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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 phasetransition mechanism behind cononsolvency is still rather controversially
debated in literature. In this thesis, | experimentally investigated the cononsolvency effect of
poly(N -isopropylacrylamide) (PNiPAAm) brushes with different grafting density in aqueous
alcohol mixtures. | have used Vis-spectroscopic ellipsometry measurements and proved the
hypothesis that the cononsolvency transition of PNiIPAAmM brushes consists of a volume

phase-like equilibrium transition.

| 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 alkyt
chain length | have demonstrated that the cononsolvency effect is enhanced andshifted 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 hypothesis of strongly associative solvents
being the origin of the cononsolvency effect. The hypothesis of preferential adsorption, on the
other hand, can account for this case by assuming an increasing hydrophobically driven 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.l 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 inmy experi-

ments.
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Both a theoretical analysis and experimental observations show that the phase-transition
mechanism of cononsolvency depends on the relative strengths of various interactions in the
polymer solutions. A cononsolvency transition can be driven by a strong cosolvent -solvent
attraction or by the preferential adsorpti on of cosolvent onto the polymer. By an extension of
the adsorption-attraction model, | 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 systemsin various aqueous alcohol solutions
guantitatively. My analysis showed that besidesthe 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 nonideal 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 thewindow width of the cononsolvency transition . Using data
from my own experiments and literature | 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 agueous solutions at high hydrostatic
pressure can be explained by the suppression of demixing tendency between cosolent and

water, and between polymer and water in the case of PNiPAAmM.

An investigation of the grafting -density effect in the cononsolvency transition of grafted
PNiPAAmM 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 beonly 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 PNiPAAmM 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-



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 stimulire-

sponsive polymers such asPNiPAAM .

As an example of application of cononsolvency effect of grafted polymers, different molec-
ular-weight PNiPAAmM polymers are grafted around the rim of solid -state hanopores by using
grafting -to method. | 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, | provide a quantita-
tive method to estimate hydrodynamic thickness of a polymer layer which is grafted around
the rim of nanopores. Regardless ofthe 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 sand room tem-
peratures. Althou gh in this study PNiPAAmM was chosen as a model synthetic polymer, | be-
lieve in that the conclusions made for PNiPAAmM 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 cellmembrane channels.
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4 Chapter 1 Background and motivation

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]. Accordingly, a mixture of
N nonreactive components can coexist in as much as a maximum oin+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, threeor 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 separationto be thermodynamically favoured, it needs to result
POWEWET EVUI EVUI wpOwOT | woDa.0él K} @ UxyBubE:Ehe) thd cormpbsitidn ©1 U1 a
vector of a homogeneous liquid mixture (name it as |) with that x; is the molar fraction of the i-th

component. Upon a phase separation, theinitial phasel will separate into two coexisting phases, a
dilute phase (name it asd) and a condense phase (name it ag). Note that x, will be located on a tie

line connecting x4 and X, i.e., there will be a partition constant 0 <M €l so that x, =1 B+ (1- W)X,
Since the two phasesd and cwill be at an equilibrium, 4 4(x,) =4(x) with 4,7 &gy, O wb,Qbeing
a chemical potential vector for phase Y &, c. The change in the free energy of the system as a result
of a phase separation will therefore be given by:

D= 1o, (%) A1 -Ya(x) (%) A () (1 +)xsxdmx (x). @y

Here g«(xy) is the molar Gibbs free energy of phaseY @, c, |. The described phase separation will
be thermodynamically favoured if . g =x,(74(Xy - 7,(X)) = X(7(X) - 7,(x)) <O0. Also, the constraints
imposed on chemical potentials and the overall composition of the two phases imply that x,and x,

and 4 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 4y, 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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a x,dm, =0 with a constraintof § x, =1, (1.2

i=1 i=1
where d4 js an infinitesimal increase in chemical potential for the i-th component in the Y-phase.

Figure 1.1is a graphical presentation when there are only two components in the liquid mixtures,
a particular example is the liquid mixture containing a polymer and solvent.

0.000
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The mixture’s Gibbs free energy (g /k,T7)
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The compaosition vector of a liquid mixture (x)

Figure 1.1(Figure 1) A graphical plot of the mixture z U w & fBeE Endrgy (g) in respect to the composition
vector of the liquid mixture ( x). For simplicity , in the figure | plot the situation when the system only has two
components. It is noted that if x, <x, <x_ the system will undergo a phase separationwhen 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 bya phenomenological X-parameter. This model can
be written in the following form for a simple polymer solvent mixture:

cln (c)

G =— {1 ¢in(1 ¢ c{1 9. (1.3

"TUTI OwlT 1 wyOoUPEWOE®E @b@OUuD UWdHODAOT WU wPOwWUT T wUOOL
I BwERQE wUOT T wi UT T wd iOd WIT Tauwwxd Qi CauiOGIENH @36 Bud Wuud b

U
Ul PUwUI xUI Wik BUOEOBRPREOWUIWLUXx OOEUwWOOwWOT T wi i 11 EUDYIT we
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Consider adding a small amount of polymer molecules to a liquid of pure solvent ( ¢ <<1) The
free energy (G,) in Eqg.(1.3)can be expanded into a power series in composition () of the polymer
molecules. For small values of composition (¢ <<1J), the free energy (Gg,) in Eq.(1.3)can be rewritten

into its virial expansion [9] :

cin(c 1 1 1
G, = N() f1,C -2hg6 E+3N? l—2+4é7 (1.5
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Figure 1.2 (Figure 2) A graphical plot of the Flory-Huggins free energy (G, Eq.(1.3))with respect to the

volume fraction of polymer ( c) for polymer solutions . It is noted that if ¢ AG(Hute ou uxfengg there is no phase

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

"TUI OwbUwhUwrpPwEd@BOIDODRMUUBUWE OO x Ub U QA xutBuD-Udd A
%OQ@URT T BIOBWEOT U1l UwPOxOPT UwUT ECwUT T wx ©0a Ol VWEOGE wUIT
PT 1T OwlO0i T awlUl xEUEOT wi EET wOUT iUDED QB O & WH QuitOIE fuiwil) @0

3T PUwWOI EEOUWB@U® wriw@uEiVE Ox a ubEIGDEO O FEUTAMO G e LLKEAU wabud b

UI$&DCpBLL5EIAZ U(ﬂl@@L(DIODI ULuUI I wOYEulHEEIlIZELGMﬂ)BEmﬂimJtHﬁ@LDmu

UTT wedbOUI gU1 CEEWOPWOOWWEEQEOBUGXxawOi wOUEOUOEUDOOL
UOEUI wEOEwWUT 1 wbOUI UEEUD OO $EH dhi6: ta #DEOMMIN® 0 BudEi0u0 EH U00X
iOUwx 60aoll Uqu'l' EPOUwWDPOOOEDPODPAIT E udmOuomidlauE AOw 6 O iu & gt U
EPOUUI Ewh WkEwWdmiiqu UA wlhifE T wEUVWEEUUI E wE a uwpwiOBUDE wdd 06
EVUEBOWUT 1T wi DBDqHE BN D QO wOUWEEOWET wbT 6OOUTI EOQwUT U0 w

(OQwlOl T Ul wWwEEUI UOwUT 1 wET T UEBIEEIO®DHEE W GIUOWEwWOOOOVIOO0DW ¥
DOEUI EUI wOi wel OUDPUaG

Thesis a uthor: Huaisong Yong



8 Chapter 1 Background and motivation

+1UDE OOUDPET Uwx00adl UwEUUUT 1 WiukEubuy B & w iiiddE b eBd@mid G uwwd O Y
EEUI UWEEOWET wYl UDI| @D wkx DOE Ol wwEQIUwo Didioadm 00 Euk OauERU E
EQCEI UNET w&il O @iniudEut OEEBiEEwd O upd iub Uezibi qiindd + A

Go =255 41 gt ¢ a1 §. (L6)

Here, parameter h, is the dimensionless grafting density of the polymer brush with the physical
constraint of 0 <h, A1. The condition for the two -phase coexistence of a polymerbrush system can

be probed by a study of spinodal phase decomposition in terms of the second derivative (dZGFH/dcz)

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

mathematics (d°G,,/dc’ < 0), then we get the boundary,

&G, sz 1
—< + 2c (0 1.7
dc? ¢ 1-c ps (2.7

It is inconvenient to get analytical solution sfor monomer concentration (c) from parameters b, and

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

2
s 1

=72 21 o) (18)
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Figure 1.3(Figure 3) A graphical plot of the Flory -Huggins parameter (X, Eq.(1.8))with respect to the volume
fraction of polymer ( c) for uniform polymer brushes. Note that in the plot | restrict the value of X in its

conventional physical range (0 AX_  A4D).
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\

preferential adsorption
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Scheme 1.XFigure 4) A mechanism where phase transition of polymer occurs if one component (it is usually
termed as co®lvent) 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 X-parameter of var-
ious interactions in phase transition s of polymer brushes in mixed solvent s, in recent theoretical
discussions, in the case ofweak cosolvent-solvent attraction, a comprehensive understanding of
cononsolvency is largely based onthe assumption of a preferential adsorption of the cosolvent onto
polymer chains and monomer -cosolvent-monomer triple contact, see Schemed.1. The concept of
preferential adsorption has beenalready 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] pioneeringly 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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12 Chapter 1 Background and m otivation

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 asstandard 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 agueous solutions in the cononsolvency transition of poly(N -
isopropylacrylamide) gels[32-34]. These observationspoint 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 T of mono-
mers is simply adsorbed by cosolvent moleculesand 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 1, of monomers is bridged by cosolvent molecules, while

the rest fraction of (1 ¢ T ¢ t,) 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 f_,, for a single polymer chain, reads in the units of ksT:

fw=in(/) & gnf2 J @& -24wlt 2/)/ -ej-(e/s, @9
where 4 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
asQand the bridging ener gy between two monomers is denoted as Q. A main consequencefor 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, seeScheme 1.2
Although the formulation of Eq.(1.9) captures the essence of cononsolvencyhasetransition, some
guestions cannot be directly answered from this formulation . For instance, regardless thearchitec-
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 betrivial .

An alternative formulation [23, 24]of the cornerstone conceptwhere 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 f,,., reads in the units of k;T:

attr?
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fo = 29 €1 -)o, (1.10)

wheret denotesthe fraction of monomers that is adsorbed by cosolvent molecules andcis mono-
mer concentration in the polymer phase. Qdenotes the preferential-adsorption energy of one cosol-
vent molecule with respect to the polymer. The strength of atemporary crosslink is given by @ Qin
which the parameter wrepresents thesize effect when cosolvent bridgesmonomersin refs. [23, 24]

AN

polymer

\

temporary
crosslinking

cosolvent

Scheme 1.ZFigure 5) lllustration 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 scenariofor polymer brushes [23], it can be written as a free energy per monomer
unit f(c), reads in the units of kgT:

(@32 & 180 9 3l B (@ 111

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

s (o ¥
c(c)=%§1 _4(1+gi . (112

Here, parameter 4 is the chemical potential of the cosolvent, which is the same as defined inEq.(1.9).

