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ABSTRACT: A weakly charged polyelectrolyte brush in a polar—nonpolar solvent mixture is studied
using a boxlike model and by numerical self-consistent-field theory. The work is a continuation of a similar
study of a neutral polymer brush in a solvent mixture with a pronounced solubility gap. We study both
the structure and structural transitions of the brush in particular in the one-phase region of the solvent
mixture in the bulk. With respect to the neutral system, the polyelectrolyte system is even richer in its
behavior. Starting from a nonpolar main solvent, upon increasing the chemical potential of water, we
find the development of a mesoscopic water film inside the brush. The polymer takes up this thin film as
it finds an environment that allows for the dissociation of its groups energetically attractive. The phase
transition can be accompanied by an anomalous collapse of the ionizable brush and tuned by the pH of
the solution and the ionic strength in the system. Another brush transition can occur when nonpolar
solvent is added to a brush immersed in water. Finally, it is feasible that systems exist that feature
three successive brush transitions upon changing the bulk composition from pre-binodal, to biphasic,
and then to post-binodal compositions, where a forward, a reentry, and again a forward transition are

found, respectively.

1. Introduction

The polymer brush continues to be a structure that
receives warm interest from the polymer physics
community.1=4 After some pioneering years of polymer
brush theory and experimental work in this area, there
is now good evidence that end-grafted polymers at
interfaces have unique properties. When the chains are
planted at high enough density, the chains are strongly
stretched. The thickness of the brush, also called the
height of the brush, is proportional to the chain length,
and in many cases the end points of the brush chains
remain distributed throughout the layer. This last result
indicates that there are anomalously large fluctuations
present. Polymer brushes have interesting applications.
They may be used to protect surfaces from contamina-
tions (antifouling agents). Other applications can make
use of the soft character of these interfaces, e.g., in cell
adhesion or vesicle adhesion surfaces. Polymer brushes
may be used to influence the colloidal stability® of
particles in solution and as such may have huge impact
in many engineering applications. When particles are
immersed in binary solvent mixtures that are not fully
miscible, one can have the possibility that three faces
come together. Then, one can use polymer brushes to
tune the wettability of surfaces. Closely related to these
systems are applications in the field of polymer chro-
matography.

In this paper we pick up issues related to the polymer
aspect of the problem. Recently, some work was done
on the behavior of a polymer brush in a binary solvent,
both from a polymer and from a wetting perspective.6~14
In particular, the case that the solvent has a large
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Figure 1. Schematic representation of the structures of a
(neutral) amphiphilic polymer brush in a binary mixture of
solvents (oil = gray scaling on top; water = phase near
surface). (A) The water concentration is very low; the polymer
is stetched in the oil (reasonably good solvent) phase. (B) The
water concentration is close to, but below, the saturation value;
here a first-order phase transition takes place where the water
film grows stepwise from a microscopic to a mesoscopic
thickness, and the polymer collapses into this water film. (C)
The water concentration reaches the binodal value; the water
film grows to macroscopic size, and the brush is again swollen
(water is very good solvent). In contrast to this system, the
polymer chains in the present study are charged. Details are
in the text.

solubility gap was selected (cf. Figure 1). The behavior
of a brush under these conditions is very special. It was
found that when the polymer molecules were able to
dissolve about equally well in the two solvents, but in
particular, when it dissolves slightly better in the
wetting solvent, a first-order transition can occur where
there is a jump in the conformational characteristics of
the polymers.12=14 This jump occurs when the solvent
mixture is still in the one-phase region, not too far from
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the binodal value and is shown in Figure 1B where the
top brush is in equilibrium with the lower brush. In this
case a wetting film of the minority solvent develops in
the brush near the interface. The wetting film remains
necessarily of mesoscopic size because the system is still
off-coexistence. Then, because the polymer has some
affinity for the wetting component, it tends to be in this
thin film of good solvent. By doing so, it collapses in
the sense that the thickness of the brush suddenly
strongly reduces. This transition has been found in ref
12 by an investigation along the lines of the Alexander—
de Gennes box model*!® that has been complemented
in refs 13 and 14 by a more exact numerical analysis of
the self-consistent-field (SCF) equations®—21 carried out
in the approximations elaborated by Scheutjens and
Fleer.?2 This strategy proved to be very reasonable: the
box model captures many of the important features of
the system.

One of the problems of previous studies was that the
parameters necessary to observe these anomalous fea-
tures are such that one could argue that only rather
special experimental systems can meet all necessary
requirements. For example, as suggested in Figure
1A,C, the brush should be swollen both in the oil (A)
and in the water (C) phase. This type of amphiphilicity
may be very difficult to generate with neutral polymer
systems. However, it was already suggested that very
likely these conditions could be found in a polyelectro-
lyte system and especially in weak polyelectrolytes
where ionized and hydrophobic groups are distributed
along the chain more or less equally. Of course, these
polyelectrolytes are only marginally soluble in water if
they are uncharged. In such a system a useful wetting
component is water. When the polyelectrolyte molecules
are in water, they can be ionized (annealed polyelec-
trolytes?324). The degree of their ionization depends on
the pH and on the ionic strength of the solution. On the
other hand, in organic solvents the “hydrophobic” poly-
electrolytes are very weakly charged and remain in good
solvent. In principle, this dualistic behavior (cf. Figure
1) opens up interesting issues, and we will come to some
of them below in detail.

