍɯ×ÖÓàÔÌÙɯ

ÉÙÜÚÏÌÚɯÈÕËɯÚÖÓÜÛÐÖÕÚɯÈÕËɯÌß×ÓÈÐÕÚɯÛÏÌɯÌÚÚÌÕÛÐÈÓɯÌÍÍÌÊÛɯÖÍɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÈÚɯÈɯÛà×Ìɪ((ɯ

×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕɯȻƖƗȮɯƖƘȼȭɯ-ÌÝÌÙÛÏÌÓÌÚÚȮɯÐÛɯÐÚɯÞÖÙÛÏɯÕÖÛÐÕÎɯÛÏÈÛɯÛÏÐÚɯÔÖËÌÓɯÐÚɯÚÛÐÓÓɯÛÖÖɯÚÐÔ×ÓÌɯÛÖɯËÌɪ

ÚÊÙÐÉÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÉÌÏÈÝÐÖÙÚɯÐÕɯÙÌÈÓɯ×ÖÓàÔÌÙɯÚàÚÛÌÔÚɯÈÊÊÜÙÈÛÌÓàȭɯ(ÕɯÔàɯ×ÙÌÝÐÖÜÚɯÚÛÜËàȮɯÚÌÌɯ

"ÏÈ×ÛÌÙɯƖȮɯÉàɯÈɯÛÏÌÙÔÖËàÕÈÔÐÊɯÈÕÈÓàÚÐÚɯÞÌɯ×ÖÐÕÛÌËɯÖÜÛɯÛÏÈÛɯÈÕɯÐÕÊÙÌÈÚÐÕÎɯËÌÔÐßÐÕÎɯÛÌÕËÌÕÊàɯÉÌɪ

ÛÞÌÌÕɯÈÓÊÖÏÖÓɯÈÕËɯÞÈÛÌÙɯÐÚɯÊÖÙÙÌÓÈÛÌËɯÞÐÛÏɯÈÕɯÌÕÏÈÕÊÌÔÌÕÛɯÖÍɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯ

/-Ð/  Ôȭɯ(ÕɯÈËËÐÛÐÖÕȮɯÉÖÛÏɯÌß×ÌÙÐÔÌÕÛÚɯȻƘƘȮɯƛƝȮɯƕƔƝȮɯƕƕƔȼɯÈÕËɯÊÖÔ×ÜÛÌÙɯÚÐÔÜÓÈÛÐÖÕÚɯȻƕƕƕȼɯÐÕËÐɪ

ÊÈÛÌËɯÛÏÈÛɯÊÖÚÖÓÝÌÕÛɪÚÖÓÝÌÕÛɯÐÕÛÌÙÈÊÛÐÖÕɯ×ÓÈàÚɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯÙÖÓÌɯÍÖÙɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÉÌÏÈÝÐÖÙɯÖÍɯ

/-Ð/  Ôȭ 

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 mix-

tures [107]. This is an example in which cononsolvency originates from a strong attraction between 

two solvents, while in chlorobutane/amyl acetate mixtures the cononsolvency transitio n originates 

from a preferential adsorption of chlorobutane on the polymer chains of poly(methyl methacrylate)  

[31]. 

(ÕɯÛÏÌɯÈÉÖÝÌɯËÐÚÊÜÚÚÐÖÕȮɯÛÏÌɯ%ÓÖÙàɪ'ÜÎÎÐÕÚɯÔÌÈÕɪÍÐÌÓËɯÔÖËÌÓɯÊÈÛÌÎÖÙÐáÌÚɯÊÜÙÙÌÕÛɯÒÕÖÞÓÌËÎÌɯÖÍɯ

ÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÐÕÛÖɯÛÞÖɯÚÜÉɪÛà×ÌÚȭɯ'ÖÞÌÝÌÙȮɯÛÏÐÚɯËÐÚÊÜÚÚÐÖÕɯÐÚɯÚÛÐÓÓɯÈɯÉÓÈÊÒɪÉÖßɯÈÕÈÓàÚÐÚɯ
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ÈÕËɯÓÖÚÌÚɯÐÕÚÐÎÏÛɯÖÕɯÛÏÌɯËÌÛÈÐÓɯÖÍɯÔÐÊÙÖÚÛÙÜÊÛÜÙÌɯÖÍɯ×ÏÈÚÌɯÛÙÈÕÚÐÛÐÖÕȭɯ(ÕɯÛÏÐÚɯÊÏÈ×ÛÌÙȮɯÛÖɯÚÐÔ×ÓÐÍàɯÖÜÙɯ

ËÐÚÊÜÚÚÐÖÕȮɯ(ɯÍÖÊÜÚɯÖÕɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÙÐÎÐÕÈÛÐÕÎɯÍÙÖÔɯ×ÙÌÍÌÙÌÕÛÐÈÓɯÈËÚÖÙ×ÛÐÖÕɯÉÌɪ

ÛÞÌÌÕɯÛÏÌɯÉÌÛÛÌÙɯÚÖÓÝÌÕÛɯÈÕËɯ×ÖÓàÔÌÙÚȭɯ6ÌɯÌßÛÌÕËɯÛÏÌɯÖÙÐÎÐÕÈÓɯÈËÚÖÙ×ÛÐÖÕɪÈÛÛÙÈÊÛÐÖÕɯÔÖËÌÓɯÈÕËɯ

ËÐÚÊÜÚÚɯÐÕɯËÌ×ÛÏɯÛÏÌɯÚÐÎÕÈÛÜÙÌÚɯÉÌÏÐÕËɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÖÍɯ×ÖÓàÔÌÙÚȭɯ3ÏÌɯÈ××ÓÐÊÈÛÐÖÕɯ

ÖÍɯÛÏÌɯÛÏÌÖÙÌÛÐÊÈÓɯÔÖËÌÓɯÛÖɯ×ÖÓàÔÌÙɯÉÙÜÚÏÌÚɯÈÕËɯÔÈÊÙÖÎÌÓÚɯÞÐÓÓɯÉÌɯËÌÚÊÙÐÉÌËɯÍÐÙÚÛɯÐÕɯÚÌÊÛÐÖÕɯƗȭƖȭɯ

3ÏÌÕɯÛÏÌɯÔÖËÌÓɯÞÐÓÓɯÉÌɯÕÜÔÌÙÐÊÈÓÓàɯÚÖÓÝÌËɯÈÕËɯÛÏÌɯ×ÏàÚÐÊÈÓɯÔÌÈÕÐÕÎɯÖÍɯÛÏÌɯÔÖËÌÓɯ×ÈÙÈÔÌÛÌÙÚɯÞÐÓÓɯ

ÉÌɯÌß×ÓÈÐÕÌËɯÐÕɯÚÌÊÛÐÖÕɯƗȭƗȭɯ ÛɯÓÈÚÛȮɯÛÏÌɯÔÖËÌÓɯÞÐÓÓɯÉÌɯÈ××ÓÐÌËɯÛÖɯÍÐÛɯÛÏÌɯÌß×ÌÙÐÔÌÕÛÈÓɯËÈÛÈɯÈÕËɯÐÛÚɯ

ÝÈÓÐËÐÛàɯÐÚɯËÐÚÊÜÚÚÌËɯÐÕɯÚÌÊÛÐÖÕɯƗȭƘȭ 

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 ϯ, 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 pol-

ymer 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:  

( )gej j=- -
attr

f c2 1 , (3.4) 

where Ϙ 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 ϖ represents the bridging efficiency of the molecular matchi ng between monomer and 

cosolvent, it is noted that this  interpretation  for parameter ϖ is different from the original adsorp-

tion -attraction model  [23], see section 2.3 of Chapter 2. For convenience but without losing gener-

ality, in this study ϖ can be treated as a constant with a value of ϖ=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 poly-

mer and cosolvent. In addition, experimental evidences supporting this central assumption come 

from a Raman-spectroscopic study which investigated cononsolvency behaviors of linear poly(N -

isopropylacrylamide) polymers in methanol -water mixtures, in which methanol molecules aggre-

gate 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 l oop formation can also happen in the polymer 

brushes [97] when the grafting density is not high.  