It is noted that the free energy, f(c), in Eg.(1.11) can be rewritten into its virial expansion :
1 » 1si 1 1
f(c)= = ) - N— = — #©n ., 1.13
()= gle #n S5 40 o o I, #dn (113)

with virial coefficients,
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n,=1 -geil'T (ge-}zt

1,

125% o . (1.14)

12 8% o

n,

As arather moderate example of 4 =-3.0 which corresponds that the volume fraction of cosolvent
in a solvent mixture is about 5% and we choosew O wiDuné reach astate where the third virial
coefficient 3 =-2.0, is negative but the secondvirial coefficient 3 = 1.0, remains positive. In this

approximation the model justifies the notation of type -l 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 Eqg.(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 jumplike transition for polymer brushes at sufficiently high bridging effect between
monomer and cosolvent (to PThis model furthe r predicted the cononsolvency response of polymer
brushes with respect to the relevant parameters such as solvent selectivity () and grafting density
(hy)-. For more detail of this model, please referto 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 beusually avoided. The
cornerstone assumption and the analytical solution of Eqg.(1.11) are ready to be experimentally ex-
amined.

1.4 Characteriing cononsolvency transitiom experimental stug
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2.2 Materials and Methods
2.2.1Materials

Pon(egcidyI methacrylate) (PGMA, M, = (1.02.0)><ld g/mol) was purchased from Sigma-AI-

14EUVUUEOI EPOOwma NN3 Y U A w na-BldriahxDakhBtadE Gerntany). Tetabydrd-b 1
i DUEOQwm3' %OWAaNNINWIAQEDRNEXOBDUOI @¥wOwepi EUDEwWi UOOwW
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stadt, Germany). Purified water (H ,0) was used from a Milli -Q Direct-8 system from Merck Milli-
pore (Darmstadt, Germany). Al | 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. Endfunctionalized PNiPAAmM polymers ( PO1l: M, =
3.80x18 g/mol, M, /M, = 1.38;P14:M, = 5.0240" g/mol, M /M, = 1.28; AK13P3M , = 6.1:40" g/moal,
M, /M, = 1.40) with a terminal (tert-butyl protected) carboxy group were synthesized and character-

ized as describedby ref.[69].

2.2.2Preparation of Polymer Brushes

Silicon substrates (13 x 20 mrf) 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 CHCI,

(0.3 mg/ml) with subsequent annealing at 110°C in a vacuum oven for 20 min to react the silanol
groups of the substrate with a fraction of the epoxy groups of PGMA, thus forming an anchoring

layer equipped with the remaining epoxy groups forthe | OOO0OP P OT-W@? WE HPNBU U
terwards, a filtered solution of end -functionalize d PNiPAAmM in THF (9.0 mg/m 1) was spin coated
onto the PGMA layer and subsequently annealed at 174C 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 0.2chains/nm®Owp i DET wEUI w0 a 0 & Quiffaiiidiahaieidds-toded O 1
lently bonded polymers, the resulting films were immersed first in H ,0, then extracted in H,O

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

0

o N 07 “NH
Y o N\ R=H, tBu
0 /k
—  gwevW ——— SO
2}10:(’ 174°C, vac.
Activated SiO, S e PGMA PNIPAAM
substrate anchoring layer polymer brush

Scheme 21(Figure 6) / Ul xEUEUDOOwWOI w/ - B/ OQWEUUUT T UwobwlidOwE©SDWUUEUUL
proach.

2.2.3VIS-SpectroscopiEllipsometry 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 (U E Pof the polymer brush films in the dry state, as well as in -situ in purified H,0 and H,0/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.| always use the same brush by rinsing the
solvent and introducing another solvent with help of a syringe -pump apparatus. The cuvette was
flushed at least three times with the current solvent mixture right before measurement to avoid

changes in the composition of the ambient. All measurements were performed between 400 and

800 nm at an angle of incidence, ,of 70°, which is close to the Brewster angle of silicon. To evaluate

the index of refraction and the thickness of the brush films in dry ( h) state and in situ (H), a 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 ,O/alcohol mixtures) were

measured using a digital multiple wavelength refractom eter (DSRlambda, 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, | 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.

2.2.4Determining apolymerE UUUT z UwOYIl UOEx wi UET UPOT wEIl OUBPUa

From the determined film thickness ( h) in the dry state, polymer brush parameters like grafting
density (b) and distance between anchoring points (S) can be calculated by using the simple relation:

1 N,rh
=1 , 2.1
s S5 M, 1)
where M, is the number-average molecular weight of the polymer, N, DUwUT | w YOT EEUOZ Ul

4GPUwWOi T wxO00aol Prz]Her®,idas(lu g/enOforPRIRAAM 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 solventS should be much smaller than twice the radius of
gyration of the chains (Ry):

§< Re = NOs88 (2.2)
where Yisia prefactor proportional to the monomer size and N is the degree of polymerization; for
the PNiPAAm polymer, Yis 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 ™ [52],

vl (2.3)
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where M, is the molecular weight of repeat units of the polymer. If b > b, 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 (R;) between collapsed single chains as a rough lower estimate for a homo-

1/3

geneous brush under the condition that chains collapse mostly, i.e., R, =Y -"~and S/2 <R,, where

the radius of gyration under poor solvent conditions is taken. | 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 M, dry layer thickness h, and cor-

responding brush criteria such as critical grafting density b**, the radius of gyration of the chains in good
solvent and poor solvent R, and R, respectively) of polymer films, which were used in this study .

M, h bt 2R, 2R,
Polymer layers PDI ) N
(g/mol) (nm) (chains/nm?  (nm)  (nm)
PGMA (1-2)x10' - 2.5:0.1 - - -
PNiPAAmM: P 01 3.80x10" 1.38 / 0.0958 18.3 4.2
PGMA (1-2)x10" - 2.7+0.1 - - -
PNiPAAM: P14 5.02¢10° 1.28 / 0.0834 21.6 4.6
PGMA
_ (1-2)x10" - 2.74#0.1 - - -
PNIPAAM: 1.40 / 0.0756 24.2 4.9
AK13P3 6.2x10° : ' ' '

2.2.5Test of PNiIPAAmM solubility in shorthain polyols

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

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

PNiPAAM: P 01 non-solvent poor solvent good solvent good solvent
PNiPAAmM: P 14 non-solvent poor solvent good solvent good solvent
PNiPAAmM: AK13P3 non-solvent poor solvent good solvent good solvent

2.3 Theadsorptionattraction 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 1, which depends on the volume fraction of the
cosolvent, 9, 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, ¢, which essentially depends on the grafting density, b. 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 meanfield approximation this can be written
in terms of a free energy per monomer unit as:
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fw= 26 9(L -)o, (2.4)

where w @enotes the gain of free energy due to a monomercosolvent-monomer triple contact , and
parameter wrepresents the size effect when cosolvent bridges monomers inref.[23]. The above
equation has the form of a Flory-Huggins intera ction term, where the Flory parameter is given as a

function X(t). From this we can conclude that a maximum coupling is related with t @awhiy | OwWE OE wC

both extreme cases, namelyt f 0 andtf 1, lead to vanishing coupling. Given values of @ Qarger
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 T w10 andt = 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, t &awhiy | OWEWEOOO

state of the polymer brush can be expected.This model has been dscussed 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 cosolventsolvent
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 M4, this gives rise to an adsorption free energy per monomer according to the lattice gas
approximation;

f=lin@) 4 An@ Yy (25)

where Qdenotes the adsorption energy (selectivity) of the cosolvent with respect to the polymer
and 4 represents the chemical potential change of the cosolvent when mixing with water.

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

R

52
CZ

f t

ruj (L - w), (2.6)

brush —

He
|

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 Jis the added volume fraction
by full saturation of the polymer by cosolvent.

The overall free energy per monomer then is given by,
f(/ ‘C): fads +fat1r -f_brush' (27)

To obtain the equilibrium state, minimization with respect to the order parameter of the adsorption,
t, and the brush concentration, ¢, has to be performed. We note that because of the norinear cou-
pling between cosolvent and monomers, Egs.(2.4) and (2.6), there exists no analytic solution for the
general case. Wefurther note that minimization with respectto 1 only leads to a free energy in an
effective solvent which can be expressed as concentratiordependent Flory -Huggins parameter X(c)
[23].
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2.4 Equilibrium behavioof cononsolvency transition of PNiPAAmM brushes

OUT OUT T wxUI YDPOUU wILRKY Ol ® O Wik @Bl (EalwE OO0 OO UO0YI OFE
El OETl wbUwOPUUDPOT 6 w( OWOUET UwUOOWET T EOQwPT T UTT UwWOTT WEOOD
1 UPOPEUDUQUEEDWUIPEmMIE @G T wUT DEOOT UU WE U wH wiEd QHIcH udEu @
UPUawbUwWET OUI OwbPl OOWEEOYT wlUT 1 wOYI UOEx wi UET UPOT wigil U
UPOOOwi OUWET UEPOUWOT wET U1 U O ni0 Q)i ®uidid ¥ DIE zImudiY MEMHOE 3 wE | ¢
UUl O OVl EWIBWE Ox DEwWl 00DPxUOO0I UUawi OUwUPOOOT OwWEUUUT
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IGUEEU Ux x OUUT EwUOT 1 wl gUPOPEUDUOWOE U U U (i @uidl U BuBWEDIODUIGD O

Here, | 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-
UDUPOOWEEOwWOI EE wU O w Ebnoinktibns y7H @5l 1alsd abserfed dhé iwithzat) w
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 (yg). We were able to qualitatively distinguish five solvent composition regimes: ( i)

the brush thickness of PNiPAAmM was hardly affected by the change of y. when it was lower than

0.05; (i) for the range of 0.05 <y, < 0.15, there was a sharp collapse transition of brushes, reaching
EWOERDOUOWET EUI EUTl wOil wOi PEOOT UUwP O w AW Y Sithaden) UOP wE O
2.2); (jii ) for the range of 0.17 <y, < 0.3, there was no obvious change of brush thicknessn this

regime; (iv) for the range of 0.3 <y < 0.8, there was a reentrant transition of brushes from a col-

lapsed state to a swollen state; and ¢) for the range of y. > 0.8, the brushes were fully reswelling

in ethanol-rich solvents. The brush thickness in pure ethanol (yz = 1) was always thicker than in

pure water (yg = 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. | also note that this phenomenon could

2.2 please see more details in thesection 2.5).
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Figure 2.1(Figure 7) Swollen brush thickness of a PNiPAAmM 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°C. Note that the dashed line in Figure 2.1d is only used to guide eyesight. The error bars in
Figure 2.1d areneglected because they are quite small (around0.5nm). Parameters of the PNiPAAmM brush

are: grafting density b= 0.20 chains/nnf, M, = 5.02><1C)g/mol, M, /M, =1.28.