The theoretical investigation of the system is con-
structed by applying two models. The first one is the
most simplified box model, wherein the brush is con-
sidered homogeneous both in the lateral and in the
normal (to the grafting surface) direction. The second
one is a more exact SCF theory. In this case only the
lateral homogeneity assumption is left, and the change
of brush structure with its height becomes one of the
observables. Clearly, the lateral homogeneity of a swol-
len polymer brushes is completely justified, and as we
will show, the use of the more simplified box models is
also surprisingly accurate. However, as we will also see,
it is possible to observed a collapse of the brush. In
principle, such a collapsed structure may lead to het-
erogeneity in all directions, in which case also the SCF
model is too approximate. We will return to the aspect
of the adaptability of the applied theories for laterally
homogeneous models to the real systems in the Experi-
mental Aspects section.

The remainder of this paper is the following. First,
we will describe a proper modification of the box
model*1> for annealed polyelectrolytes in a binary
mixture, with pH and ionic strength as variables. We
will combine the introduction of the essential equations
with the specifications of the model for both salt-free
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and salt-added systems. In the subsequent subsection
we will briefly outline the numerical SCF theory for the
considered system giving only the necessary points. (A
paper with detailed background information on the SCF
aspects will be published elsewhere.) In the following
subsection the chosen set of parameters will be intro-
duced. The second part will contain the results of the
calculations. We will begin with the results of the
calculations in the framework of the box model. Then
the results of the numerical SCF calculations will be
compared with those presented for the box model. A
good agreement between the models will be demon-
strated, and additional information gained from the SCF
calculations will be discussed. Some experimental as-
pects are discussed just before the main conclusions are
summarized.

2. General Formalism

A. Model and Notations. We consider a laterally
homogeneous polymer brush composed of long polymer
chains grafted at the density 1/o (o is area per chain).
The chains consist of N symmetrical monomers of size
a. As usual, all linear dimensions are expressed in these
a units. The brush is immersed into a mixture of highly
incompatible solvents referred below as a generic non-
polar solvent B and a polar admixture (water). The
reversed case, i.e., that the water is the main solvent
and the nonpolar solvent is the minority solvent, will
receive some attention at the end of this paper. The
polymer is a weak polyacid HA capable of ionization in
particular when it is immersed into water. The dissocia-
tion reaction in water

HA + H,0 <A™ + H,0" 1)

is parametrized by the reaction constant K. The degree
of dissociation is given by o. Water itself dissociates;
the reaction is

2H,0 < OH™ + H,0" 2)

We assign the constant Ky to this reaction. The con-
centration of H3O™ ions is equivalent to the concentra-
tion of protons, which, in turn, specifies the pH.

Hence, the system under consideration involves six
components, namely, neutral and charged polymer
segments, solvent B, water, OH™ and H3O™ ions. If salt
(NaCl, for example) is present, Na* and Cl~ ions also
contribute to the thermodynamics, and the system has
eight components. For simplicity, we assume all mon-
omeric components to be symmetrical and of equal
molecular volume. The incompressibility constraint is
supposed to be fulfilled:

ZQ"J(Z) =1 3)

Here ¢; is a volume fraction of the Jth species, while z
corresponds to the number of the lattice layer in the
brush. It is important to mention that in the box model
¢3 is supposed to be independent of z.

The variety of components results in a variety of
interactions. The interaction between the two solvents
is characterized by the Flory—Huggins parameter ygw.
Note that incompatibility appears when ygw > 2. The
nonelectrostatic interactions of the polymer units with
the solvent B and water are also described by the usual
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Flory—Huggins parameters, yg and yw, respectively. The
polymer—water interactions are assumed to be the same
whether the polymer segments and the water molecules
are ionized or not. Moreover, if the salt ions are present,
their nonelectrostatic interactions with the polymer
segments are also described by the value yw adopted
for the polymer—water interactions. Note that, under
the conditions considered in this paper (low values of
the salt concentration and, as a result, the osmotic
regime of the polyelectrolyte brush behavior?3-26), the
brush contains virtually only counterions HzO* or Na™,
and thus interactions involving co-ions and respective
parameters are not essential.