An implicit and n ecessary 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 inter action, expressed by 

the excess energy Ϙ > 0. This requirement is in line with the observation [115] that the Flory param-

eter 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 (Ϙ) depends both on temperature and monomer con-

centration. However, if the cononsolvency effect is dominated by the simple adsorption between 

ÊÖÚÖÓÝÌÕÛɯÈÕËɯÔÖÕÖÔÌÙȮɯÈÚɯÐÚɯÛÏÌɯÊÈÚÌɯÞÏÌÕɯÛÏÌɯÊÖÚÖÓÝÌÕÛɯÊÖÕÚÐÚÛÚɯÖÍɯÈÓÊÖÏÖÓɯÔÖÓÌÊÜÓÌÚȮɯϘɯÊÈÕɯÉÌɯ

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 point ing out that a very crucial effect of parameter ϖ 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 mono-

mer becomes unlikely (ϖ<<1), which leads to that the temporary-crosslinking energy, ϖϘ, is insuffi-

cient 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 ethanol-

water 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 re spect 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 Ϟ like in Eq.(2.5). For 

convenience we assume the molecular size of cosolvent being larger than or equalling to the molec-

ular size of solvent, so that ϞȁƕȮɯÞÏÐÊÏɯÐÚɯÛÏÌɯÊÖÔÔÖÕɯÚÐÛÜÈÛÐÖÕȭɯ3ÏÐÚɯÎÐÝÌÚɯÙÐÚÌɯÛÖɯÈÕɯÈËÚÖÙ×ÛÐÖÕɯÍÙÌÌɯ

energy per monomer according to the lattice model approximation  [23, 24]: 

()( ) ( )
j j

j j j mj e
l l
= + - - - -

ads
f ln 1 ln 1 , (3.5) 

where ϟ represents the chemical potential change of the cosolvent when mixing with the solvent. 

In the preferential/competitive -adsorption process, the ϯ 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 -ϟϯ per monomer unit; and -ϘϯɤϞ 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 corre-

lated 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: 

( )c j j= -
cs cs

f 1 , (3.6) 

where Ϫcs 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 (Ϫcs) can contain both excess enthalpic and ex-

cess entropic contributions, see Chapter 2. Reference values for the range of Ϫcs 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 Ϫcs we refer the reader to the section 3.6.3. 

We use the following entropic free energy for a brush: 

( )
s

uj uj
å õ

= + - - - -æ ö
ç ÷

d
brush

f t c c
cc

2

2

1
1 ln 1 , (3.7) 

where Ϧd is the dimensionless grafting density of the polymer brush , the physical meaning of Ϧd 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 < Ϧd Ȁɯ1, 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]. 

The relation of Ϧd = Ϧ m holds when grafting density Ϧ, in the given units of chains/nm
2
, where Am is 

the cross-sectional area of a monomer or Kuhn segment typically in the order of ϣȹƔȭƗÕÔȺ
2
 [73]. The 

excess volume fraction in case of a full saturation of the polymer by cosolvent is given by Ϡ. The 
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physical meaning of Ϡ is that it describes the excluded-volume difference between the same mono-

mer 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:   

( )
a

uj uj
å õ

= + - - - -æ ö
ç ÷

gel

k

f c c
c

N c
2

3

3 1
1 ln 1

2
, 

(3.8) 

where Nk is the average number of Kuhn segments between two crosslinks in the network structure, 

ϔ 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 f irst term of Eq.(3.8) arises in 

the Flory-Rehner approach [113] for  a network. For a phantom network model  [9], we have: 

a
å õ- -

= = æ ö
ç ÷

m k

f f
,  N N x

f f

2 2
, (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 pr oposed 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 de-

scribe 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, Ϫcs, 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 ad-

ÚÖÙÉÌËɯÊÖÚÖÓÝÌÕÛɯÐÚɯÎÐÝÌÕɯÉàɯϯɯÈÕËɯÞÌɯÊÈÓÓɯÛÏÌÔɯɁÖÊÊÜ×ÐÌËɂȮɯÛÏÌÕɯÛÏÌɯÙÌÚÛɯÍÙÈÊÛÐÖÕɯÖÍɯÔÖÕÖÔÌÙÚɯƕ-

ϯȮɯÞÏÐÊÏɯÏÈÚɯÈËÚÖÙÉÌËɯÊÖÔÔÖÕɯÚÖÓÝÌÕÛɯÞÌɯÊÈÓÓɯɁÉÈÙÌɂȭɯ3ÏÌɯÊÖÕÛÙÐÉÜÛÐÖÕɯÖÍɯÛÏÌɯÕÖÕ-ideal polymer -

solvent-mixing for the free energy per monomer unit is given by  

( ) ()( )Dc j c j j ujè øè ø= + - - - -ê úê úint cs ps
f g c c1 1 1 . (3.10.1) 
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Here, the expression (1-c-ϠϯÊ) denotes the probability that a given monomer is not in contact 

with another monomer unit. Under this condition, g(ϯ) (cosolvent volume fraction in the gel or 

brush layer) gives the probability that this monomer is in contact with cosolvent, and complemen-

tary, 1- g(ϯ), this monomer is in contact with a common solvent. We repeat that mean-field assump-

tions are consequently applied in this thesis. The first term in Eq.(3.10.1) denotes the excess inter-

action 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 solutio n indicates that ȈϪcs<<Ϫcs and this contribution can be in 

fact neglected in the experimental systems we discuss in this work. Eventually, Ϫps denotes the in-

teraction when a bare monomer is exposed to the free common solvent molecules. This term repre-

sents 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 ϤȀg(ϯȺȀϯ holds, where Ϥ is the volume frac-

tion of cosolvent in the bulk outside the polymer phase. For a dilute polymer phase, such as poly-

mer chains sparsely grafted on a surface as well as free polymer chains, the approximation g(ϯ)ǽϤ 

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 

[46] in the framework of a 
1
H MAS NMR -spectroscopic study, which investigated the phase sepa-

ration 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 fre e bulk 

solution. Moreover, alcohols of long carbon -chains are more significantly concentrated in the con-

fined solution. In the current study we found that a simple mean -field approximation of g(ϯȺǽϤ was 

adequate to describe the cononsolvency transitions of sparsely grafted poly (N -isopropylacryla-

mide) brushes and sparsely-crosslinked macro-gels in alcohol aqueous binary mixtures. Effectively, 

we arrive at 

( )( )( )c j r ujº - - - -
int ps

f c c1 1 1 . (3.10.2) 

Finally, the total free energy per monomer is approximated as follows for polymer brushes/ mac-

rogels, 

j = + + + +
attr ads cs brush/gel int

f ( ,c) f f f f f . (3.11) 

3.3 Numerical solution of the extended adsorption-attraction model 

To obtain the equilibrium state, a minimization of the free energy f(ϯ, c) with respect to the order 

parameter of the adsorption, ϯ, 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 

ϯ 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 mix-

ing of the cosolvent with the solvent, ϟ. We note that a minimizatiÖÕɯÞÐÛÏɯÙÌÚ×ÌÊÛɯÛÖɯϯɯÖÕÓàɯÓÌÈËÚɯ

to a free energy in an effective solvent that can be expressed as a concentration-dependent Flory -

Huggins parameter  [23, 24] Ϫ(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 be-

haviour in a certain way in the extended adsorption -attraction model, due to a monomer -cosolvent-

monomer triple contact (cosolvent -assisted temporary cross-linki ng effect), the dominant parame-

ter is the free-energy loss (parameter -ϖϘ), see Eq.(3.4). If this effect is not counted (by setting ϖɯ= 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 view-

point is critical to explain why poly(N,N -diethylacrylamide)  does not show cononsolvency in meth-

anol-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 varia-

tion of parameter Ϟ while keeping the remaining parameters constant) can shift the collapse transi-

tion 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 Ϡ) 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 a vailable experimental observations, this is reflected first of all by a value Ϡ > 0. 

Fourth, as shown in Figure 3.1c, the demixing tendency between cosolvent and solvent (param-

eter Ϫcs>0) on the polymer chains plays a role in controlling the width of the cononsolvency transi-

tion. 

Fifth, as shown in Figure 3.1d, the non-ideal mixing between polymer and solvent (parameter 

Ϫps>0) plays a role in shifting the collapse transition toward the lower -concentration region of cosol-

vent which is already verified b y my previous study, see Chapter 2. 