In previous studies, Y. Yu et al. [47] also measured swollen thicknesses of PNiPAAmM 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 <y < 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.qFigure 8) Main cononsolvency transition regimes of a PNiPAAm brush in ethanol/water mix-
tures.

2.5 Role ofvolume ofolventmolecules in thewelling of PNiPAAmMbrushes

Based on scaling theory[76]O0 wU T T wE U U M, lorg dflat burfazé darlb® expressed as:
1.1
H=kb*S ‘N, (2.8)
where bis the effective monomer size, Sis the average distance between two adjacent grafted pol-
ymer chains, N is the degree of polymerization, kis a numerical prefactor that depends on temper-
EQUUI wEOEwWx 00all Uz Uwkibtherddy exfonetU UUEUUUT OwEOE w

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 PNiIPAAmM repeat unit is about 0.70 nm. Here, | assume that in pure solvents, every
repeat unit of PNiPAAmM adsorbs a solvent molecule. Then, th e actual monomer size of PNiPAAmM
in pure ethanol is about 1.14 nm (= 0.70 nm + 0.44 nm), and the actual monomer size of PNiPAAmM
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 H,,, is He/H,, = (1.14/0.98Y°°® | apply 3 = 0.588which is the

universal scaling exponent as found in computer simulations for chain sizes in good solvent [9], we
get H./H,, = 1.30.My experimental result of H./H,, was 1.24 (=65.7/53.2).

The difference between 1.30 and 1.24 is about 5%, thereforeny theoretical calculation was con-
sistent with my experimental results. Note that in my calculations, for pure solvents, | assume every
repeat unit of PNiPAAmM adsorbs a solvent molecule. This assumption implies that the brush thick-
ness in pure ethanol (y = 1) is always thicker than in pure water (y. = 0) partially due to the fact

2.6 Coonsolvencyransition of PNiPAAmbrushes inaqueous solutions afseries oélcohol

In Figure 2.2we 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



Chapter 2 Phase behaviors of PNiIiPAAmM brushes in alcohol/water mixtures: A combined 25
experimental and theoretical study

x00al0l UPAEUDPOOOwWI OUWET UEPOUWOI wEIT BdctiorOE@ M@ InateE UU U T 2
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 collapseeentry-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 PNiPAAmM 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/H,) becomes much smaller. These observations are in line with results of PNiPAAmM 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 22017 OpwUTl EOwPOEUI EUDOT wU
drophobicity enhances the strength of the collapse transition of PNiPAAmM brushes in the water -

rich regime.
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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°C. Parameters of the PNiPAAm brush are: grafting density b= 0.143 chains/nnf, M, = 6.1x10
g/mol, M /M = 1.40. (b) A zoomin of Figure 2.2al OUwUT 1 WEOEOT OO0z UwYOOUO! wi UEEUDOO

Note that the dotted lines in the figures are guidesto 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 PNiPAAmM
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-
UPUUI OUOawkPbUT wOT T wi BRx1 EVEUPOOOWUT 1 wydOUOI wUEUDOW
alcohol, as well as the selectivity Q the cosolvent added volume 3 while the fit parameter for the
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brush elasticity stays almost constant (the parameter describing the coupling efficiency wwas
fixed and set to unity).
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Figure 2.3(Figure 10) Theoretical fits of cononsolvency behavior of the same PNiPAAm brush in different

alcohol-water mixtures. The ideal chemical potential change has been calculated based on lattice model as
= In(y/(1-y)), where y is the molar fraction of alcohol. The parameters of the PNiPAAmM brush are: grafting
density b= 0.143 chains/nnf, M, = 6.1x16 g/mol, M /M = 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 " w Q t 2
methanol 30 1.0 1.20 0.7 0.15
ethanol 40 10 160 0.8 0.40

1-propanol 6.0 10 226 09 0.80
1-butanol 70 10 282 10 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
pressed by the adsorption excess on the polymer,t ). 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, seethe section 2.8
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2.7 Isomer effect of alcohol in tr@onsolvencyransition of PNiPAAmbrushes

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
TUET UPOT wiEil OUPUawi OUwWUT T wEOUUI UxOOEDPOT WET T UIT T woi w
overlap density see thesection 2.2.4. Figure 2.4 and Figure 2.5 show that with increasing the pro-
xEOOOwWPUOOI UUzuwi AaEUOxT OEDPEDUa O uedtiant uadsdiéghiEunvd shidsu O wU T
to lower alcohol -concentrations. Experimental evidence in Figure 2.2, Figure 2.4 and Figure 2.5
UT ObpwUT EOwWwDOEUT EUDPOT wlOT 1 wEOEOT OOz Uwil aEUOxT OEPEDPUA
of PNiIPAAmM brushes in the water -rich regime, this phenomenon can bequalitatively 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 reasonbehind this discrepancy between propanol and butanol isomers is still unclear and can-
not be properly explained by the adsorption -attraction model [23] (also seesection 2.3).
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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°C. Parameters of the PNiPAAm brush are: grafting density b= 0.143 chains/nnf, M, =

6.1x10 g/mol, M /M _ = 1.40. Note that the dotted linein the figure are guides to the eyes.

Previous studies pointed out that the NH amide proton of PNiPAAm was unimportant in the
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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 PNIPAAmM polyme r chains. This indication is particularly obvious for the co-
nonsolvency transition of PNiPAAmM brushes in butanol isomers aqueous solutions. Actually, 1 -
butanol, 2-butanol and iso-butanol are not miscible with water at intermediate compositions at
room temp erature, thus only limited data of PNiPAAmM brush thickness is available for these mix-
tures. Even though, in the narrow water -rich regime (asvolume fraction of butanol is less than 25%),
the PNiIiPAAmM 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 PNiPAAmM polymer chains.
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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 PNiPAAmM brush in butanol isomer agueous solutions, at the

temperature of 25°C. Parameters of the PNiPAAm brush are: grafting density b= 0.143 chains/nrf, M, =
6.1x10 g/mol, M /M = 1.40. (b) A zoomin of Figure 25ai OUwWUOT 1 WEOEOT 6Oz UwYOOUOI wi UEEUDOD

25%. Note that the dotted and solid lines in the figures are guidesto the eyes.
2.8 Role ofalcohotwaterinteraction in thecononsolvencyransition of PNiPAAmpolymers

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-UOOYT OO0 w? EOUUOIT UU2 OwUbadnd, Band | Basueportfdi tha PAd OET Owp" |,
model came from atomistic simulations of PNiPAAmM -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 thecononsolvency 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 '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 PNiPAAmM 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 il EwOi wUOT I wi OUOEUDPOOWOI wUdOYI OU
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.
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Figure 2.6(Figure 13) Free energy change of mixing alcohols with water: (a) Molar Gibbs free energy change
of mixing . _. G_, when mixing different alcohols with water at the temperature of 25 °C. (b) Effective Flory-

mix —m?

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

perature of 25°C. Data are extracted and reprocessed fromrefs. [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 . ,,G,, 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 thesection 2.13.1 Figure 2.6 shows that at any fixed alcohol concentration, a simple
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OUET UwUI OEUDPOOwI R DPUUUWI, O (méHahokutd, D & 1 DA, (@thahd!, IHWOA QAW 4 0 w?
 mixGm (1-propanol, H,O0& w A G, (1-butanol, H,OK wWAY > 6 w31 DPUWPUWPOWEEEOUEEDET w

that longer carbon chain length of the alcohol leads to an enhancedhydrophobic 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] . miXGEm. Using the data from
refs. [86-89] we can extract the effective Flory-parameter between the two solvents X ., calculated

as

c — l)mixGnEw
cs eff RTX(l- X) ’ (29)

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 PNIPAAmM, and does not lead to a cononsolvency transition of PNiPAAmM 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/PNiPAAmM 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, seesection 2.7.

2.9 Temperatureffect in thecononsolvencyransition of PNiPAAmbrushes

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 LCS behavior
of the PNiIPAAm brush in pure water. On the other hand, in the ethanol -rich region the brush thick-

ness slightly increases for the temperature change from 15C to 25°C. This indicates that re-entry
transition may be related with an UCST (upper cr itical solution temperature) behavior of the

00
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PNIiPAAmM brush in water -ethanol mixtures. We note that similar phenomena were also reported
for PNIiPAAm solutions [57] and micro-gels [79].
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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/H;) asa function of temperature. Parameters
of the PNiPAAm brush are: grafting density b= 0.143 chains/nni, M, = 6.1x10 g/mol, M /M = 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 PNiPAAmM in pure water, which is

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

When approaching the LCST temperature, at 25°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
EQEWOOOOO0I Bi24)e0diEd.[215) by . 3T which amounts to about 5%. Such a small

change of Qis not sufficient to explain the shift between the results for 10°C and 15°C, moreover,
the model predicts the opposite direction of the shift towards higher volume fractions of cosolvent
with increasing temperature. Thus, the rather strong changes of transition in the water -rich regime
at higher temperatures should be related to the decrease in solvent quality of the PNiPAAmM being
close to the LCST transition. My observations on brushes are comparable with those made for
PNiPAAmM 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:

fe = € (1 ), (2.10
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in Eq.(2.7) Here, X 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, %, = 0.5, on thecononsolvency

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 X

= 0.5 the brush (in the absene of cosolvent) does not show a sharp collapse transition. InFigure 2.8
we display the numerical solution of the extended model for the parameters suitable for ethanol
and for X = 0.3,X ;= 0.4 andX ;= 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 PNiPAAmM.
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Figure 2.8(Figure 15) Normalized brush thickness (H/H,) in the cononsolvency transition of a polymer brush
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Itis noted that both LCST and cononsolvency transitions of PNiPAAmM polymer sshow behaviors
of a type-Il phase transition where the third virial coefficient is negative but the secondvirial coef-
ficient stays positive for free energy expansion [22-24]. The reason behind this general pheromenon
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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 (seeEq.(2.4). Therefore, both phase transitions can indeed overlap with each

other when temperature varies in the PNiPAAmM/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 PNiPAAmM in cosolvent-water mix-

tures is enhanced by an increase of cosolvent concentration in the coslwent-poor region [57].