A part of electrostatic interactions pertains to interac-
tions of mobile ions with bound charges of the brush.
We discuss these interactions in detail later since they
are considered distinctly in the box and the SCF models.
Another part of electrostatic interactions is mimicked
by introducing the yge parameter for interactions of the
solvent B with charged groups.2’” We assume it to be
the same for all charged groups, i.e., ionized polymer
segments, ions of water and salt. As is shown below, at
xse > 0, the polymer ionization is suppressed by the
solvent B. This is manifested by a decrease in the
effective disscociation constant for the polymer units.

B. Box Model. 1. Salt-Free System. The brush
forms a layer of the thickness H, and in the volume Ho
one finds n, = N of the polymer segments and ng and
nw molecules of the solvent B and water. The polymer
segments HA dissociate, the degree of dissociation is
given by a, and the number of protons dissociated from
the polymer is nyo.. Here we consider a salt-free system
and assume that all counterions remain inside the brush
due to electrostatic interactions. Following the well-
known terminology proposed in refs 25 and 26, this
corresponds to the OsB regime. We also assume that
there are no co-ions inside the brush. The net charge of
protons is equal in magnitude but opposite to the net
polymer charge. This is an electroneutrality condition
and, moreover, a local electroneutrality condition. There-
fore, the number of the polymer segments, molecules of
the solvent B, water H,0, and protonated water H3O*
in the volume Ho totals ny(1 + a) + ng + nw. The
corresponding volume fractions are given by ¢ = n,/
Ho (x = p, B, W) and connected by the relation akin to
eq 3, namely:

pgt oyt d(l+a)=1 (4)

The dimensionless free energy of the brush (per
polymer segment) in the solvent mixed of the two
components, nonpolar B and water, in the case of
dissociation is given by

) 2 n n
AF'”=%+’n—BIn¢B+n—WIn¢W+alna¢p+
p P P

alnoa+ 1 —-a)In(l—a)

Ng
- [n—(xs(l - o), +
p

+a + Aua. (5)

Ny
28e0%p T XewPw) F aw{ -
p

Pp

We use dimensionless parameters; all energies are
scaled by the temperature kgT. Unimportant numerical
factors of the order of unity are neglected. The confor-
mational free energy of the brush is written in its
standard Gaussian form, H2/N. The terms enclosed in
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the first square brackets give the mixing entropy of the
components including mixing of ionized and nonionized
polymer segments and protonated water molecules. The
second square brackets contain terms describing inter-
actions between the components in the system in the
usual Flory—Huggins approximation. The term propor-
tional to Au accounts for the contribution of the dis-
sociation (eq 1) and is directly related to the reaction
constant K by the equation K = exp(—Au).

Since all mobile counterions are produced by the
polymer ionization, the degree of polymer dissociation
o is just determined by the free energy of the brush
itself. Minimization of the free energy given by eq 5 with
respect to o enables us to find the following equation
for an equilibrium value of the degree of polymer
dissociation:

2
P o
1_a—§0wK (6)

Here K is introduced which is given by

K=K exp(—@g(2xge — X8 — XBW)) (7

This parameter is an analogue of the dissociation
constant K and includes the effects of the presence of
the solvent B in the mixture. Evidently, K° decreases
as the concentration of the solvent B inside the brush
increases.

With KO instead of K, eq 6 is completely identical to
that obtained previously?® for ionization of a polyacid
brush in water (OsB regime). It accounts for the fact
that with a rise in a the concentration of protons in the
solvent inside the brush, i.e., its acidity, also increases,
which, in turn, blocks further ionization.

Substitution of egs 6 and 7 into eq 5 gives AF'" at the
equilibrium value of the degree of ionization o

in_ H* | ¥8
AF" ="—+—1In @g + @gxs +
I"Ip wp p
Ppxw T ¥exew) T IN(1 — o) (8)

1 — —
M(m ow +

It is notable that this relation includes only three y
parameters, namely yg, yw, and ysw, accounting for the
nonelectrostatic interactions, whereas a standard term
In(1 — «) is taking care of all effects of ionization and
electrostatic interactions.

Equation 8 together with eq 4 permits the elimination
of two unknown variables from eq 5, a and ¢,, for
example. Now AF" is a function of only two variables,
AF" = f(¢pw,¢8), and we can easily find the character-
istics of the brush that is in equilibrium with the mixed
solvent bulk.

The thermodynamics of the bulk solvent is defined
by the chemical potentials of the solvent components
in the bulk:

/“cl)am =In @g + ypw(l — (I)B)2
uyt = 1In Dy, + gy (1 - (DW)Z 9

Here ®g and ®, are concentrations of the solvent B and
water in the bulk solvent connected by the evident
relation ®g + ®dy = 1. Note that the interactions
between the solvent B and the ions of water are
neglected due to their low concentration, and the
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chemical potentials of the ions are defined directly by
the entropic contribution. In particular, if ®y is the
concentration (volume fraction) of protons in the bulk,
their chemical potential is

uit=1In @, (10)

while the chemical potentials of the solvent B and water
are independent of ®y. Moreover, the main equations
written here for the salt-free systems contain no u;"
term at all. However, the mixing entropy of ions should
be taken into account if salt is added.