Sixth, as shown in Figure 3.1e, the polymer-cosolvent preferential adsorption (parameter Ϙ) 

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 cononsol-

vency response of a polymer brush. The scaled brush thickness (H/H0) is displayed as a function of chemical 

potential change of the cosolvent, ϟ: (a) for Ϟɯ= 1 and Ϟɯ= 3, (b) for Ϡɯ= 0 and Ϡɯ= 0.3, (c) for Ϫcs= 0 and Ϫcs = 0.4, 

(d) for Ϫps = 0 and Ϫps = 0.2, (e) for Ϙ = 1.3 and Ϙ = 1.8, (f) for Ϧd = 0.01 and Ϧd = 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  Ϧd Ϟ Ϙ ϖ t  Ϡ Ϫcs Ϫps 

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 Ϧd or Ϧ) or an increase of the crosslink den-

sity of gels (parameter ϔ/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 Chap-

ter 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 cosol-

vent 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 experi-

mental data. 

3.4 Validation of the extended adsorption-attraction model 

The chemical potential change, ϟ, 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 i nsufficient to arrive at a detailed and comprehensive understanding of the roles of 

various interactions in the cononsolvency transition of polymers. For mixtures of different non -

ionic 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 es-

timates 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/wa-

ter 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 3.6.1-

3.6.3. 

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 adsorption-

attraction model such as Ϟ and Ϡ 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 Ϙ, f, Ϫcs and Ϫps are treated 

as free parameters and are fitted in their physical ranges that have physical meanings. Then fitted 

values of these parameters Ϙ, f, Ϫcs and Ϫps are compared with known experimental facts to check 

the self-consistency of the extended adsorption-attraction model. Subsequently, the roles of poly-

mer-solvent interactions and cosolvent-solvent interactions in the process of cononsolvency transi-

tion 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 

brush in various alcohol -water mixtures, where the temperature is fixed at 25
o
C (Experimental data 

have already been reported in my previous study, see Chapter 2), Table 3.2 shows the correspond-

ing 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 alcohol -

water mixtures, where the temperature is fixed at 22
 o
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 

and DMSO/water mixtures, where the temperature is fixed at 25
 o
C (Experimental data are extracted 

and reprocessed from refs.[40-42]). Table 3.3 and Table 3.4 show the corresponding parameter val-

ues 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 Ϙ 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 cur-

rent approach of the extended adsorption-attraction model requires that that parameters Ϟ, Ϙ and 

ϞϪcs are independent of polymer material architectures. This is verified for the cononsolvency tran-

sition of a PNiPA Am 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 aque-

ous solutions, at a temperature of 25
o
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 

Ϧ = 0.143 chains/nm
2
, Mn = 6.1×10

4
 g/mol, M w/Mn = 1.40. The experimental data have already been reported in 

my previous study , see Chapter 2. 

Table 3.2(Table 5) Fit parameters for alcohol-water systems (polymer brush, Ϧ = 0.143 chains/nm
2
, 25

o
C, Figure 

3.2). We choose Ϟ and Ϡ from their experimental values. The first part of the value for ϞϪcs is estimated as its 

experimental value, the second part of the value for ϞϪcs is a correction to fit the experimental data. Experi-

mental value of  PNiPAAm -water interaction (Ϫps) is around 0.40. 

Alcohol  Ϟ Ϙ Ϡ ϞϪcs Ϫps 

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 

-'ɯÈÔÐËÌɯ×ÙÖÛÖÕɯÖÍɯ/-Ð/  ÔɯÞÈÚɯÈÚɯÞÌÓÓɯÜÕÐÔ×ÖÙÛÈÕÛɯÐÕɯÛÏÌɯ×ÖÓàÔÌÙɀÚɯÊÖÕÖÕÚolvency 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 mol-

ecules on the PNiPAAm polymer chains. This indication is particularly obvious for the con onsol-

vency transition of PNiPAAm brushes in 1 -butanol/water mixtures. Actually, 1 -butanol is not mis-

cible 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 propa-

nol and butanol in the cononsolvency transition of PNiPAAm brushes, further demonstrated thi s 

finding, see section 2.7 of Chapter 2. 

 

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

aqueous solutions, at a temperature of 22
 o
C: open circles are experimental results and solid lines are theo-

retical 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 cross-

linkers 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]. 

Table 3.3(Table 6) Fit parameters for alcohol-water systems (polymer macro-gel, 22
o
C, Figure 3.3). We choose 

Ϟ and Ϡ from their experimental values. The first part of the value for  ϞϪcs is estimated as its experimental 

value, the second part of the value for ϞϪcs is a correction to fit the experimental data. Experimental value of  

PNiPAAm -water interaction (Ϫps) 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  Ϟ f Ϙ Ϡ ϞϪcs Ϫps 

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 

different grafting densities in ethanol -water mixtures, while temperature is fixed at 25
o
C (Experi-

mental 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 exper-

imental 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 remark-

able 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 graft-

ing density), the interaction strength between water and monomers increases. A similar phenome-

non 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-depend-

ent Ϫ-parameter [22, 76]. Thus, a higher grafting density can lead to an effective larger Flory param-

eter, Ϫps. 

 

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

aqueous solutions, at a temperature of 25
 o
C: open circles are experimental results and solid lines are theo-

retical 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 ex-

tracted and reprocessed from ref. [40]. 

Table 3.4(Table 7) Fit parameters for 1-propanol/water and D MSO/water systems (polymer macro-gel, 25
o
C, 

Figure 3.4). We choose Ϟ and Ϡ from their experimental values. The first part of the value for  ϞϪcs is estimated 

as its experimental value, the second part of the value for ϞϪcs is a correction to fit the experimental data. 

Experimental value of  PNiPAAm -water interaction (Ϫps) is around 0.40. The maximum possible degree of 

linking for the chemical cross linker is 4, this condition requires the parameter value of 2< f<4. 

Organic  Ϟ f Ϙ Ϡ ϞϪcs Ϫps 

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 Ϟ and Ϡ 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 ( Ϫps) are nearly con-

stant 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 Ϫps 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 Ϫps 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 mol-

ecules 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 molecÜÓÌɀÚɯÚÖÓÝÌÕÛɯØÜÈÓÐÛàɯÍÖÙɯÛÏÌɯ/-Ð/  Ôɯ×ÖÓàÔÌÙɯÐÕɯÛÏÌɯ#,2.ɤÞÈÛÌÙɯÈÕËɯÔÌÛÏÈɪ

nol/water mixtures.  

Among the data of from Table 3.2 to Table 3.5, we note that the numerical fit values of ϞϪcs 

deviate from their experimental values, and this deviation is particul arly obvious in the 1 -buta-

nol/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 ϞϪcs 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 estim ate 

the reference value of ϞϪcs in this study, we refer the reader to the section 3.6.3.  

Table 3.5(Table 8) Fit parameters for the ethanol-water system (polymer brush, 25
o
C, Figure 3.5). We choose 

Ϟ and Ϡ from their experimental values. The first part of the value for  ϞϪcs is estimated as its experimental 

value, the second part of the value for ϞϪcs is a correction to fit the experimental data. Experimental value of  

PNiPAAm -water interaction (Ϫps) is around 0.40. 

Grafting density  Ϟ Ϙ Ϡ ϞϪcs Ϫps 

0.143 chains/nm
2
 3.2587 1.25 0.20 1.2443+0.50 0.43 

0.103 chains/nm
2
 3.2587 1.24 0.20 1.2443-0.25 0.35 
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Figure 3.5(Figure 29) Grafting -density effect in the cononsolvency transition of PNiPAAm brushes in etha-

nol-water mixtures, at a temperature of 25
o
C: open squares are experimental results and solid lines are theo-

retical fits of the extended adsorption -attraction model. Parameters of the PNiPAAm brushes plott ed in Fig-

ure 4 from top to bottom are: grafting density Ϧ = 0.143 chains/nm
2
, Ϧ = 0.103 chains/nm

2
. Both brushes contain 

polymers of identical molecular weight distributions: M n = 6.1×10
4
 g/mol, M w/M n = 1.40. The experimental 

data have been reported in my previous study , see Chapter 2. 

As for DMSO/water interaction, the deviation of ϞϪcs is too large and shall be mainly attributed 

to that the simplified model (Eq.(3.10.2)) neglects the effect of ȈϪcs which is  defined in Eq.(3.10.1). 