2.10 Grafting-density effect in the cononsolvency transition of PNiPAAmM 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
seesection 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 dedued 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.
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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°C. The solid lines are numerical fits based on the adsorption-attraction model 23. (b)
Reduced brush thickness in the collapsed state ofPNIPAAmM brushes vs. grafting density at the temperature

of 25°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 b= 0.214chains/nm?, M, = 5.0210" g/mol,
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M,/M, = 1.28= 0.14%hains/nm?, M = 6.1x10g/mol, M /M, = 1.4® wh wéchajhd/mony, M 1= 6.1x10g/mol,
MM, = 1.40

In Figure 2.9b we display the brush thickness divided by the average monomer number of the
brush N, for the state of maximum collapse as a function of the grafting density. We note that for
brushes above the stretching threshold the relation of H/ N~ s™ is fulfilled because of mass con-
servation. The apparent scaling exponent 3, =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
agueous 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 Octopusshapemicelle morphology gfrafted PNiPAAmM polymers

The phase behaviors of grafted polymers in poor solvent can be quite different from its free
x00aol0l UwbOwUOOUUDPOOUB W, 1 Ul OawpbUTl wEWET EUI EUTl wOi wE wl
when the temperature is fixed and higher than its LCST temperature (at a poor-solvent state), the
polymer chains can show various morpholog iessuch as collapsel brush, coexistence of two phases
octopus-shape micelle and collapsed globule[51, 52] similar behavior is also observed inmy study
of grafted PNiPAAmM polymers in ethanol/water mixtures.
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Figure 2.10(Figure 17) Grafting -density effect in the cononsolvency transition of grafted PNiPAAmM polymers
in ethanol aqueous solutions, absolute swollen brush thickness at the temperature of 25°'C: (a)with molecular
weight of M = 6.1x10g/mol, M, /M = 1.40for all polymer layers ; (b) with molecular weight of M = 3.8x10
g/mol, M /M = 1.38for all polymer layers . Note that the 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 stateclearly showed
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that when the brush layerz Uwil UE i U fHi$ lowér th@rJaaHbeshold grafting density (b, how
to determine this threshold seeEq.(2.3)), the collapsed polymer layer (blue filled -circles in Figure
2.10 is thicker than a brush layer (red open-squarein 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 systens as shown inFigure 2.10. From Figure 2.10and Figure 2.11, it shows
that when the grafting density ( b) reaches a critical threshold (™) 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 ( b) 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 2.10and 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 2.10and 2.1}, 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 state QWD UwWE O1 U0z OwOEUUIIddated inl wx OO
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 .
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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°C: (a) with mo-

lecular weight of M = 6.1x10 g/mol, M /M = 1.40 for all polymer layers; (b) with molecular weight of M =

3.8x10 g/mol, M /M = 1.38 for all polymer layers. Note that the dotted lines in the figure sare guides to eyes.

2.12 Chaptersummary

We investigated the cononsolvency effect of PNIPAAmM 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 alcoholswith 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 caseswhere water can be a better solvent
rather than organic solvents, examplesfor this situation are such aspoly(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 acandidate 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 (Q between water and polymer is no longer
valid. As for these cases, theationalization of preferential adsorption by Tanaka, Koga andWinnik
[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 PNiPAAmM
polymers, showed that a decrease of grafting density at the collapse statewhen 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 beonly 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 geometriesare expected to berealized 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 Chapterappendix
2.13.1 Data extraction and reprocessing for the molar Gibbs free energy of mixing

Molar Gibbs free energy of mixing . .G, when mixing different alcohols with water molecules

mix
is written as,
DG, D Gt

";XT'“: Fleme «in(x) @ x}n(1 x), (2.11)

where .. G,, 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
G,, can be extracted fromrefs. [86-89]6 w OE OT OOz U uxCcénbe ddnvértedsEroly@-O O w

ume fraction y, by using,

of

mix

_ M, 7 X
y Mo +(M, £ M, ' (2.12
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centration for the Figure 2.6a of main text.

2.13.2 Temperature effect in the cononsolvency transition of PNiPAAmM gels
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Figure 2.12(Figure 19) Cononsolvency transition of the same PNiPAAmM 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 PNiPAAmM gels. We find that my ex-
tended model (seesection 2.9) can also be used to explain the temperature effect inthe cononsol-
vency transition of gels.

Kojima et al. [101] reported the average hydrodynamic radius, R, of PNiPAAmM micro -gels in
methanol-water mixtures under different temperatures. Here we replotted these data as normalized
3,
¢

aRr - : -
swollen gel volume ( Vlzﬁh E) in Figure 2.12. Note that R, ,is the average hydrodynamic radius
0 g 0 =
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Figure 2.13(Figure 20) Cononsolvency transition of the same PNiPAAmM 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/V,, for

PNiPAAmM macro -gels in the methanol-water mixtures under different temperatures. Here we

. V VIV o
replotted these data as normalized swollen gel volume (V—:ﬁ) in Figure 2.13.
0

0 dry

Crowther et al. [80] reported normalized swollen gel volume ( V/V,) of PNiPAAmM 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/V,) of the same PNiPAAM micro -gel in 2-propanol

agueous solutions as a function of temperature. Data are extracted and reprocessed fronref. [80], note that

the dotted lines in the figure are only used to guide eyesight.
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Figure 2.15(Figure 22) Normalized swollen gel weight( W/W,,) of two PNiPAAm macro-gels in methanol

agueous solutions as a function of temperature. Data are extracted and reprocessed fronref. [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/W

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

ing 6.67%wt N, N'-methylenebisacrylamide (MBA) as crosslinkers) in methanol agueous solutions
as a function of temperature. Here we replotted these data as normalized swollen gel weight
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Figure 2.16(Figure 23) Normalized swollen gel weight(W/W,) of the same PNiPAAmM micro -gel in methanol

aqueous solutions as a function of temperature. Data are extracted and reprocessed fronref. [104], note that
the dotted lines in the figure are only used to guide eyesight.



Chapter 3 The extended adsorption -attraction model 41

Chapter 3 The extended adsorption -attraction model
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3.1 Introduction

To understand phase-transition mechanism, aquestion not deeply discussedin 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:

cin(c
6, =09

#.In(f) +h( )f tce fE o £.- (3.2

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 2, and the volume fraction of the

solvent is 2, = 1- c- 2. The free energy per volume is denoted by G, and is given in units of kgT.

The phenomenological parameters X, X, and X including of both excess enthalpic and excess

pc
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 tertiarypolymer solution can be probed by a
study of spinodal phase decomposition in terms of the second derivative (D < 0) of the free energy
(Ggy), which corresponds to the surface of free energy Gg,) being concave in mathematics. If the
volume fractions cand 2, 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 G.,,,

G, 0a o o}
D= H ZH 8 fGFH 8 _ %FH g (3'2)
Fwl Fw B Ee, T
With the assumption of the X-parameters defined above being independent of cand 2, we get:
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al 1 0la 1 a a
D= +— 2 & —+ 2 a-- + - -0. 3.
Bic 7, 2 EE 1 2e T @3

wUa x D EE O u @huy d 8D iT w U x B O @it apt widud &G Sainink © L@ Q0 w o
X, DUl wEwE OX)wwy 6 &XO@uiEwuwi OUwl OOEwWUOOYI OUwOPRUUUI UB

EIl 1 OWwWEOEOaal E weE adwi#elESuwr DEEYal uwl UJ uCerA@Bu | EVwWEwUOUOOT wol

Thesis a uthor: Huaisong Yong



42 Chapter 3 The extended adsorption -attraction model

ET OPT 1 Qw01 1 uddipuidd® YR 10WWDWwa w OB EREERA QR EQ GBI RGUE] Tul Ow x
OT 1T WEUUOGEPEUTI EwUOOYI!T OUwxT EUIl 8w wUPT OEVUUIT woOl wOT PUwWO:
EODPOT wUOOYI OUwOPRUUUI wi UOEUPOOUWEUWEwWUT EQwx OO0U0wUOOY
OO6O6UOOYI OE amGEUEWD U pud Q0w wkp DOOWET WwEwWUOOYI O UEWE wE OU O
3@aEl U0woOOEd Oh D EEDERE O BREOWIT EW®EY T OO0 U wRi B@biaux OUUI E
EOOOOUODH® iu0 D a@uir@id FUdU EQO U OOUT wEET UEUTl wbOwEdbmhm Ol vyEEI
xO@EEx UOOEEUOOT AwbOwxaUPEDOI vi OUOD EHuEDAEEAEGQUKUOGEaBE B C
U7 a0woll UT EEVAO0EUT AwbDOwx ZWRE@ DI E OPOPEREEPE WOBRIVUIUW U
EEQWE]l wivOoaobh @B Ot 6 K4 |

wUl EOCEwUaxl wOi wedbOOOUOOYI OEAwWUOUEOUPUDPOOWOUDT POEU
UPOOWET UbPT 1 OQwUT 1T wET U0T UwUOOY! OUWEBEwWUT T wxO®Oaldl UUOwWE
Eaw, U N pivIkOaBGTUBEUWEEUT wE OU U I Aig YR @iiuity @mFmaiOuw 0D 00w

e DUT wWE wE O BypluyEcokuyBud duk wi OUwUOT 1 wU x DODEGQu BIUEID @OE Wb (

UOOYI OUwoOPRUUUT WOWBT DWEBOBEOwBEBIGDOWx UDOOWI VUUT 1 UwEUUU
i OUOUWUI OxOUEOQWEUDPETT UwWET UPT 1 OQwOOOOO0! UUBw wuUPT OEUUUI
OTEOwPOwWUT 1 wUTTUITEUI EwxT EUT wOl wOT 1T wx 00a @Il WDuwETYIOwE O
rnK@m'iUiowUTbmﬁoambﬁwébeiUiEwOOOaém ﬁ&E&dﬂé&m@@@a«
Ol wx OBDHOOOYI OUWEUUUEEUDPOOWPEUWEOOUDPET Ul EwUOWET wOT 1T w
OUEOUDPUDOOOwWPLT BOT wUOT T wl i 11 EUUwWOIYBDAWD wiEEDE B @@ UOGDE luldH)l |
Pl Ul wOOPUUI EGw3T PUWEOOOPUwWI OUWEOWEOEOGaAUPEWUOOUUDPOOWCE
EUUUTIUwEéEwUOOUODOOUwEOEwIBxOEDOUwUTiwiUUMd&@EOwii
UEUDPEI wEOOOOUOGOYI OEAwEI TEYPOUUWD Oawl EVuG®Ow@D @i U a U
"1 Ex OWEAWEwWUT 1T UOOEAOEOPEWEDOEOCAUDP UwWPIT wx OP®HIE BEIUOIU U wUT
Opl 1 OWEOGEOI OOWEBEWPEUI UwPDUWEOUUI OEUI EwbpPUT wEOwWI O E
/| - Dl Obw( OWEEEDPUDOOOKE O N e OrEuNEE IR Ui b BBSXEF®E U D OO U 1
EEUI EwUl ElVOBOUOOWPOU! UEEUDPOOwWx OEaVUwEwWUDT OPI PEEOU WU
/| - Dl 08

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
beenobserved 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].
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3.2 An extension of thadsorptiorattraction 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 betterand 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 1, 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 ¢, 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:

fo = 20 €(1 -)g, (3.4)

where Qdenotes the preferential-adsorption energy of one cosolvent molecule with respect to the
polymer. Here and in the following we consider energies in units of kgT if not otherwise noted.