There are two equivalent ways to find the equilibrium
state of the brush.2® The first one implies that the
chemical potentials of the solvent components are equal
inside and outside the brush. Another method applied
in this paper resides in constructing the excess free
energy for the entire system. Two factors, namely, the
intrabrush interactions AF" and the solvent exchange
AFexh petween the bulk and the brush, should be
accounted for:

AFEX((;OW!QOB) — AFin + AFexch

= AF" — %ﬂ%“t - %Wﬂ?,b‘t (11)
p p

The next step is to minimize this quantity with
respect to the remaining independent variables and thus
to find all equilibrium characteristics of the brush
ionized after dipping it into a binary solvent (solvent
B/water) with a fixed bulk composition ®g. The mini-
mization is carried out numerically, and results from
that are discussed in the following section.

2. System with Added Salt. It is well-known that
the addition of low molecular weight salt to a polyelec-
trolyte systems affects them significantly. This is the
motivation to consider the corresponding system in the
presence of a simple monovalent salt of the NaCl type.
We assume the concentration ®s in the bulk to be
comparatively low. More specifically, it should not
exceed the concentration of the ionized polymer seg-
ments ag¢, inside the brush. In this case, the brush is
certainly in the osmotic (OsB) regime.232526 We also
assume the salt to be totally dissociated. The negative
net polymer charge inside the brush is compensated by
the net charge of counterions. However, in the presence
of salt, these counterions include not only the intrinsic
positive ions H3O™ dissociated from the polymer but also
Na™ ions that come from the bulk. More precisely, there
is an ionic exchange between the brush and the bulk,
which results in an additional ionic contribution to the
exchange free energy AF®h(ionic). This contribution
depends in particular on the chemical potentials u; of
the ion components in the bulk. If the salt concentration
®s in the bulk is well below the water concentration
@ at the binodal, the salt presence gives rise to only
one additional thermodynamical characteristics of the
bulk

UNa = In CDS (12)

Equation 9 still stands, and we can consider the ionic
contribution to the exchange free energy AFe<h(ionic).
The relative concentrations of the protons and Na* ions
inside and outside the brush should be equal if no
specific interactions exist. Any polymer segment pro-
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vides the system with o protons, which separate then
into two groups: ad®p/(Ps + ®y) is the number of
protons remaining inside the brush; a®s/(®s + ) is
the number of protons that leave the brush and mix
with the bulk protons of the concentration ®y.

On the other hand, there is a fraction of the salt ions
that come into the brush to compensate its negative
charge: a®s/(Ps + Py) is the number of the salt ions
coming into the brush (per polymer segment).

This redistribution of the positive charges between
the brush and the bulk contributes to the mixing
entropy of the entire system. For the salt-free case the
term AF"(ionic) = a In a¢p in eq 5 gives the mixing
entropy of the counterions dissociated from the polymer.
If there is a redistribution of mobile protons and ions
of the salt, the mixing entropy of counterions involved,
into the excess free energy (per polymer segment), is
the following:

AF®(ionic) = AF"(ionic) + AF®"(ionic) =

D, ap, Py D {
a®H+(DSInq)H+q)S+aq)H+q)s\ln<1)H+
a¢p(bs _ H
In o, + Dy In ®g] = o In ag, o, + D, (13)

The first term on the second line of eq 13 gives the
mixing entropy of the protons remaining in the brush.
The remaining three terms concern the mixing entropy
of the protons in the bulk, the mixing entropy of Na*
ions coming into the brush, and the loss in the mixing
entropy of these Na*t ions, which they possessed in the
bulk.

After writing the new term responsible for the mixing
entropy of positive charges, one should examine the
resulting effect on the free energy and a strategy for
solving the problem. Fortunately, it is easy to find out
that the formalism developed for the salt-free case can
be used again with just one complication. After mini-
mization of the free energy with respect to a, one finds
that, instead of the effective constant K° for the reaction
of the polymer dissociation given by eq 7, now an
effective constant K should be involved:

~ ~0 ¢S + (DH
K=K T = Kot €XP(—@(2xge — X8 — XBW))

(14)
Here KO is still given by eq 7, while K is defined by
Ko = K(®g + D)/ D (15)

The K parameter describes the polymer ionization in
the brush and is composed of two terms. The first term
Ketf can be considered as an effective dissociation
constant, while the second term accounts for the dis-
advantage of the ionization in the presence of the
nonpolar solvent B. The increase in K with increasing
salt concentration ®s in the bulk corresponds to de-
creasing acidity inside an annealed polyacid brush that
occurs as a result of the Na™ and H* ion exchange. This
effect has been discussed in large detail previously.??