It is worth pointing out that after including  the effect of ȈϪcs, 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 wa-

ter cannot be the dominant force to drive the phase transition of PNiPAAm polymer in DMSO -

water 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 pol-

ymer chain and temporary crosslinking effect between monomers and DMSO molecules, neverthe-

less, we are aware that there also exist alternative approaches involving a different physical mech-

anism 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 mon-

omers; 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 

solutions, at the temperature of 25
o
C: ϯ 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 ϯ on ϟ and Figure 3.6b is a schematic dependence of log10(ϯ) on ϟ. Parameters 

of the PNiPAAm brush are: grafting density Ϧ = 0.143 chains/nm
2
, M n = 6.1×10

4
 g/mol, M w/M n = 1.40. 

In Figure 3.6, the adsorption order parameter (the volume fraction of cosolvent, ϯ, 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 behav-

ior 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 obser-

vations 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 



58 Chapter 3 The extended adsorption -attraction model  

 

solvent is denoted by x, the volume ratio between one organic-solvent molecule and one water 

molecule is denoted by Ϟ. 

When an organic-sÖÓÝÌÕÛɯÔÖÓÌÊÜÓÌɀÚɯÖßàÎÌÕɯÈÛÖÔɯÍÖÙÔÚɯÈɯÉÖÕËɯÞÐÛÏɯÈɯÞÈÛÌÙɯÔÖÓÌÊÜÓÌɀÚɯÏàËÙÖɪ

gen atom, the corresponding probability is 
l

-

+ -

x

x x

1

1
(volume fraction of water). There are nx or-

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

bonds that can be formed is ( )
l
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, where zco is the number of ox-

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.  

3ÏÌɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯ×ÙÖÉÈÉÐÓÐÛàɯÍÖÙɯÈɯÞÈÛÌÙɯÔÖÓÌÊÜÓÌɀÚɯÖßàÎÌÕɯÈÛÖÔɯÛÖɯÍÖÙÔɯÈɯÏàËÙÖÎÌÕɯÉÖÕËɯÐÚɯ

l

l + -

x

x x1
(volume fraction of organic solvent). There are n(1-x) water molecules in the mixtures, 

thus the maximum number of this kind of hydrogen bonds that can be formed is 
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, where zso is the number of oxygen atoms in one water mol-

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 ϘH of the formation of one organic solvent -water hydrogen 

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

rameter ϪH when mixing different organic solvents with water at the temperature of 25
o
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 

solvent and water molecules is 
( )l

l
l

-

+ -

å õ
+ + +æ ö

ç ÷

sh ch
co so

xz z
z z

x x

x
n

1

2 12
. Note that from a thermodynamics 

point of view, as long as isotope effects are neglected, these two kinds of hydrogen bonds formed 

by organic solvent/ÞÈÛÌÙɯÐÕÛÌÙÈÊÛÐÖÕɯÕÌÈÙÓàɯËÖÕɀÛɯÏÈÝÌɯÈÕàɯËÐÍÍÌÙÌÕÊÌȭɯ3ÏÌɯÔÖÓÈÙɯÌÕÛÏÈÓ×àɯÊÏÈÕÎÌɯ
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in the mixing is denoted as mͅixHm and the average energy change of formation of one organic sol-

vent/water hydrogen bond is denoted as ϘH. In the short-chain alcohol and DMSO aqueous solu-

tions, 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 hydro-

gen bonds from organic solvent-organic solvent and water-water interactions [129, 130], which 

yields a mean-field approximation:  

( )
e

l
D l

l

å õ
º + + +

+
æ ö

÷

-

-ç

sh ch
co sm omix A H x

x xz z
z zH N

x

1

2 12
, (3.12) 

where NA is the Avogadro constant. This implies  
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+ + +
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co so sh
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x x

z z z z x

H

N x
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Now we obtain the enthalpic Flory interaction parameter between organic solvent and water 

due to hydrogen bond formation,  ϪH: 

( )e
c

+
º

Hc

H

B

o ch

k T

z z2
. (3.14) 

where kB is the Boltzmann constant. 2zco+ zch is the maximum number of hydrogen bonds each or-

ganic solvent molecule can generate. Note that ϪH is different from the effective Flory-parameter 

between the two solvents Ϫcs, eff of Eq.(2.9) and  Ϫcs 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 mͅixHm are extracted from refs.[129, 130]. 

Based on Eq. (3.13) and Eq. (3.14), the corresponding ϘH and ϪH 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 ϘH and ϪH: 

ɁϘH(DMSO, H2O) < ϘH(methanol, H 2.ȺɯȀɯϘH(ethanol, H2O) < ϘH(1-propanol, H 2O) < ϘH(1-butanol, 

H 2.ȺɂȮɯɯɁϪH(DMSO, H2O) <ϪH(methanol, H 2.ȺɯȀɯϪH(ethanol, H2O) < ϪH(1-propanol, H 2O) < ϪH(1-

butanol, H 2.Ⱥɂȭɯ3ÏÐÚɯÐÚɯÐÕɯÈÊÊÖÙËÈÕÊÌɯÞÐÛÏɯÛÏÌɯÚÐÔ×ÓÌɯ×ÐÊÛÜÙÌɯÛÏÈÛɯÓÖÕÎÌÙɯÊÈÙÉÖÕɯÊÏÈÐÕɯÓÌÕÎÛÏÚɯÖÍɯ

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  Ɂ#,2.ɯǿɯÔÌÛÏÈÕÖÓɯǿɯÌÛÏÈɪ

nol > 1-propanol > 1-ÉÜÛÈÕÖÓɂȭ 

It has been reported that a strong cosolvent-solvent attraction can induce a cononsolvency tran-

sition of poly(Ϙ-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 

×àÙÐËÐÕÌɯÈÕËɯÍÖÙÔÐÊɯÈÊÐËɯÖÙɯÈÊÌÛÐÊɯÈÊÐËɯÈÙÐÚÌÚɯÍÙÖÔɯÛÏÌɯÍÖÙÔÈÛÐÖÕɯÖÍɯÈɯÝÌÙàɯÚÛÙÖÕÎɯɁÈÊÐË-ÉÈÚÌɂɯÛà×Ìɯ

of hydrogen bonds.  
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Figure 3.8(Figure 32) Average energy change ϘH of the formation of one pyridine -acid hydrogen bond, and 

enthalpic Flory parameter ϪH when mixing pyridine with different organic acids at the corresponding tem-

peratures. 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 ɁÈÊÐË-ÉÈÚÌɂ 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  ϪH. 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 ,ÜÒÏÌÙÑÐɀÚɯËÌÍÐÕÐÛÐÖÕ [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 poly-

mer as a function of the experimental value of the effective Flory parameter (ϞϪcs) between cosol-

vent and water. For details behind the precise definition of the effe ctive 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 tend ency between cosolvent and water. This monotonic relationship is also ob-

served 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 re-

lationship 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 cosol-

vent-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 effecti ve Flory parameter 

between various cosolvents and water at a temperature close to 25
o
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 co-

nonsolvency-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 fi t results of ϞϪcs show that a reduction of the width of the co-

nonsolvency 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 be-

tween 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 (ͅ5m,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 suppres-

sion 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 sub-

stantially suppressed, in the alcohol-poor regime maybe nearly all free alcohol molecules are capti-

vated 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]ȮɯÚÖɯÛÏÈÛɯÌÍÍÌÊÛÐÝÌÓàɯÛÏÌɯÞÈÛÌÙɀÚɯÚÖÓÝÌÕÛɯØÜÈÓÐÛàɯÐÚɯÐÔɪ

proved 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 (ͅϪcs) as well as a reduction of this interaction in bulk solvent mixtures ex-

cluding the polymer, as well as a reduction of the polymer -water interaction (ͅϪps). 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 (ͅϟ). With an  increase of hydrostatic pressure (ͅ P), these 

reductions are approximated through the following relations  [141]: 
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, (3.15) 

and applied to Eq.(3.5), Eq.(3.6) and Eq.(3.10.2), respectively; the meaning of ͅϟ is graphically pre-

sented in Figure 3.10. Here, Vͅm,cs is the excess molar volume of mixing the alcohol with water, 