Parameter wrepresents the bridging efficiency of the molecular matchi ng between monomer and
cosolvent, it is noted that this interpretation for parameter wis different from the original adsorp-
tion -attraction model [23], seesection 2.3 of Chapter 2. For convenience but without losing gener-
ality, in this study wcan be treated as a constant with a value oft=1 for PNiPAAm/alcohol/water

system. Direct evidences supporting this central assumption from molecular -dynamic simulations
[35, 97, 108khowed 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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simple adsorption: €

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 |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 cosolvertassisted temporary
crosslinking 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 energyQ> 0. This requirement is in line with the observation [115]that the Flory param-
eter between poly(vinylpyrolidone) and short -chain alcohols is negativeand 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 Q depends both on temperature and monomer con-
centration. However, if the cononsolvency effect is dominated by the simple adsorption between
EOUOOYI OUWEQGEwWOOO0O0I UOWEUWPUwWUT T wEEUT whpT 1 OwUT 1T WEOUO
treated as a constat. 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 win 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 (t<<1), which leads to that the temporary-crosslinking energy, @ Qis insuffi-
cient to reach a threshold [39] (in the order of about 1.0 k;T) 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 ofthis
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 cosolvensolvent 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 W 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 thatvd O wb T PET wbUwlOT 1 wEOOOOOWUPUUEUDODOS w3l
energy per monomer according to the lattice model approximation [23, 24}

fW=li() 4 @y o, (3.5)

where 4 represents the chemical potential change of the cosolvent when mixing with the solvent.
In the preferential/competitive -adsorption process, thet 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-% T per monomer unit; and -Qt «sthe 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) seesection 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 , seeChapter 2. A convenient
way to account for this effect on the polymer chains is to introduce a Flory -interaction -like term of
the form:

f=Ce/(L - ), (3.6)
where X 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 (X.) can contain both excess enthalpic and ex-

cess entropic contributions, seeChapter 2. Reference values for the range off of realistic systems

can be estimated by semiempirical models which are based on a broad range of experimental data;
for further details about estimates of X we refer the reader to the section 3.6.3

We use the following entropic free energy for a brush:

5— a1 T uy
brush C 3

where b, is the dimensionless grafting density of the polymer brush , the physical meaning of b, is

IGJOz

(1 c - wy, 3.7

the area fraction of flat substrate surface covered by the brush layer when polymer chains are
stretched to sawtooth-shape-like conformations, thus there existsa constraint of 0 <h, Alpalso see

Eq.(1.6)in section 1.20of 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 h,=h , holds when grafting density b, in the given units of chains/nri, where A__is

the crosssectional area of a monomer or Kuhn segment typically in the order of oy & $[D0ke
excess volume fraction in case of a full saturation of the polymer by cosolvent is given by 3 The

Thesis a uthor: Huaisong Yong
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physical meaning of Jis 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),
seesection 2.3 of Chapter 2.

We use the following entropic free energy contribution for a macrogel network:

3 a a1 Ao .
fgeIZE 2 '%5(': ouy %(1 ¢ - L'C}" (3.8)
N,c?

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

f-2 af 2 &
N, N %. (3.9)

where N, is the total number of Kuhn segments in the gel structure, fis 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 irorder 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, i, on
the one hand side, and onto the interaction parameter, X, 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-
UOUEI EWEOUOOYI OUwhPUwl PYI OwEa wt wEOEwP]l WEEOOQWYUIT 1 Ow? OE
tOwpbi DET wi EUWEEUOUEI EWEOOOOOWUOOYI OU wideadlpn@O w? EEUIT 2 6
solvent-mixing for the free energy per monomer unit is given by

fo=80¢ j+ 1 -) @ of )@ c- 9. (3.10)
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Here, the expression (:c-? 1)Eenotes the probability that a given monomer is not in contact
with another monomer unit. Under this condition, g(t) (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(t), 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 | ¥.<<X. and this contribution can be in

fact neglected in the experimental systems we discuss in this work. Eventually, X 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 YAg(t A holds, where 4is 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, theapproximation g(t )&
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 '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(t & @wvas
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

f © Co(1-(1 -K1 c- 9. (3.10.2)

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

f(/ ’C): fattr +fads -f-cs f-kg-rushlgel flﬁ‘ (311)

3.3 Numerical solution of the extended adsorptaitraction model

To obtain the equilibrium state, a minimization of the free energy f(t , ¢) with respect to the order
parameter of the adsorption, 1, and the polymer concentration, c, has to be performed. We note that
because of the nonlinear 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
t and cyields numerical solutions for the dimensionless brush thickness ratio H/H, =¢y/c, and di-

Thesis a uthor: Huaisong Yong
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mensionless macro-gel volume ratio V/V,=c/cwith respect to the chemical potential change of mix-

ing of the cosolvent with the solvent, 4. We note that a minimizati O QwpP P UT wUIl UxT EVwUOwt wd
to a free energy in an effective solvent that can be expressed as a concentraticdependent Flory -
Huggins parameter [23, 24]%(c).

In this section, we numerically solve the extended adsorption -attraction model, and the effects
of each parameter on the shape of the cononsolvencytransition curve of polymer brushes are
graphically presented in from Figure 3.1ato 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 crosslinki ng effect), the dominant parame-
ter is the free-energy loss (parameter-w §) seeEq.(3.4) If this effect is not counted (by setting w=L0),
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) doesnot show cononsolvency in meth-
anol-water and ethanol-water mixtures [45, 120] while in propanol -water mixtures [45] occurs
phase transition.

Second, as shown inFigure 3.1a, the size difference between cosolvent and solvent (upon varia-
tion of parameter 1 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 3 plays an important role in regularizing the shape of the re -entrant
transition curve. An asymmetric shape of the re -entrant transition curve has been observed in all
currently available experimental observations, this is reflected first of all by a value 3>0.

Fourth, as shown in Figure 3.1c, the demixing tendency between cosolvent and solvent (param-
eter X_>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
X,>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 Q)
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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Normalized swollen brush thickness (H/H)

Normalized swollen brush thickness (H/H,)

Normalized swollen brush thickness (H/H,)

Normalized swollen brush thickness (H/H,)

Normalized swollen brush thickness (H/H,)

Normalized swollen brush thickness (H/H,)

Chemical potential p Chemical potential 1
Figure 3.1(Figure 25) lllustration of the impact of the various model parameters on the predicted cononsol-
vency response of a polymer brush. The scaled brush thickness H/H) is displayed as a function of chemical
potential change of the cosolvent, 4: (a) for 1 =ul andx @3, (b) for 3=0 and 0.3, (c) forX = 0 andX = 0.4,
(d) for X, ;=0 and¥, = 0.2, (e) forQ= 1.3 andQ= 1.8, (f) forh, =0.01 andh, = 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 innumerically solving the extended adsorption attraction model
from Figure 3.1(a) to Figure 3.1().

Figure number 5 U 0 W t E X X
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 b, or b) or an increase of the crosslink den-

sity of gels (parameter Y/N,) 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 PNiPAAmM brushegseeChap-
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 fromrefs.[103, 122]for gels.

We conclude that each ofthe 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 adsorptattraction model

The chemical potential change, 4, plays a critical role in the preferential -adsorption model to
determine the cononsolvency behaviours of polymers. To my best knowledge, previous studies
have used thedilute solution model [35, 108]and the (pseudo) lattice gas model [23, 24, 39, 122{o
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 phaseseparation 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 seciions 3.6.1-
3.6.3

The same asn section 2.60f 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 astt and Jremain fixed at their experimentally known values, this approach
is a necessary requirement of the proposed extended adsorptionattraction model; while tis treated
as a constant with a value oft = 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 Qf, X ;and X are treated

as free parameters andare fitted in their physical ranges that have physical meanings. Then fitted
values of these parametersQ f, X and X ¢ 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 thesditted parameters.

3.4.1 Cononsolvency transition of polymer brushes and mgetsin different alcohabtater mixtures

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

brush in various alcohol -water mixtures, where the temperature is fixed at 25°C (Experimental data
have already been reported in my previous study, see Chapter 2), Table 3.2 shows the 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 PNiPAAmM macrogel sample in various alcohol -

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

and DMSO/water mixtures, where the temperature is fixed at 25 °C (Experimental data are extracted
and reprocessed fromrefs.[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 PNiPAAmM -alcohol-water tertiary mixtures: The strength of the
preferential -adsorption energy Qbetween 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 1, Qand
U %, 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 3.3and
Table 3.4.

Thesis a uthor: Huaisong Yong
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Figure 3.2(Figure 26) Cononsolvency transition of a single PNiPAAm brush sample in different alcohol aque-

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

b= 0.143chains/nnj, M, = 6.1x10 g/mol M /M = 1.40. The experimental data have already been reported in

my previous study , seeChapter 2.

Table 3.2(Table 5) Fit parameters for alcohol-water systems (polymer brush, b= 0.14%hains/nnf, 25°C, Figure
3.2). We chooseM and from their experimental values. The first part of the value for UX__is estimated as its

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

mental value of PNiPAAm -water interaction (X, is around 0.40.