Substitution of K into the relation for the free energy
leads to eq 8, and thus the formalism developed for the
salt-free system is valid again. Of course, this does not
mean that the pH or the ionic strength does not affect
the system significantly. As is clear from eq 14, at ®s
= 0, the system is salt-free and we have K¢ = K
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irrespective of the ®y value. However, the addition of
salt, for instance, to a concentration ®s = 107, will
result in a 2 order increase of the value of K¢ at &y =
1079, whereas at @y = 10-° the effect will be negligible.

C. The Self-Consistent-Field Theory. One can
approach the problem more exactly by solving the
corresponding self-consistent-field equations. In this
paper numerical analysis of SCF equations is carried
out in the formalism developed by Scheutjens and
Fleer,222° which accounts for an internal inhomogeneous
structure of the brush in the direction normal to the
grafting surface.

The physics of the system is defined by the solution
of the Edwards diffusion equation

2
a%zmzéaing_mgeaN) (16)

with the appropriate boundary conditions of an impen-
etrable wall at z = 0 and starting condition G(z,0) = 6,.
Here G(z) is a segment weighting factor, and again z is
the direction normal to the surface. Exact analytical
solutions for this differential equation are not possible,
but accurate numerical methods are available in the
limit of lattice approximations.

Most relevant in the present discussion is therefore
to specify what contributions are included in the seg-
ment potential and how these are computed:

u,(2) = u'(@) + ui(@) + uS€E) + ui'@)  (17)

In this equation the subindex on the segment potential
refers to the segment types in the system. In the present
system, J refers to one of the following eight entities
occupying one lattice site: a polymer unit either in a
charged state A~ or in the protonated state HA, one of
the aqueous components (HzO*, H,O, or OH™), a mol-
ecule of the basic solvent B, or one of the ions Na* and
Cl~. In eq 17 four contributions to the segment potential
are specified.

The first contribution is a Lagrange field coupled to
the incompressibility constraint (eq 3).

The second contribution accounts for short-range
nearest-neighbor contact interactions. For ionic species
this quantity should include the Born energies.

ugt = qu(fp.(z — 1)+ @) + ¢,z + 1) — 3¢))/3
(18)

Here, the Flory—Huggins parameters y,5 account for the
nonelectrostatic pair interactions and are discussed
above (here the notation is temporarily generalized to
have a simple equation). The summation over | runs
again over all segment types, and qb? is the concentra-
tion of unit I in the bulk (indicated by superindex b).
The averaging as done in eq 18 is such that the contact
interactions are weighted equally over three consecutive
layers. This weighting is performed because it is known
to reduce lattice artifacts that manifest themselves at
times that there are sharp interfaces in the system. In
the present system the solvent B—water interface is
actually such a sharp phase boundary.

The third contribution is the usual electrostatic term
that is only present for the charged components:
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o VaeY(2)
uJ kBT (19)
where v; is the valence of unit J. We consider only
monovalent ions in this paper, and thus v only assumes
the value 1 or —1 (or 0). As the densities of all
components in the system are assumed to be available,
we write for the charge density

a(z) = ZME%(Z) (20)

This charge density enters in the Poisson equation

Je(z) 0y (2) _
9z°

—a(2) (21)
For the dielectric permittivity profile a simple density
weighted average is implemented:

€(2) = Zénéo(ﬂ.(z) (22)

Of course, this Ansatz garentees that the dielectric
constant is high in the water phase and low in the oil
phase. The approximation is expected to be less accurate
in the interfacial zone between the water an oil phase.
As this interfacial region is very small, i.e., of the size
of a water molecule, the error is negligible. Finally, the
fourth term, which has been omitted in previous imple-
mentations of polyelectrolyte self-consistent-field mod-
els, must be introduced. Without this term there is a
(minor) thermodynamic inconsistency in the system. In
principle, the contribution is present for all the units
in the system, irrespective of whether they are charged
or not. It accounts for the free energy contribution of
bringing a polarizing unit from infinity to a position
with electric field E(z). The amount of polarization is
proportional to the field, and the energy gain is also
proportional to the field. Thus, the combined effect is a
term proportional to the field strength squared. In a
lattice variant where the dielectric constant varies from
layer to layer the result is given by

W(2) = T2 ez — 1) + @)z — 1) — () +
B

(€(z + 1) + €@ + 1) — p(2)°] (23)

In the model for annealed polyelectrolytes the units
in the system are linked by dissociation reactions, egs
1 and 2, parametrized by the reaction constants K and
Kw, respectively. The local degree of dissociation of the
various components depends on the interactions felt by
the units in various states and the electrostatic poten-
tial. The effective pK of for example a polymer unit in
the solvent B is not identical to the pK of the same unit
in water. This is due to the different Flory—Huggins
parameters that can be assigned to the units in the two
phases. The self-consistent-field theory applicable for
segments with more than one internal state has been
discussed in the literature.3° However, the system under
consideration is slightly more complicated, and the
approach proposed in ref 30 is modified accordingly. In
particular, the water dissociation equilibrium is more
accurately accounted for (cf. eqs 1 and 2). Full details
will be published elsewhere.
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D. Parameters. As is obvious from the above, there
are many parameters that should receive proper atten-
tion. In principle, we can specify each one of them
independently and keep track of how its variation affects
the system in general. However, this way is evidently
confusing. Hence, for clarity we will make a few
simplifying assumptions to manage the set of param-
eters. Some of these assumptions are already mentioned
above, and here they are just included into a general
framework.