Vͅm,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 Vͅm,ps is negative when a hydrophilic po l-

ymer such as polyethylene glycol [142] is mixed with water. For additional details of estimating  the 

pressure effect on the values of ͅ ϟ, ͅϪcs and ͅϪps 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 (ͅ Ϫcs), a 

decrease of the Flory parameter for polymer-water interaction (ͅϪps), and a reduction of the chem-

ical potential change of mixing (ͅϟ). We thus propose that in the language of the extended adsorp-

tion -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 Pͅ are fixed, ͅ Ϫcs can 

be approximated as a constant, for additional details we refer the reader to the section 3.6.6. There-

fore, to qualitatively study the pressure effect in the cononsolvency transition, ͅϪcs and ͅϪps in 

Eq.(3.15) are further simplified to be proportional to Pͅ, this means if ͅ P and temperature are fixed, 

Ϫͅcs and Ϫͅps 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 (Ϫcs), the polymer-solvent interaction (Ϫps), and a reduction of the chemical po-

ÛÌÕÛÐÈÓɯÊÏÈÕÎÌɯÖÍɯÔÐßÐÕÎɯϟȮɯÈÚɯÐÔ×ÓÌÔÌÕÛÌËɯÐÕɯÛÏÌɯÌßÛÌÕËÌËɯÈËÚÖÙ×ÛÐÖÕ-attraction model. Note that apart 

from va riations of Ϫcs and Ϫps, 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 lower-

pressure to the higher-pressure states. 

Table 3.6(Table 9) Parameter values applied while numerically solving the extended adsorption -attraction 

model (Figure 3.10, polymer macrogel, temperature is fixed at 25
o
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 ͅ Ϫcs and ͅϪps, we refer the reader to the sections 

3.6.6 and 3.6.7. 

Pressure Nk f Ϟ Ϙ Ϡ ϞϪcs Ϫps 

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 ͅϟ in the approach of Eq. (3.15) is independent of the order parameter of the 

adsorption (ϯ) 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 -attrac-

tion model with respect to ϯ and c, the pressure effect on Ϫcs and Ϫps can be graphically presented 

by curves such as shown in Figure 3.10; secondly the pressure effect on ϟ can be presented by a 

horizontal shift (ͅϟ) on the curves. Here it is worth noting that in a numerical solution of the ex-

tended adsorption -attraction model, a simultaneous increase or decrease of Ϫcs and Ϫps 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 (ͅϪcs) and 

polymer -water interaction (ͅϪps) that have physical meanings (see sections 3.6.6 and 3.6.7), the cu-

mulative effect of a simultaneous reduction of Ϫps and chemical potential (ͅϟ, see section 3.6.5) 

exceeds the competing effect of a reduction of Ϫcs.  

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 Ϫcs and Ϫps, all 

other parameters remained fixed when solving the equations (as shown in Table 3.6).  In Figure 

3.10ȮɯɁAɂɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÚàÚÛÌÔɯÈÛɯÛÏÌɯÓÖÞÌÙ-×ÙÌÚÚÜÙÌɯÚÛÈÛÌȮɯɁCɂɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÊÖɪ

nonsolvency system at the higher-×ÙÌÚÚÜÙÌɯÚÛÈÛÌȮɯɁB1ɂɯÈÕËɯɁB2ɂɯÙÌ×ÙÌÚÌÕÛɯ×ÖÚÚÐÉÓÌɯÐÕÛÌÙÔÌËÐÈÛÌɯ

states when the cononsolvency system changes from the lower-pressure to the higher-pressure 

states. By now it has been clear that ÐÍɯɁAɂɯÙÌ×ÙÌÚÌÕÛÚɯÛÏÌɯÔÐÕÐÔÜÔɯÍÖÙɯÛÏÌɯÊÖÓÓÈ×ÚÌɯÚÛÈÛÌɯÖÍɯÊÖɪ

nonsolvency transition at the lo wer pressure, due to pressure change, ɁCɂɯÞÐÓÓɯÙÌ×ÙÌÚÌÕÛɯÛÏÌɯÝÐÊÐÕÐÛàɯ

of the minimum for the collapse state at the higher pressure, then ͅ ϟ 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 small-

angle neutron scattering recently proved  that the hydrophobic effect between PNiPAAm and sol-

vents of methanol-water mix tures, is much weakened above a certain pressure (~150MPa). In pre-

vious 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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3.4.5 Cononsolvency transition of a single long polymer 

$ß×ÌÙÐÔÌÕÛÈÓɯÚÛÜËÐÌÚɯȻƙƜȮɯƙƝȼɯÙÌ×ÖÙÛÌËɯÛÏÈÛɯÈɯÚÐÕÎÓÌɯÓÖÕÎɯ/-Ð/  Ôɯ×ÖÓàÔÌÙɯÊÏÈÐÕɯÚÏÖÞÚɯÚÛÙÖÕÎɯ

ÊÖÕÖÕÚÖÓÝÌÕÊàɯ×ÏÈÚÌɪÛÙÈÕÚÐÛÐÖÕɯÉÌÏÈÝÐÖÙÚȭɯ3ÖɯØÜÈÕÛÐÛÈÛÐÝÌÓàɯÌß×ÓÈÐÕɯÐÛÚɯ×ÏÈÚÌɪÛÙÈÕÚÐÛÐÖÕɯÉÌÏÈÝÐÖÙÚɯ

ÐÕɯÛÏÌɯÛÏÌÖÙÌÛÐÊÈÓɯÚÊÏÌÔÌɯÖÍɯÛÏÌɯÌßÛÌÕËÌËɯÈËÚÖÙ×ÛÐÖÕɪÈÛÛÙÈÊÛÐÖÕɯÔÖËÌÓȮɯÞÌɯÜÚÌɯÛÏÌɯÍÖÓÓÖÞÐÕÎɯÌÕɪ

ÛÙÖ×ÐÊɯÍÙÌÌɯÌÕÌÙÎàɯÊÖÕÛÙÐÉÜÛÐÖÕɯÍÖÙɯÈɯÚÐÕÎÓÌɯÊÏÈÐÕȯ 
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3ÏÌɯÍÐÙÚÛɯÛÌÙÔɯÐÕɯ$ØȭȹƗȭƕƚȺɯÐÚɯÈÕɯÈ××ÙÖßÐÔÈÛÐÖÕɯÍÖÙɯÛÏÌɯÌÓÈÚÛÐÊɯÌÕÌÙÎàɯÖÍɯÈɯÚÛÙÌÛÊÏÌËɯÊÏÈÐÕɯÈ××ÙÖßÐɪ

ÔÈÛÌËɯÉàɯ%ÓÖÙàɯÈ××ÙÖÈÊÏɯÐÕɯÛÌÙÔÚɯÖÍɯÈɯÍÙÌÌɯÌÕÌÙÎàɯ×ÌÙɯÔÖÕÖÔÌÙɯÜÕÐÛȮɯÞÏÐÓÌɯÛÏÌɯÚÌÊÖÕËɯÛÌÙÔɯÐÚɯÛÏÌɯ

ÌÕÛÙÖ×ÐÊɯÍÙÌÌɯÌÕÌÙÎàɯÖÍɯÔÐßÐÕÎɯÛÏÌɯ×ÖÓàÔÌÙɯÞÐÛÏɯÚÖÓÝÌÕÛÚȭɯ3ÏÌɯÌß×ÈÕÚÐÖÕɯÍÈÊÛÖÙɯϕɯÐÚɯËÌÍÐÕÌËɯÉàɯϕɯǻɯ

1ɤɯ1ƔȮɯÞÏÌÙÌɯ1ɯÐÚɯÛÏÌɯÚÐáÌɯÖÍɯÛÏÌɯÚÐÕÎÓÌɯ×ÖÓàÔÌÙɯÊÏÈÐÕɯÈÕËɯ1ƔɯǽɯÉÒȄ-ÒÚɯÐÚɯÐÛÚɯÐËÌÈÓɪÊÏÈÐÕɯÚÐáÌɯÞÐÛÏɯÉÒɯ

ÉÌÐÕÎɯÛÏÌɯÚÐáÌɯÖÍɯÈɯ*ÜÏÕɯÚÌÎÔÌÕÛɯÈÕËɯ-ÒÚɯÛÏÌɯÊÏÈÐÕɯÓÌÕÎÛÏɯÐÕɯÜÕÐÛÌÚɯÖÍɯÛÏÌɯ×ÖÓàÔÌÙɀÚɯ*ÜÏÕɯÓÌÕÎÛÏɯ