Alcohol u Qo 2 nx,, Ko
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 41443 1.32 0.23 2.5175+0.35 0.43
1-butanol 5.1004 145 0.27 3.865%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
-' WEOPEIT wxUOUOOWOI w/ - B/ Owb EUWEUwb I dvéncyiréBiton OUUE OU wE
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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 PNiPAAmM polymer chains. This indication is particularly obvious for the con onsol-
vency transition of PNiPAAmM 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
PNiPAAmM 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.
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Figure 3.3(Figure 27) Cononsolvency transition of a single PNiPAAmM macrogel sample in different alcohol

aqueous solutions, at a temperature of 22°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 N, = 33.14mmol and the number of chemical cross-

linkers is x = 0.86mmol 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°C, Figure 3.3). We choose
W and 2from their experimental values. The first part of the value for WX is estimated as its experimental

value, the second part of the value for WX _is a correction to fit the experimental data. Experimental value of
PNiPAAmM -water interaction (Xps) 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 " f Q 2 WX, X

ps
methanol 2.2517 2.30 1.17 0.08 0.5405+0.00 0.16
ethanol 3.2525 230 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 PNiPAAmM brushes with

different grafting densities in ethanol -water mixtures, while temperature is fixed at 25 °C (Experi-
mental data have already been reported in my previous study, seeChapter 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 PNiPAAmM micro -gel [103]. We note that this phenomenon can
be related to the LCST transition of PNiPAAmM which can be understood as a concentration-depend-
ent X-parameter [22, 76] Thus, a higher grafting density can lead to an effective larger Flory param-
eter, X«
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Figure 3.4(Figure 28) Cononsolvency transition of a single PNiPAAmM macrogel sample in different alcohol

aqueous solutions, at a temperature of 25°C: open circles are experimental results and solid lines are theo-
retical fits using the extended adsorption -attraction model. Parameters of the PNiPAAmM macrogel are: the
total number of Kuhn segments in the gel structure is N, =150mmol and the number of chemical crosslinkers

is x =1.5mmol 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 fromref. [40].

Table 3.4(Table 7) Fit parameters for 1-propanol/water and D MSO/water systems (polymer macro-gel, 25°C,
Figure 3.4). We chooseM and from their experimental values. The first part of the value for WX _is estimated

as its experimental value, the second part of the value for MX_.is a correction to fit the experimental data.
Experimental value of PNiPAAm -water interaction (X, is around 0.40. The maximum possible degree of

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

Organic U f Q 2 X, X,
1-propanol 41443 225 1.32 0.13 2.5175+0.00 043
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 3.2to Table 3.5, we fixed geometrical
parameters M and 2according to their experimental values. As shown from Figure 3.2to 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 ( X,) are nearly con-

stant as it should be expected since only the cosolvent is changing. However, as shown in from
Table 3.2to Table 3.4, for methanol and DMSO, a smaller value of X 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 X 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 (seesection 3.4.2and 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 molecUOIT z UwUOOYI OUw@UEOPUawi OUwUT 1T w/ - B/ OQwx 6o
nol/water mixtures.

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

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 W % 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\ % 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°C, Figure 3.5). We choose
W and 2from their experimental values. The first part of the value for MWX_ is estimated as its experimental

value, the second part of the value for WX _is a correction to fit the experimental data. Experimental value of

PNiPAAm -water interaction (X, is around 0.40.

Grafting density U 0 2 WX, X
0.143chains/nn 3.2587 1.25 0.20 1.2443+0.50 0.43
0.103chains/nn 3.2587 1.24 0.20 1.24430.25 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°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 b= 0.143chains/nnj, b= 0.103chains/nni. Both brushes contain
polymers of identical molecular weight distributions: M, = 6.1x10 g/mol M,/M_ = 1.40. The experimental

data have been reported inmy previous study , seeChapter 2.

As for DMSO/water interaction, the deviation of M %is too large and shall be mainly attributed
to that the simplified model (Eq.(3.102)) neglects the effect ofl X which is defined in Eq.(3.10.1)
It is worth pointing out that after including the effect of | X, all fitting parameter values become

reasonable and are in physical ranges.Even though, the current approach of Eq.(3.10.1)still cannot
guantitatively fit experimental data for cononsolvency transition of PNIPAAmM macro -gels in
DMSO/water mixtures. It is noted that the attraction strength between DMSO and water is not weak

(seesection 3.4.2and Figure 3.7a) and comparable to the preferential-adsorption strength between
DMSO and PNiPAAmM (see Table 3.4). It seems that DMSO-water attraction plays an important role

in the cononsolvency transition of PNIPAAmM. Nevertheless, the attraction between DMSO and wa-

ter cannot be the dominant force to drive the phase transition of PNiPAAmM 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 PNiPAAmM 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 issueariseswhen considering the effect of
polyethylene glycol aqueous solutions on the cononsolvency transition of PNiPAAmM 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 thighesis.

L L s 10—
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[ | === 1-propanol
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r | =——1-propanol
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Figure 3.6(Figure 30) Cononsolvency transition of a PNiIPAAM brush sample in different alcohol aqueous

solutions, at the temperature of 25°C: t 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 oft on 4 and Figure 3.6b is a schematic dependence of log(t ) on 4. Parameters

of the PNiPAAm brush are: grafting density b= 0.143chains/nii, M, = 6.1x10g/mol M /M = 1.40.

In Figure 3.6, the adsorption order parameter (the volume fraction of cosolvent, 1, 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 PNiIiPAAmM 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 betweesolvenaindsolvent

In this sedion, we develop a meanfield approximation to estimate attraction strength between
cosolvent and solvent based onenthalpy change of mixing these two solvents. This estimation is
particularly helpful to determine the phase-transition mechanism of cononsolvency transition of
PNiPAAmM in DMSO -water mixtures . The peculiar cononsolvency-transition behavior of PNiPAAmM
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 PNiPAAmM , 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

Thesis a uthor: Huaisong Yong



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 4.

When an organic-sOOY1T QU wOOO1 EUOTI zUwORaT I OWEUOOwWI OUOUWEWEODE

gen atom, the corresponding probability is /1—1)( (volume fraction of water). There are nx or-
X+1 -X

ganic-solvent molecules in the mixtures, therefore the maximum number of this kind of hydrogen
a1 x o} a x z :

bonds that can be formed is Nxgg——— #,* n(1 -x) —, where z,,is the number of ox-

¢/x+1l x = E ¥ x- 2:

ygen atoms in one organic-solvent molecule that can form hydrogen bonds, zgis the number of

hydrogen atoms in one water molecule that can form hydrogen bonds.

31T wEOUUI UxOOEDPOT wxUOEEEPODPUawi OUWEwWPEUI UwOOOI EUOI

_Ix (volume fraction of organic solvent). There aren(1-x) water molecules in the mixtures,

/X+1 X
thus the maximum number of this kind of hydrogen bonds that can be formed is

1 a /x 8 a x - z, : .
n(1- x)gem &, *+ X Frx 2 where z,is the number of oxygen atoms in one water mol-

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

molecule that can form hydrogen bonds.
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Figure 3.7(Figure 31) (a) Average energy changeQ, of the formation of one organic solvent -water hydrogen

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

rameter X,, when mixing different organic solvents with water at the temperature of 25 °C. Data are extracted

and reprocessed fromrefs.[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 nél +/ZSh iz Zen Q((l_ X) Note that from a thermodynamics
g;“ 2 © 2 Px+1x y

point of view, as long as isotope effects are neglected, these two kinds of hydrogen bonds formed
by organic solvent/P EUT UwbDOUI UEEUDOOwWOI EUCAaWEOOz Owl EYT wEQa wEDI
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in the mixing is denoted as . ,;,,H,, and the average energy change of formation of oneorganic sol-
vent/water hydrogen bond is denoted as Q. In the short-chain alcohol and DMSO aqueous solu-
tions, the enthalpy changesof 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:

a /z z, &(1-x)
D H °N,e @ +— hz ¢ VX )
mix m A HQ co 2 D 2 - X+1-X (3 12)

where N, is the Avogadro constant. This implies

2D . H /x+1 X

o mix_ " m

% N, (2z,+2/z, ¥z, %) x(1- ¥

(3.13)

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

c o (2200 + zch) e,

14
RS (3.14)

where kg is the Boltzmann constant. 2z.;+ z,,is the maximum number of hydrogen bonds each or-
ganic solvent molecule can generate.Note that X, is different from the effective Flory-parameter
between the two solvents X, .s0f EQ.(2.9) and X of EQ.(3.6), which also include excess entropic

cs, €

contributions .

Note that for water, z,,=1 and z,,=2; for methanol, ethanol, 1-propanol and 1-butanol molecules,
z,,=1 and z,, = 1; for DMSO, z,=1 and z,, =0, data for . ., H, are extracted from refs.[129, 130]
Based onEg. (3.13)and Eg. (3.14) the corresponding @, and X, 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 @, and X,:
2Q,(DMSO0, H,0) < Q,(methanol, H,. A upAethanol, H,0) < Q,(1-propanol, H,0) < Q,(1-butanal,
H,. A2 ®DMSO, H,0) <X,(methanol, H,. A W Aethanol, H,0) < X, (1-propanol, H,0) < X,,(1-
butanol, H,, A2 6 w3 T PUWDUWPOWEEEOQOUEEOET wbbUT wlT T wUPOx Ol w
the alcohol increase its hydrophobic behavior. Figure 3.7 clearly shows that the attraction strength

between organic solvent and water follows a simple order relationof 2 #, 2. wg wOl UT EQOOOQw
nol > 1-propanol > 1-E UUE OO O~ &

It has been reported that a strong cosolventsolvent attraction can induce a cononsolvency tran-
sition of poly( Qcaprolactone) in pyridine/formic acid or pyridine/acetic acid mixtures [107], and
poly(methyl methacrylate) in pyridine/formic acid mixtures [107]. The strong attraction between
xaUPEPOI WEOEwWi OUOPEWEEDEWOUWEEIT UPE wE E D EREEWI DUu WJaux 1U
of hydrogen bonds.
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Figure 3.8(Figure 32) Average energy change Q, of the formation of one pyridine -acid hydrogen bond, and
enthalpic Flory parameter X,, when mixing pyridine with different organic acids at the corresponding tem-

peratures. Note that data are extracted and reprocessed fromref. [107].

Keep in mind that a pyridine molecule and a formic/acetic acid molecule can only generate one
hydrogen bond of the ? E EEDEEUtype, 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 ofenthalpic Flory interaction parameter X,,. Comparing the results in Figure

3.7and Figure 3.8, the differences are quite remarkable.
3.4.3 Thewindowwidth of thecononsolvency 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 , UOT 1 UN B z UluBE]lin whiéhbHe beiyft 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 PNiPAAmM poly-
mer as a function of the experimental value of the effective Flory parameter (MX_) 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 PNiPAAmM brush in aqueous solutions of propanol and
butanol isomers, seesection 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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aspoly(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 theswindow 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].