The first simplification lies in the assumption that
all interacting entities in the system, i.e., molecules,
ions, or polymer segments, are of the same volume. In
the terms of the lattice model, such as the SCF model
described above, this means that any unit in the system
occupies one lattice site. This is the reason that HzO™
ions are considered instead of pointlike protons, and
thus, the water ionization is described as a process that
develops without an increase in the number molecular
entities and, hence, without an increase in the volume.
Note that this aspect was not included in the theory of
Israels.0 It is also assumed that the pH value is defined
by the concentration of H3O™ ions. The Ansatz of equal
volumes provides the equivalence between the volume
fractions and the relative numbers of molecules for all
species. A method of recalculating these characteristics
into molar concentrations, as commonly used in experi-
mental investigations, will be discussed further in the
final remarks of the paper. For simplification reasons,
we assume also that the flexibility of polymer chains is
not affected by the type of solvent and is equal both
when the solvent is water and when it is oil.

Another simplifying point concerns the Flory—Hug-
gins interaction parameters. We begin with the solvent
B. It is assumed that the solvent B repels all charged
units (polymer segments A-, water ions H;O* and OH™,
ions of the salt Nat and CI~) equally, and these
interactions are characterized by the same value of the
Flory—Huggins parameter yge. Moreover, this param-
eter is set equal to that of the solvent B with nonionized
water. All calculations are carried out for yge = yegw =
3.5. This strong segregation is used in previous studies
as well and is sufficient to generate a sharp oil—water
interface in or at the edge of the brush. We further
suppose that the solvent B interacts athermal with
respect to nonionized polymer units and put yg = 0. This
means that B is a very poor solvent for the charged units
and a good solvent for the noncharged polymer. Actu-
ally, this choice mimics hydrophobized polyelectrolyte
chains.

In accordence with this, it is assumed that the water
component has some repulsive interactions with non-
charged polymer segments, i.e., due to their hydrophobic
parts, and we set yw > 0. In the box model calculations
are carried out for a number of the yw values within
the range 0.2 < yw =< 3.5. In the SCF calculations we
use only one value of this parameter yw = 0.5, i.e., water
is a ®-solvent for noncharged polymer. In addition, it
is assumed that the same value of yw is used for the
following water contacts: the nonelectrostatic interac-
tions with small ions and with both the charged and
the noncharged polymer segments.

The contribution of electrostatic interactions to the
free energy is calculated differently in two models. This
difference may be outlined once more. In the box model
the charged brush is suggested to hold an equivalent
number of mobile counterions and no co-ions. The
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introduction of a supplementary parameter Keg = K(®s
+ ®y)/Py accounts not only for the dissociation constant
of the polymer but also for the ionic composition of the
bulk solvent. Once Ke is fixed, the calculations reduce
to those for the equilibrium degree of ionization of the
polymer. As a result, water appears to be a good solvent
for the ionized polymer segments.

In the SCF formalism, the distribution of the small
ions in the system is obtained accurately from solving
the Poisson—Boltzmann equation. The dielectric con-
stant of water in these calculations is set to 80 and that
of the solvent B and polymer to 2, and for the remaining
components an intermediate value of 5 was used.
Equation 22 calculates the dielectric permittivity of the
mixture.

Let us note that, solving the Poisson—Boltzmann
equation, one can take into account a part of electro-
static correlation effects, bounded up with the total
charge concentration. The specific polymer correlation
effects stay out of consideration, and the theory is based
on mean-field approximation in this aspect. It is known,
however, that these correlation interactions cannot
compete with entropy contributions, which dominate in
our system.

A few more parameters should be defined for the SCF
model. As distinct from the box model wherein the chain
length of the grafted polyelectrolyte is not defined, in
all SCF calculations we have fixed it to N = 100. Each
polymer unit contains one dissociable group, so that the
maximum number of charges on the chain is also 100.
In both models the grafting density, i.e., the number of
chains per unit area, was taken to be =1 = 2/100, which
corresponds to an area-per-molecule of 50 (in units of
segment sizes). The substrate onto which the polymers
are grafted is assumed, again for simplicity, to be inert;
all components, independent of what internal state they
are, do not interact specifically with the substrate.

The size of the system, i.e., the number of lattice
layers M, was fixed to 200 in all cases. This means that
this is twice as large as the maximum extension of the
chains. Especially for low ionic strength cases, it is
possible that the electrostatic field at the phase bound-
ary did not vanish. The reflecting boundary conditions
chosen at z = M then mimicked an opposing brush at a
distance of 2M of the one we are interested in. We have
investigated the effect of the finite size of the system
and the conclusion of this is that, to good approximation,
the results can be considered as that of an isolated
brush.