ÉÒȭɯ'ÌÙÌȮɯÛÏÌɯÈÝÌÙÈÎÌɯÔÖÕÖÔÌÙɯÝÖÓÜÔÌɯÍÙÈÊÛÐÖÕɯȹÊȺɯÍÖÙɯÈɯÚÐÕÎÓÌɯÊÏÈÐÕɯÐÚɯËÌÍÐÕÌËɯÈÚɯÐÛÚɯÝÖÓÜÔÌɯÖÊÊÜɪ

×ÈÛÐÖÕɯÐÕɯÛÏÌɯÚÐÕÎÓÌɪÊÏÈÐÕɯÊÖÐÓȮɯÊɯǻɯÉ
Ɨ
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ɯƗ
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ÔÖÕÖÔÌÙɯÚÐáÌɯÉȭɯ2ÐÕÊÌɯÛÏÌɯÚÌÊÖÕËɯÛÌÙÔɯÐÕɯÛÏÌɯÍÐÙÚÛɯÛÌÙÔɯÖÍɯ$ØȭȹƗȭƕƚȺɯÐÚɯÙÈÛÏÌÙɯÚÔÈÓÓɯÍÖÙɯÈɯÓÖÕÎɯÊÏÈÐÕȮɯ
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 ÚɯÍÖÙɯÈɯÓÐÕÌÈÙɯ/-Ð/  Ôɯ×ÖÓàÔÌÙȮɯÛÏÌɯÝÈÓÜÌɯÖÍɯÉÒɤÉɯÐÚɯÈÉÖÜÛɯƕƔȭ 

In Figure 3.11, we display theoretical fits to published experimental data of poly(N -isopropy-

ÓÈÊÙàÓÈÔÐËÌȺɯÚÐÕÎÓÌɯÊÏÈÐÕɯÐÕɯÔÌÛÏÈÕÖÓǸÞÈÛÌÙɯÔÐßÛÜÙÌÚȮɯÞÏÌÙÌɯthe temperature is fixed at 20°C. Ta-

ble 3.7 shows the corresponding parameter values obtained in the numerical fit procedures (exper-

imental data are extracted and reprocessed from ref. [58]). The resulting fit curve matches the ex-

perimental 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 adsorp-

tion -attraction model requires that parameters Ϟ, Ϙ and ϞϪcs 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, Tabl e 3.3 and Table 3.7.  

Table 3.7(Table 10) Fit parameters for methanol-water systems (single polymer chain, 20
o
C, Figure 3.11). We 

choose Ϟ and Ϡ from their experimental values. The first part of the value for  ϞϪcs is estimated as its experi-

mental value, the second part of the value for ϞϪcs is a correction to fit the experimental data. Experimental 

value of PNiPAAm -water interaction (Ϫps) is around 0.40.  

Alcohol  Ϟ Ϙ Ϡ ϞϪcs Ϫps 

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, 

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

physical model. Parameters of the PNiPAAm are: M w = 2.63 ×10
7
 g/mol, M w/M n < 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 view point has been already 

clearly point ed 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 

!ÖÛÏɯÈɯÛÏÌÖÙÌÛÐÊÈÓɯÈÕÈÓàÚÐÚɯÈÕËɯÌß×ÌÙÐÔÌÕÛÈÓɯÖÉÚÌÙÝÈÛÐÖÕÚɯÚÏÖÞɯÛÏÈÛɯÛÏÌɯ×ÏÈÚÌɪÛÙÈÕÚÐÛÐÖÕɯÔÌÊÏɪ

ÈÕÐÚÔɯÖÍɯÊÖÕÖÕÚÖÓÝÌÕÊàɯËÌ×ÌÕËÚɯÖÕɯÛÏÌɯÙÌÓÈÛÐÝÌɯÚÛÙÌÕÎÛÏÚɯÖÍɯÝÈÙÐÖÜÚɯÐÕÛÌÙÈÊÛÐÖÕÚɯÐÕɯÛÏÌɯ×ÖÓàÔÌÙɯ

ÚÖÓÜÛÐÖÕÚȭɯ ɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕɯÊÈÕɯÉÌɯËÙÐÝÌÕɯÉàɯÈɯÚÛÙÖÕÎɯÊÖÚÖÓÝÌÕÛɪÚÖÓÝÌÕÛɯÈÛÛÙÈÊÛÐÖÕɯÖÙɯÉàɯ

ÛÏÌɯ×ÙÌÍÌÙÌÕÛÐÈÓɯÈËÚÖÙ×ÛÐÖÕɯÖÍɯÊÖÚÖÓÝÌÕÛɯÖÕÛÖɯÛÏÌɯ×ÖÓàÔÌÙȭɯ(ÕɯÛÏÐÚɯÞÖÙÒȮɯÉàɯÜÚÐÕÎɯÈÕɯÌßÛÌÕÚÐÖÕɯÖÍɯ

ÛÏÌɯÈËÚÖÙ×ÛÐÖÕɪÈÛÛÙÈÊÛÐÖÕɯÔÖËÌÓȮɯÞÌɯÙÌ×ÖÙÛɯÖÕɯÈɯÊÖÔ×ÙÌÏÌÕÚÐÝÌɯÈÕËɯØÜÈÕÛÐÛÈÛÐÝÌɯÛÏÌÖÙÌÛÐÊÈÓɯÚÛÜËàɯ

ÖÍɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÌÍÍÌÊÛɯÖÍɯÕÌÜÛÙÈÓɯ×ÖÓàÔÌÙÚɯÚÜÊÏɯÈÚɯ/-Ð/  ÔɯÉÙÜÚÏÌÚȮɯÔÈÊÙÖɪÎÌÓÚɯÈÕËɯÚÐÕÎÓÌɯ

ÓÖÕÎɯÊÏÈÐÕÚȭɯ3ÏÌɯÌßÛÌÕËÌËɯÈËÚÖÙ×ÛÐÖÕɪÈÛÛÙÈÊÛÐÖÕɯÔÖËÌÓɯÐÚɯÈÉÓÌɯÛÖɯËÌÚÊÙÐÉÌɯÈÕËɯ×ÙÌËÐÊÛɯÛÏÌɯ×ÏÈÚÌɪ

ÛÙÈÕÚÐÛÐÖÕɯÉÌÏÈÝÐÖÙÚɯÖÍɯ/-Ð/  ÔɯÉÙÜÚÏÌÚȮɯÎÌÓÚɯÈÕËɯÓÖÕÎɯÚÐÕÎÓÌɯÊÏÈÐÕɯÐÕɯÝÈÙÐÖÜÚɯÈØÜÌÖÜÚɯÈÓÊÖÏÖÓɯ
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ÚÖÓÜÛÐÖÕÚɯØÜÈÕÛÐÛÈÛÐÝÌÓàȭɯ!ÌÚÐËÌÚɯÛÏÌɯËÖÔÐÕÈÕÛɯÙÖÓÌÚɯÖÍɯ×ÖÓàÔÌÙɪÊÖÚÖÓÝÌÕÛɯ×ÙÌÍÌÙÌÕÛÐÈÓɯÈËÚÖÙ×ÛÐÖÕɯ

ÈÕËɯÛÏÌɯÔÖÕÖÔÌÙɪÊÖÚÖÓÝÌÕÛɪÔÖÕÖÔÌÙɯÛÙÐ×ÓÌɯÊÖÕÛÈÊÛÚɯȹÊÖÚÖÓÝÌÕÛɪÈÚÚÐÚÛÌËɯÛÌÔ×ÖÙÈÙàɯÊÙÖÚÚɪÓÐÕÒÐÕÎɯ

ÌÍÍÌÊÛȺɯÛÏÈÛɯËÌÍÐÕÌɯÛÏÌɯÚÛÙÌÕÎÛÏɯÖÍɯÛÏÌɯÊÖÓÓÈ×ÚÌɪÛÙÈÕÚÐÛÐÖÕɯÐÕɯÛÏÌɯÊÖÚÖÓÝÌÕÛɪ×ÖÖÙɯÙÌÎÐÖÕȮɯÖÛÏÌÙɯÌÍÍÌÊÛÚɯ

ÈÙÌɯÚÏÖÞÕɯÛÖɯÉÌɯÖÍɯÙÌÓÌÝÈÕÊÌȯɯ3ÏÌɯÕÖÕɪÐËÌÈÓɯÔÐßÐÕÎɯÉÌÛÞÌÌÕɯ×ÖÓàÔÌÙɯÈÕËɯÚÖÓÝÌÕÛɯ×ÓÈàÚɯÈɯÙÖÓÌɯÐÕɯ