Normalized volume of polymer brush or gel
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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 PNIPAAmM polymers as a function of the experimental value of the effecti ve Flory parameter
between various cosolvents and water at a temperature close to 25C. 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.% the dotted line is a guide to the eye, and the blue error bars
display the experimental uncertainties of the effective Flory parameter.

In Table 3.2 and Table 3.4, the fit results of UX 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, seesection 3.2 and section 3.3.

3.4.4 Pressure effect in the cononsolvency transition of PNiPAAmM polymers

Experimental studies [136, 137]have reported that PNiPAAmM 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
PNiPAAmM. During the process of mixing, alcohol molecules form hydrated clusters [125-128] and
the excess molar volume of mixing ( 5, .) is negative for short alcohol aqueous solutions [138].

Thesis a uthor: Huaisong Yong
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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 lbutanol/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) 0w U OQwUT EQwi I 11 EUDPYI1 QawUl
proved for PNiPAAmM 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 ( XJ 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 (, %. 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 (| 4. With an increase of hydrostatic pressure ( P), these
reductions are approximated through the following relations [141]:

DP ¥
Dm —2=<0
RTr
DP ¥ 1

”m(—fo ’ (3.15)
Do DP D/m'ps 1'<O
BURTA- /)1 -A(1 ¢ e

Dg

and applied to Eq.(3.5), Eq.(3.6) and Eq.(3.10.2), respectively; the meaning of  4is graphically pre-

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

m,Cs

. VinpsiS the excess molar volume of mixing the polymer with water, Ris the gas constant andT is

the thermodynamic temperature. It should be noted that =V, is negative when a hydrophilic po I-
ymer such as polyethylene glycol [142]is mixed with water. For additional details of estimating the
pressure effect on the values of 4. %,;and % in Eq.(3.19, we refer the reader to the sections

3.6.53.6.7, 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 alcoholwater interaction on the polymer chains ( %), a
decrease of the Flory parameter for polymer-water interaction (, %, and a reduction of the chem-
ical potential change of mixing (. 4. We thus propose that in the language of the extended adsorp-
tion -attraction model, as expressed inEq.(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

lwpEUI U
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agueous solutions such as propanol/water mixtures, when temperature and | P are fixed, %.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, = %,and % in
Eq.(3.15) are further simplified to be proportional to _ P, this means if. P and temperature are fixed,
. Xand_ X are approximated as constants.
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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 (%), the polymer-solvent interaction (X ), and a reduction of the chemical po-

Ul OUPEOWET EOT T woOi woébRrRDHOT ws OwE U w b-éixabibroniodel NdfewhatGpatd 1 1 wi R U1 C
from variations of X and X, the other parameters remained fixed (as shown in Table 3.6). The arrows in
Figure3.10are 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°C.). As for the conditions of low pressure
and high pressure, the parameter values are chosen to be qualitatively consistent with the system of
PNiPAAmM macrogel/methanol/water at the pressures of 100kPa and 140MPa respectively. For additional
details of estimating the pressure effect on the values of, ¥ and, %, we refer the reader to the sections

3.6.6and 3.6.7.

Pressure N, f " Q 3 WX, 9%

low pressure 200 2.5 22554 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 = 4in the approach of Eq. (3.15)is independent of the order parameter of the
adsorption (1) 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 t and c, the pressure effect onX and X, can be graphically presented

by curves such as shown in Figure 3.10; secondly the pressure effect on% can be presented by a
horizontal shift (, 4 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 off ;and X can result in

a competing effect with each other for the collapse transition in the cosolvent-poor regime (as
shown in Figure 3.1cand Figure 3.1d). As for the pressure effect in the alcoholpoor regime, we like
to emphasize that for the reductions of alcohol-water interaction on the polymer chains (. %) and

polymer -water interaction (, %) that have physical meanings (seesections 3.6.6and 3.6.7), the cu-
mulative effect of a simultaneous reduction of X and chemical potential (| %4 seesection 3.6.9

exceeds the competing effect of a reduction ofX

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 X_and X, all

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

3.10aRwUl xUl Ul O0UwUT 1 wEOGOOOUROY VOBV ICuAUEKD 'R @0 U uwididl
nonsolvency system at the higher-x Ul U U U U IBi WEEBBIwRW?>x Ul Ul O0wx OUUDPEOT wb(
states when the cononsolvency system changes from the lowerpressure to the higher-pressure

states. By now it has beenclear that DiAm Ul x Ul Ul OUUwUT 1T wOPOPOUOwWIi OUwUT |
nonsolvency transition at the lo wer pressure, due to pressure change,?C?> wb D OO wUIl x Ul Ul O0wUOT |
of the minimum for the collapse state at the higher pressure, then_  4representsa shift of cosolvent

concentration to a cosolvent-poor region.

The tendency of the transition curves shown in Figure 3.10is in line with experimental results
of the pressure effect in the cononsolency transition of PNiPAAmM 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 PNiPAAmM 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 PNiPAAmM 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 @fsinglelong polymer
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In Figure 3.11, we display theoretical fits to published experimental data of poly(N -isopropy-
OEEUAOEODPEI AwUDOT Ol wET ED O wb Ghe @iperatir&idiiked bt203C. TawuOD B U U
ble 3.7 shows the corresponding parameter values obtained in the numerical fit procedures (exper-
imental data are extracted and reprocessed fromref. [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 PNiPAAmM -methanol-water
tertiary mixtures. As for the same solvent mixtures, the current approach of the extended adsorp-
tion -attraction model requires that parameters 4, Qand 4 % are independent of polymer material

architectures. After eliminating the temperature effect, this is further verified for the cononsolvency
transition of PNiPAAmM single long chains, macrogels and brushes in methanol -water mixtures, see
Table 3.2, Table 3.3and Table 3.7.

Table 3.7(Table 10) Fit parameters for methanol-water systems (single polymer chain, 20°C, Figure 3.11). We
chooset and 3from their experimental values. The first part of the value for WX is estimated as its experi-

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

value of PNIiPAAm -water interaction (X)) is around 0.40.

Alcohol " Q ’9 chs xps
methanol 2.2493 1.17 0.00 0.7818+0.30 0.17
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04 |- @ O experiment| |

L theory i
0.3 | "
0.2 .

The normalized hydrodynamic radius (Rh/Rh)

-2.5 2.0 -1.5 -1.0 0.5 0.0 0.5 1.0
The chemical potential ()

Figure 3.11(Figure 35) Cononsolvency transition of a single PNiPAAm chain in methanol aqueous solutions,
at a temperature of 20°C: open circles are experimental results and solid lines are theoretical fits using the
physical model. Parameters of the PNiPAAm are: M, = 2.63 x10g/mol, M,/M, < 1.10. Theexperimental data

are extracted and reprocessed fromref. [58]. The length of a Kuhn segment for single polymer chain in this
study is chosen to be about ten repeating units of PNiPAAmM.

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 meantfield model for phase transition of a single long chain, this view point has beenalready
clearly point ed out by Sanchez[144] as early asfour decades ago. Meanwhile, current mean-field
approach does notwell 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
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3.6 Chapter appendix

3.6.1 Chemical potentiathange of mixing two components

The total Gibbs free energy of two species before mixing isG;, [5].
Ginitial = nln? +n2 ;Z" (318)
where n, and n, are the molar number O1 wUx 1 ED1 Uw? h? wEG End? S areuté them-1 EUD Y
DEEOQwx OUI OUPEOwWpPOOOEUVUWEPEEVUWI UT T wl Ol UT aAwoOi wxU0UI u

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

final?

Guu =N &M RTIN( gx) gr, &RAIN( g , (3.19)

EUI wOT | wEEUDYDUAWEOI i I PEPI OUwWOI wUxI1 EPI Uw? hu? wEOE w*
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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 .G

mix ="

DmixG = Gfinal 'Gmitia| A RTln( gxl) I’El-RTIn ( 2%) . (3:20)
We note the following relations:
n=n, #,
x =
no (3.21)
— n2
X, = o
X +x, 4
where nis a constant. The molar mixing Gibbs free energy of species 1 and 2 is |G,
D G
%:xlln (glxl) #,In ( 9(2). (3.2

311 Owll T wei 1 OPEEOwxOUI OUPEOWET EOT4] Ol wUx1 EDI w? h? wb
anix 1é|~'lQn|XG 2
m=—— =——¢ 0
RT RTg un 4

e &uin(g) 0 2 ¢ (g ¢ (3.23)
=dn (o) *,g—= ¢ 34ni &) Xt ¢
e ¢ AT 4 u 6 QNZ —_—
PT 1 0® WwOT T wx U1 Vs v (Ui oieOsudd @dui E UET U u@@EIOE WIOGEO UOE w

vy
RT
EPOI OUPOOOI UUWET 1 OPEEOwWx OUI1 & widAuE E BG@ DwpbT PET wbUwUU]

o A s e i A 4 A i oA e A X v A s A o
 OUwUIl | weEUI | UOEOWET I WB@OM%IMD@@WW{W@WMI w
cl-

3.6.2 The Enthalpic Wilson model

For multi -species mixture systems, such as alcoholater 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:

X,In (AA ) g A& 1 A §
In(g )= 2 1z 21 3 X4l 21
( 1) (X1+A12X2)(X2 -IAZZ(]) % 19 X ALK, X A, % (3.2)
Xl In (A21A 12) ﬁ é 1 A a’ )
In{g,)= B x4 12
( 2) (X2+A21X1)(X1 A X 2) % 29 X, tA,X, X, A X, (_]‘

where A, and A,, are constants and only dependent on temperature and pressure. The advantage

of Eq.(3.24) is that A, and A,, can be calculated by using experimental values of infinite dilution

activity coefficient wf and wf [88, 146] The relations between wf, wf and A ,, A,, are,
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In (glu ) - In (ilezl)
?o (3.25)
nfg)- 2l

21
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 oﬁqE and mf 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 wf, af, A,,and A,, for C,-C, 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.