There are two relevant dissociation constants in the
system. For the autodissociation reaction of water we
take pKw = 17.5. Taking the conversion of volume
fractions to molar concentrations into account (see
below), this means that at pH = 7 the proton and
hydroxyl concentrations are equal. The second dissocia-
tion constant is set to pK = 6, which mimics carboxyl
groups.

Of course, the present set of parameters is highly
idealized. It is expected that a much more detailed
parameter analysis is necessary when the theory is used
to analyze corresponding experiments.

3. Results and Discussion

A. Box Model. From the above it is clear that we
will consider a binary, highly incompatible, solvent
mixture and that the main focus will be on phenomena
that occur in the pre-binodal concentration region for
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the bulk solvent. In this concentration range the mix-
ture is a neat homogeneous one-phase system.

Below we will discuss conformational transitions in
the brush. For example, we will refer to a brush
immersed in a thin water film as a brush filled by the
water phase. However, from the solvents perspective,
the system is typically not at bulk coexistence and the
water film is necessarily of mesoscopic dimensions. Our
nomenclature is convenient to refer to the phase state
of the polymer; i.e., it is surrounded by water. We trust
that this will not be confusing for the reader.

In the case of the interaction parameter ygw = 3.5,
the binodal value for the added water is @5 ~
0.037 89. In line with the presented formalism, we use
an effective constant K¢ defined by eq 15. This param-
eter provides a simple way of taking all charged units
that show up in the system into account. It includes the
reaction constant K. The salt concentrations ®s and
proton concentration @y in the bulk contribute directly.

In the absence of water (®yw = 0), there is only one
minimum on the free energy “surface”. This minimum
corresponds to the equilibrium state of the neutral brush
in the solvent B. At yw > yg, this minimum remains
present also with increasing water concentration. At
some amount of water in the system another minimum
appears. This second minimum corresponds to a par-
tially ionized brush where the polymer chains are
surrounded by water. At a particular water concentra-
tion dy = @}, the two minima are equal in depth. This
corresponds to a transition from a water-poor to a water-
rich state of the brush. The value of @}, is controlled by
the values of yw and Kes. It should be realized that at
given yw only the value of Keif = K(Ps + @)/ Py controls
the ability of the polymer segments to be ionized in the
salted water solution.

In Figure 2a a series of thermodynamic characteris-
tics of the brush are presented as a function of the water
concentration @y in both pre-binodal ®w < @) =
0.037 89 and post-binodal (1 — ®w) < d)f}\',” = 0.037 89
regions for the bulk. The calculations are carried out
for the Keg values 0.01, 0.1, and 0.5. As is seen from
Figure 2a, for each value of Ket two branches of the free
energy intersect. The point de,(, thus manifests a first-
order phase transition, which occurs in the region oy,
< 1133\',”. The point of the phase transition shifts toward
the binodal as Kefr values decrease.

In Figure 2b the degree of the polymer dissociation a
is presented. For all values of K¢ a transition from
essentially a nonionized into an ionized state of the
polymer is observed. This occurs with a discrete jump
in o from one value to another. It is noteworthy that
the magnitude of this jump is almost independent of
Ketf in the presented range of conditions.

Despite a low value of the water concentration in the
pre-binodal region, the brush takes up water due to the
tendency of the polymer to dissociate. This effect is
clearly demonstrated in Figure 2c where relative con-
centration i of water inside the brush is given as a
function of the water concentration ® in the bulk. The
relative concentration vy of water inside the brush is
defined as follows:
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Figure 2. Box model: the thermodynamic characteristics of

the brush as functions of the water concentration ® in the
eX

bulk. (a) Free energy of the brush AF;,,. (b) Degree of
ionization of polymer segments a. (c) Relative water fraction
Yw. (d) Polymer density ¢,. The solid curves 1—3 represent
stable states of the brush; the dashed curves 1—-3 are meta-
stable and unstable states. The x-sign on the x-axis gives the
positions of <D\t,(,. The pre-binodal (®w < CI>3\',“ = 0.037 89) and
the post-binodal (dw > 1 — (IJS\',”) regions of the bulk are
divided with the ~ sign on the @\, axis. The dashed verticals
mimic the two-phase state of the bulk. The parameters are
Ket = 0.5 (curves 1), 0.1 (curves 2), and 0.01 (curves 3); 0 =
50, XBW = XBe = 3.5, X8 = 0, and Iw = 0.5.

The brush absorbs water at any considered value of
Kesr. The first-order phase transition from a water-poor
brush to a water-rich one occurs again as a jump in the
relative concentration of water y inside the brush from
near zero up to a value only slightly less than unity.