ÚÏÐÍÛÐÕÎɯÛÏÌɯÊÖÓÓÈ×ÚÌɯÛÙÈÕÚÐÛÐÖÕɯÛÖɯÛÏÌɯÓÖÞÌÙɪÊÖÕÊÌÕÛÙÈÛÐÖÕɯÙÌÎÐÖÕɯÖÍɯÊÖÚÖÓÝÌÕÛȮɯÈÕËɯÈÕɯÐÕÊÙÌÈÚÌɯÖÍɯ

ÛÏÌɯËÌÔÐßÐÕÎɯÛÌÕËÌÕÊàɯÉÌÛÞÌÌÕɯÊÖÚÖÓÝÌÕÛɯÈÕËɯÚÖÓÝÌÕÛɯÖÕɯÛÏÌɯ×ÖÓàÔÌÙɯÊÏÈÐÕÚɯɯÙÌËÜÊÌÚɯÛÏÌɯÞÐÕËÖÞɯ

ÞÐËÛÏɯÖÍɯÛÏÌɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÛÙÈÕÚÐÛÐÖÕȭɯ4ÚÐÕÎɯËÈÛÈɯÍÙÖÔɯÛÏÌɯÓÐÛÌÙÈÛÜÙÌɯÞÌɯÊÈÕɯÚÏÖÞɯÛÏÈÛɯÛÏÌɯÊÖɪ

ÕÖÕÚÖÓÝÌÕÊàɯÙÌÚ×ÖÕÚÌɯÖÍɯÉÙÜÚÏÌÚȮɯÎÌÓÚɯÈÕËɯÚÐÕÎÓÌɯÓÖÕÎɯ×ÖÓàÔÌÙɯÊÏÈÐÕɯÊÈÕɯÉÌɯÊÖÕÚÐÚÛÌÕÛÓàɯËÌÚÊÙÐÉÌËɯ

ÞÐÛÏɯÛÏÌɯÚÈÔÌɯÔÖËÌÓȭɯ3ÏÜÚȮɯÈÓÚÖɯÛÏÌɯÚÞÌÓÓÐÕÎɤËÌÚÞÌÓÓÐÕÎɯÉÌÏÈÝÐÖÙɯÖÍɯ/-Ð/  ÔɯÎÌÓÚɯÈÕËɯÚÐÕÎÓÌɯ

ÓÖÕÎɯÊÏÈÐÕÚɯÞÐÛÏɯÙÌÚ×ÌÊÛɯÛÖɯÊÖÕÖÕÚÖÓÝÌÕÊàɯÐÚɯØÜÈÕÛÐÛÈÛÐÝÌÓàɯËÌÚÊÙÐÉÌËɯÐÕɯÛÏÐÚɯÞÖÙÒȭɯ3ÏÌɯÜÚÌËɯ×Èɪ
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3.6 Chapter appendix 

3.6.1 Chemical potential change of mixing two components 

The total Gibbs free energy of two species before mixing is Ginitial  [5], 

m m= +
1 1 2 2

* *

initial
G n n , (3.18) 

where n1 and n2 are the molar number ÖÍɯÚ×ÌÊÐÌÚɯɁƕɂɯÈÕËɯɁƖɂɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯϟ1
* and ϟ2

* are the chem-

ÐÊÈÓɯ×ÖÛÌÕÛÐÈÓɯȹÔÖÓÈÙɯ&ÐÉÉÚɯÍÙÌÌɯÌÕÌÙÎàȺɯÖÍɯ×ÜÙÌɯÚ×ÌÊÐÌÚɯɁƕɂɯÈÕËɯɁƖɂɯÙÌÚ×ÌÊÛÐÝÌÓàȭ 

After mixing, in equilibrium, the total Gibbs free energy is Gfinal, 

( ) ( )m g m gè ø è ø= + + +ê ú ê úfinal
G n RT x n RT x* *

1 1 1 1 2 2 2 2
ln ln , (3.19) 

where x1 and x2 ÈÙÌɯÛÏÌɯÔÖÓÈÙɯÍÙÈÊÛÐÖÕɯÖÍɯÚ×ÌÊÐÌÚɯɁƕɂɯÈÕËɯɁƖɂɯÐÕɯÛÏÌɯÔÐßÛÜÙÌɯÙÌÚ×ÌÊÛÐÝÌÓàȰɯϖ1 and ϖ2 

ÈÙÌɯÛÏÌɯÈÊÛÐÝÐÛàɯÊÖÌÍÍÐÊÐÌÕÛɯÖÍɯÚ×ÌÊÐÌÚɯɁƕɂɯÈÕËɯɁƖɂɯÐÕɯÛÏÌɯÔÐßÛÜÙÌɯÙÌÚ×ÌÊÛÐÝÌÓàȮɯÛÏÌàɯÈÙÌɯÍÜÕÊÛÐÖÕÚɯÖÍɯ
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temperature, pressure and composition change; R and T are the gas constant and the thermody-

namic temperature respectively. 

Then the mixing Gibbs free energy of species 1 and 2 is ͅ mixG, 

( ) ( )D g g= - = +
mix final initial

G G G n RT x n RT x
1 1 1 2 2 2

ln ln . (3.20) 

We note the following relations:  

= +

=

=

+ =

1 2

1
1

2
2

1 2
1

n n n

n
x

n
n

x
n

x x

, (3.21) 

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

( ) ( )
D

g g= +mix m
G

x x x x
RT 1 1 1 2 2 2

ln ln . (3.22) 

3ÏÌÕɯÛÏÌɯÊÏÌÔÐÊÈÓɯ×ÖÛÌÕÛÐÈÓɯÊÏÈÕÎÌɯÖÍɯÚ×ÌÊÐÌɯɁƕɂɯÐÕɯÛÏÌɯÔÐßÐÕÎɯ×ÙÖÊÌÚÚɯÐÚɯϟ1,mix, 

( )
( )

( )
( )

m D
m

g g
g g

è øµ
= = é ù

µê ú

è ø è øå õ å õµ µ
é ù é ù= + - +æ ö æ ö

æ ö æ öµ µé ù é ùç ÷ ç ÷ê ú ê ú

mix mix

T P

T P T P

G

RT RT n

x x x x
x x

1,

1 ,

1 2

1 1 1 2 2 2

1 2, ,

1

ln ln
ln ln

, (3.23) 

ÞÏÌÙÌɯ/ɯÐÚɯÛÏÌɯ×ÙÌÚÚÜÙÌȭɯ(ÍɯÞÌɯÚÌÛɯϖƕɯǻɯƕɯÈÕËɯϖƖɯǻɯƕȮɯÛÏÌÕɯÛÏÌɯ$ØȭȹƗȭƖƗȺɯÙÌËÜÊÌÚɯÛÖɯÓÈÛÛÐÊÌɪÔÖËÌÓɯÍÖÙÔÜÓÈɯ

ÍÖÙɯÛÏÌɯÈÛÏÌÙÔÈÓɯÊÏÌÔÐÊÈÓɯ×ÖÛÌÕÛÐÈÓɯÊÏÈÕÎÌɯÈÚɯ
m

m
å õ

= = æ ö
-ç ÷

mix x

RT x

1, 1

1

ln
1

ȭɯ-ÖÛÌɯÛÏÈÛɯÐÕɯ$ØȭȹƗȭƖƗȺȮɯϟɯÐÚɯÛÏÌɯ

ËÐÔÌÕÚÐÖÕÓÌÚÚɯÊÏÌÔÐÊÈÓɯ×ÖÛÌÕÛÐÈÓɯÊÏÈÕÎÌɯÞÏÐÊÏɯÐÚɯÜÚÌËɯÐÕɯÛÏÌɯ$ØȭȹƗȭƙȺɯÖÍɯÚÌÊÛÐÖÕɯƗȭƖȭ 