Standard State:T=298.15K , P = 100KPa (Enthalpic Wilson model)

0 e e e IR B B e e e e e LA B S m e 0
—— methanol

s 200 — ethanol 200
[e) : —— 1-propanol
Ex -400 > +— 2-propanol 400
z . F
2
> -600 -600
=2
2
@ -800 -800
Q
o
Y—
2 -1000 -1000
=)
U]
CE” -1200 -1200
X
=

-1400 -1400

0 10 20 30 40 50 60 70 80 90 100

Molar fraction of the alcohol molecules (aqueous, mol%)

Figure 3.12(Figure 36) Molar Gibbs free energy of mixing for various alcohol/water mixtures at the standard
state.
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-0 —7r r* 1 * 1 * 1 r 1 r T * T * T T T 7
= Standard State:T=298.15K , P = 100KPa (PSRK method) ]
£ r
x -140 | /-
g ;
<
(@] r [
£
X
€ -280 |- / .
: /
> L J
>
2
(0] -420 / —
©
o
2 I 54.6%mol = 86%vol i
e o, — QA0
o 560 L 48.84%mol = 83%vol ]
(_T, 2.15%mol = 10.1%vol
§ - 1.91%mol = 9.01%vol ]
_700 1 1 L | L | L 1 ! | " | ' 1 '

0 10 20 30 40 50 60 70 80 90 100
Molar fraction of the 1-butanol molecules (aqueous, mol%)
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 dbutanol, while the
calculation values for phase separation are about 2.15%mol and 54.6% mol of butanol.

| ! 1 £ | J I ! | ! I ' I ! I ! | ! | i I
Standard State:T=298.15K , P = 100KPa (Enthalpic Wilson model)

[e)]
I

methanol
—— ethanol
—— 1-propanol
—— 2-propanol

Chemical potential change 1L

[ R I R R I R RN R RS
0 10 20 30 40 50 60 70 80 90 100

Molar fraction of the alcohol molecules (aqueous, mol%)

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 wf, w, , A,,and A,, for different alcohol -water systems at the temperature of

298.15K (25C).

Temperature 298.15K
Air Pressure  100KPa

symbol

"1" (alcohol)

Methanol
1.96913
1.82418
2.24567
1.49738
1.83709
1.75232
2.26274
1.71357

Ethanol
4.79182
5.44659

2-propanol
11.90553
12.40348
20.08073
9.62156
7.60392
12.38158
18.67014
7.87250

1-propanol
23.31670
12.39757

1-butanol
41.95015
30.19251

54.07310
45.71651

19.22647
67.78583
47.74756
50.48115

"2" (water)

Water
1.48588
1.59960
1.60495
1.35801
2.16272
1.56552
1.61177

Water
2.61125
3.06717

Water
3.37514
3.72890
3.25435
2.44823
3.28793
3.05038
3.08968

Water
3.40934
3.40934

Water
4.67002
4.41043
3.80497
3.20579
3.24459
3.94901
3.62718

A12

0.7286678180698160

Al2

0.6268342789301900

A12

0.4737282960093900

A12

0.4143330395065780

A12

0.3143973737270690

0.9118208662537640

0.7313035212018950

0.8074176716182140

A21

0.8504424821457470

A21

0.9433291347418690

Calculation Methods

modified UNIFAC (Dortmund) method
UNIFAC(LY)

UNIFAC

ASOG

MOSCED2005

VTPR

PSRK

literature data

modified UNIFAC (Dortmund) method
UNIFAC(Ly)

UNIFAC

AS0G

MOSCED2005

literature data

modified UNIFAC (Dortmund) method
UNIFAC(Ly)

UNIFAC

ASOG

MOSCED2005

literature data

literature data
literature data

modified UNIFAC (Dortmund) method
UNIFAC(Ly)

UNIFAC

ASOG

MOSCED2005

VTPR

PSRK

literature data

Remarks

recommend

recommend

recommend

recommend

recommend

Average Chi

0.4980

1.1234

1.4958

1.6802

2.1006

Max Chi

0.5608

1.2443

2.0287

2.5175

3.8659

Min Chi

0.4482

1.0666

1.1903

1.2265

1.2885

: Huaisong Yong

Thesis a uthor



-attraction model

Chapter 3 The extended adsorption

72

E

Table 3.9(Table 12) Values of af, w, , A,,and A, for different alcohol -water systems at the temperature of

295.15K (2°C).

Temperature
Air Pressure

295.15K
100KPa symbol "1" (alcohol) "2" (water)
Calculation Methods  Ayc(Mean) Axg(Maximum) = Axcs(Minimum)
Methanol Water A12 A21
¥ 1.71678 1.54711 0.7364326468270750 0.9120432626254650 VTPR  0.4825 0.5405
Ethanol Water A12 A21
¥ 3.51015 2.90148 0.6229247651272620 0.7342898618172030 MOSCED2005 1.1276 1.2557

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

suitable for the condition of 25°C (as shown in Table 3.8) to calculate these values for the condition of 22°C. This approach is expected
reasonable as the temperature difference between these two situations is marginal. The calculated values inTable 3.9 and Table 3.8
are consistent with each other.

0.4364

1.0652
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3.6.3 Estimation of effective Floiipteraction parameter

4-0 T I T I T ‘ T I T I T I T I T I T I T
= Standard State:T=298.15K , P = 100KPa (Enthalpic Wilson model) -
35 ° methanol | 7
- \ ethanol 1
= 30 . —— 1-propanol| -
5 i +'2-propanol 1
g 25 -
o
g
20
iy
o
w
o 15
=
S
= - =
T 1.0
05 F -

0 10 20 30 40 50 60 70 80 90 100
Molar fraction of the alcohol molecules (aqueous, mol%)
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 ,.,G,, can be expressed as,

Dmli?x‘(r;m_leln (glxl) -Ilen( 9(2) x|n (X1) xin (x2) X (3.26)

where X igithe effective Flory -interaction parameter. Then we get,

In(g) In( 9

c=——+ +—— and (3.27)
X, X
a A 0 a A
1+x,ad L 2 ol xt lae 1 =
) c _ C X HAX, X, AX, o cX 2 AX ., X A, (3.8
In (A21A12) (X1+A X 2)(X : A X ) (X A )é( AP )z

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

e
ary condition of A,, > 0,A,; > 0 is hold, and it has a boundary of ei . Then we can get

éA21 A 12

e In(AA In (A
cl é- (A ) (AA ) . Note that Eq.(3.25), then we can get,

é .
g A A

21 12

In(g;’)d: c¢n( 1“5)7

In(g;’)a: /csc¢n( 1“)51 (3:9)
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in which Y@ hwdDUwU0T T wYOOUOI wUEUDOWET UPT 1 OWEWOOOI EUOIT whi wE
different component in the binary mixtures, X is the conventionally used Flory -Huggins parame-

ters. It is noted that X wlécs%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 X is consistent with its experimental value X . also seeFigure 2.6b.

3.6.4 Crosslinkdensity effect in the cononsolvency transition of poligdpropylacrylamide) micro
gel and macrgel

Zhu et al. [122] reported the average hydrodynamic radius, R of poly(N -isopropylacrylamide)
micro-gels with different crosslink density in the dimethylformamide -water mixtures. Here we

o 3;-
. ar C . .
replotted these data as the normalized swollen gel volume (l: h¢)in Figure 3.16. Note that
v, 8k ¢
0 (; 0 =

Ry s the average hydrodynamic radius of poly(N -isopropylacrylamide) micro -gels in pure water,

and V,is the micro-l 1 Oz UwUPOOOI OwYOOUO]I wbOwxUUI whpEUI U

| ! I ! | ! I ! | ! I ! 1 ! | ! ! ! ! !

1.0 h t Cononsolvency transition of PNiPAAmM microgel -
~ tj Temeprature = 293K
§ I D Data are extracted and reprocessed from: |
% okt ! Physical Review E, 2019, 99, 022501 i
E g0 ;
5 |G pogesn, el
© N 0 .
o 06 |- -
E = ®
c Aol '
Q i . 3 o o N
[e) i o
= L , D-A e i
@ e O ;
3 . OO
8 0.2 L o -
g i L © 0O+ NI =22 (high crosslink density)| |
o » @ NI = 150 (low crosslink density)
Z 0-0 I T I T I T l T ] T l T l T I T l T l T

0 10 20 30 40 50 60 70 80 90 100
Molar fraction of dimethylformamide (aqueous, mol%)
Figure 3.16(Figure 40) Crosslink-density effect in the cononsolvency transition of poly(N -isopropylacryla-

mide) micro -gel. Data are extracted and reprocessed fromref.[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/Way) of PNIiPAAM 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

wW/W . ., , i s N e A
Weight(ﬂ=—d'y)in Figure 3.17. Note that W isthemacro-l | Oz UwUP OOOI OQwpkl Bl | Uuw
W, W, /W 0
0 0 dry

In Figure 3.16and 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 seesection 3.2 and section 3.3.

1.0 u (I)onlonsé)lvéncyi tra%sitilon cl)f PINiP)Iﬂ\Ar;'n m:'slc:rc;gelI S
- . Temeprature = 298.15K
§ -+ Data source: J. Phys. Chem. B, 2012, 116, 5251—5259775 el !
% 0.8 [~ B g -
. B A HE
(@) -
= % ; ¥
S 06F 5
9 R 3
S i Ll
@© R ]
£ | ?
c 041 =
©
3 -
7] E
g o2} : .
N -
© | y O 1% MBA (low crosslink density)|
cE> e @ 2% MBA (high crosslink density)
2 0.0 I T I T I T ! T I T I L) I T I T I T I T

0 10 20 30 40 50 60 70 80 90 100
Molar fraction of methanol (aqueous, mol%)

Figure 3.17(Figure 41) Crosslink-density effect in the cononsolvency transition of poly(N -isopropylacryla-
mide) macro-gel. Data are extracted and reprocessed fromref.[103], note that dotted lines in the figure are
only used to guide eyesight.
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We note the fundamental thermodynamic relation [5],
dGm = _Sm dT Vm dP al'm d)|<, (330)
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If temperature T and composition x; are fixed, then the increase of molar Gibbs free energy of

mixing . ,,xG,, due to pressure effect can be expressed as,

dDmixGm = dep7 (331)
where = Vmis the excess molar volume of mixing. We get,
0.G,=n&,.dP ° ¥ R. (3.3

Here, Pisanincrease of pressure. Then the pressure effect on theimensionless chemical potential
change () can beexpressed as,

180G 6 P @ @
DL Mo § LR BT, (3.39)

RTQ WX T+(,)DP RT _33;1_ 1.0
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,

PN \/2;

D mv ~
RTX, RTr

(3.34)

where x,, 9are the molar fraction and volume fraction of the alcohol respectively. Note that | V,,is

a negative quantity for short alcohol aqueous solutions [138], this means that if the pressure P is
increased ( P >0, 5 will decrease ( 4 <0).

(@)

3.6.6 Pressure effect on the cosolven® O Y1 OUwb PHUI UEEUD OO wpX

Figure 3.18(Figure 42) The reduction of cosolvent-solvent interaction ( %A WE UWE wi UGEUPOOwWOI wYEUDOUU
molar fraction (x). Data are extracted and reprocessed fromref.[138], note that dotted lines in the figure are
guides to eyes.

The reduction of cosolvent-solvent interaction (| %9 is estimated by using [141]:











































































































































