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 coefficien ts are given by: 

( )
( )

( )( )

( )
( )

( )( )

g

g

ë ûå õî î
=- ³ + - -æ öì ü

+ ++ + î îç ÷í ý

ë ûå õî î
=- ³ + - -æ öì ü

+ ++ + î îç ÷í ý

x A A A
x

x A x x A xx A x x A x

x A A A
x

x A x x A xx A x x A x

2 12 21 21
1 1

1 12 2 2 21 11 12 2 2 21 1

1 21 12 12
2 2

2 21 1 1 12 22 21 1 1 12 2

ln 1
ln 1 1

ln 1
ln 1 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 ϖ1
Ȇ
 and ϖ2

Ȇ
 [88, 146]. The relations between ϖ1

Ȇ
, ϖ2

Ȇ
 and A12, A21 are, 
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( )
( )

( )
( )

g

g

¤

¤

=-

=-

A A

A

A A

A

12 21

1

12

21 12

2

21

ln
ln

ln
ln

. (3.25) 

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 ϖ1
Ȇ
 and ϖ2

Ȇ
 by using DDB Soft-

ware Package [149]. These calculated values are compared with their already-known reliable ex-

perimental values, then the suitable calculated values are chosen for these species that lack of reli-

able experimental values. Values of ϖ1
Ȇ
, ϖ2

Ȇ
, 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 stand-

ard state. 
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Table 3.8(Table 11) Values of ϖ1

Ȇ
, ϖ2

Ȇ
, A12 and A21 for different alcohol -water systems at the temperature of 

298.15K (25
o
C). 
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Table 3.9(Table 12) Values of ϖ1

Ȇ
, ϖ2

Ȇ
, A12 and A21 for different alcohol -water systems at the temperature of 

295.15K (22
o
C). 
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3.6.3 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 ͅ mixGm, can be expressed as, 

( ) ( ) ( ) ( )
D

g g c= + = + +mix m
G

x x x x x x x x x x
RT 1 1 1 2 2 2 1 1 2 2 1 2

ln ln ln ln , (3.26) 

where Ϫɯis the effective Flory -interaction parameter. Then we get, 

( ) ( )g g
c= +

x x

1 2

2 1

ln ln
, and (3.27) 

 

( ) ( )( ) ( )( )
c

å õ å õ
+ - - + - -æ ö æ ö

+ + + +ç ÷ ç ÷
- = +

+ + + +

A A
x x

x A x x A x x A x x A x

A A x A x x A x x A x x A x

21 12
1 2

1 12 2 2 21 1 2 21 1 1 12 2

21 12 1 12 2 2 21 1 2 21 1 1 12 2

1 1
1 1 1 1

ln
. 

(3.28) 

The right -hand side of Eq.(3.28) is a decreasing function in respect to argument x1 when the bound-

ary condition of A12 > 0, A21 > 0 is hold, and it has a boundary of ,
A A

è ø
é ù
ê ú21 12

1 1
. Then we can get 

( ) ( )
c
è ø
Í - -é ù
é ùê ú

A A A A

A A

21 12 12 21

21 12

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

( ) ( )

( ) ( )

g c g

g lc g

¤ ¤

¤ ¤

¢ ¢

¢ ¢
cs

2 1

2 1

ln ln

ln ln
, (3.29) 
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in which ϞȁƕɯÐÚɯÛÏÌɯÝÖÓÜÔÌɯÙÈÛÐÖɯÉÌÛÞÌÌÕɯÈɯÔÖÓÌÊÜÓÌɯÖÍɯÈɯÊÖÔ×ÖÕÌÕÛɯÈÕËɯÈɯÔÖÓÌÊÜÓÌɯÖÍɯÈÕÖÛÏÌÙɯ

different component in the binary mixtures, Ϫcs is the conventionally used Flory -Huggins parame-

ters. It is noted that ϪɯǻɯϪcs, 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 Ϫ is consistent with its experimental value Ϫcs, eff, also see Figure 2.6b. 

3.6.4 Crosslink-density effect in the cononsolvency transition of poly(N-isopropylacrylamide) micro-

gel 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. He re we 

replotted these data as the normalized swollen gel volume ( h

h
V R

å õ
æ ö
æ ö
ç ÷

3

0 ,0

RV
= ) 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-ÎÌÓɀÚɯÚÞÖÓÓÌÕɯÝÖÓÜÔÌɯÐÕɯ×ÜÙÌɯÞÈÛÌÙȭ 

 

Figure 3.16(Figure 40) Crosslink-density effect in the cononsolvency transition of poly(N -isopropylacryla-

mide) 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 so-

lutions at the temperature of 298.15K. Here we replotted these data as the normalized swollen gel 

weight (
0 0

/
=

/

dry

dry

W WW

W W W
) in Figure 3.17. Note that W0 is the macro-ÎÌÓɀÚɯÚÞÖÓÓÌÕɯÞÌÐÎÏÛɯÐÕɯ×ÜÙÌɯÞÈÛÌÙȭ 

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 dimethylfor-

mamide-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 observa-

tions are in line with the theoretical prediction of the extended adsorption -attraction model for pol-

ymer 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 -isopropylacryla-

mide) 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 /ÙÌÚÚÜÙÌɯÌÍÍÌÊÛɯÖÕɯÛÏÌɯËÐÔÌÕÚÐÖÕÓÌÚÚɯÊÏÌÔÐÊÈÓɯ×ÖÛÌÕÛÐÈÓɯÊÏÈÕÎÌɯȹϟȺ 

We note the fundamental thermodynamic relation  [5], 

m=- + +äm m m i i
i

dG S dT V dP dx, (3.30) 

ÞÏÌÙÌɯ&ÔɯÐÚɯÔÖÓÈÙɯ&ÐÉÉÚɯÍÙÌÌɯÌÕÌÙÎàɯÖÍɯÛÏÌɯÚàÚÛÌÔȮɯ2ÔɯÐÚɯÔÖÓÈÙɯÌÕÛÙÖ×àɯÖÍɯÛÏÌɯÚàÚÛÌÔȮɯ5ÔɯÐÚɯÔÖÓÈÙɯ

ÝÖÓÜÔÌɯÖÍɯÛÏÌɯÚàÚÛÌÔȰɯϟÐɯÈÕËɯßÐɯÈÙÌɯÛÏÌɯÐɪÛÏɯÊÖÔ×ÖÕÌÕÛɀÚɯÊÏÌÔÐÊÈÓɯ×ÖÛÌÕÛÐÈÓɯÈÕËɯÔÖÓÈÙɯÍÙÈÊÛÐÖÕɯÙÌɪ

Ú×ÌÊÛÐÝÌÓàȭ 
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If temperature T and composition xi are fixed, then the increase of molar Gibbs free energy of 

mixing mͅixGm, due to pressure effect can be expressed as, 

D D=
mix m m

d G V dP, (3.31) 

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

D D D D= ºñmix m m m
G V dP V P. (3.32) 

Here, ͅ P is an increase of pressure. Then the pressure effect on the dimensionless chemical potential 

change (ϟ) can be expressed as,  

D D

D DD
Dm

å õ å õµ µ
= ºæ ö æ ö

µ µç ÷ ç ÷

mix m m

T , P T , P

G VP

RT x RT x
1 1

1
. (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, 

D D D D
Dm

r

m m
P V P V

RTx RT
1

, (3.34) 

where x1, Ϥ are the molar fraction and volume fraction of the alcohol respectively. Note that Vͅm is 

a negative  quantity for short alcohol aqueous solutions  [138], this means that if the pressure P is 

increased (ͅ P > 0), ϟ will decrease ( ϟͅ < 0). 

3.6.6 Pressure effect on the cosolvent-ÚÖÓÝÌÕÛɯÐÕÛÌÙÈÊÛÐÖÕɯȹϪcs) 

 

Figure 3.18(Figure 42) The reduction of cosolvent-solvent interaction (ͅϪcsȺɯÈÚɯÈɯÍÜÕÊÛÐÖÕɯÖÍɯÝÈÙÐÖÜÚɯÈÓÊÖÏÖÓɀÚɯ

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 (ͅϪcs) is estimated by using [141]: 


















































































