The change in the polymer density ¢, is of profound
interest. In Figure 2d ¢, is presented as a function of
the water concentration ®yy in the bulk. At the point of
the phase transition a jump in the polymer density is
evident. However, the magnitude of the jump depends
significantly on K. At Kegg = 0.5, the phase transition
(@, ~ 0.015) occurs relatively far from the binodal and
is accompanied by a pronounced polymer collapse: the
polymer density changes from ¢p; ~ 0.1 in the water-
poor phase up to ¢p2 ~ 0.5 in the water-rich phase. With
the following addition of water to the bulk solvent, a
relaxation is observed, and the polymer density de-
creases smoothly up to the value ¢, ~ 0.025 at the
binodal. At K¢ = 0.1, the point of the phase transition
(@, ~ 0.03) is much closer to the binodal, and the
polymer collapse is not as pronounced as at K¢ = 0.5:
the polymer density in the water poor phase is almost
the same, ¢p1 ~ 0.1, while at the transition it reaches
only the value ¢p, =~ 0.3. Finally, at Kes = 0.01, the point
of the phase transition (®, ~ 0.036) is very close to the
binodal value, and the polymer behavior under the
phase transition differs qualitatively from that at K
= 0.5and 0.1. Instead of a collapse, there is a jumplike
transition toward a more relaxed state with ¢p, ~ 0.07.

In Figure 3 the same characteristics are shown for a
highly hydrophobic (yw = 3.5) ionizable brush. In this
case the values of K¢ should be increased before the
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Figure 3. Box model: the thermodynamic characteristics of
the brush as functions of the water concentration ®y in the

ex

bulk similar to Figure 2. (a) Free energy of the brush AF_,.
(b) Degree of ionization of polymer segments a. (c) Relative
water fraction yw. (d) Polymer density ¢,. Parameters: Kei =
5 and yw = 3.5. Other parameters and characteristics similar
to Figure 2.

24 Xy 3.6
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Figure 4. Box model: the position of the phase transition

@y, as a function of (a) the water—polymer interaction pa-
rameter yw where the K¢ values are indicated at the curves.
(b) The effective ionization constant K¢ where yw values are
marked at the curves. (The logarithmic K axes are reversed.)
Other parameters are as in Figure 2.

phase transition can be observed. In Figure 3 an
example is shown for Kgss = 5.

The points of the phase transition ®\y, are presented
in Figure 4 as functions of yw at fixed values of K
(Figure 4a) and of K for fixed values of yw (Figure 4b).
Other characteristics of the brush in the water-poor and

Macromolecules, Vol. 35, No. 12, 2002

0 1.2 24 X, 36
0.6 | 1
¢ 1 a)
p
0.3 L
!- ------
0 T {
1 1 ]
1
o b)
2
0.5 =
74
'!EE=::::::: """"
04 T T
1 ] 1
c)
ex
3
AF . {/
1.1 1 -
-1.2 T T
12 24 3.6
0 xw

Figure 5. Box model: characteristics of the brush in coexist-
ing water-rich phase (solid curves) and water-poor phase
(dashed curves) at the point of the phase transition. Depend-
encies on yw: (a) Polymer density ¢,. (b) Degree of ionization
a. (c) Free energy of the brush AFg; . Ket = 0.5 (curves 1), 0.1
(curves 2), and 0.01 (curves 3). Other parameters are as in
Figure 2.

water-rich phases at the point of the phase transition
are presented in Figure 5a—c and 6a,b. The correspond-
ing data for the relative concentration of water yw
inside the brush are not included since this parameter
is very close to unity in all cases, except for extremely
low values of @, < 0.01 where it drops to yw ~ 0.8—
0.9.

The authors already discussed in refs 12 and 13 the
spectacular exchange of solvents that may occur in the
neutral brush: one component of the incompatible
mixture is swapped with the other. In the box model
this can occur either continuously or as a phase transi-
tion depending on the system parameters.'? As is seen
from Figures 2—6, for ionizable brushes the solvent
exchange always occurs as the first-order phase transi-
tion with jumps both in o and in yw. The change of the
polymer density ¢, at the transition deserves a more
detailed discussion. In the case of a nonionizable brush
the change from a good solvent to a better one is
necessarily accompanied by a, indeed anomalous, col-
lapse of the brush. However, in the case of an ionizable
brush, the transition pattern is even more anomalous:
the brush collapse occurs despite its ionization! The
extent of the brush collapse is evidently dictated by the
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Figure 6. Box model: characteristics of the brush in coexist-
ing water-rich phase (solid curves) and water-poor phase
(dashed curves) at the point of the phase transition. Depend-
encies on Kerr: () Polymer density ¢p. (b) Degree of ionization
o. yw = 0.5 (curves 1) and 0.2 (curves 2). The logarithmic Kes
axes are reversed. Other parameters are as in Figure 2.

spacing between @, and <I>$\',”. As is seen from Figures
5a and 6a, the polymer density ¢, in the water-rich
phase decreases with increase in yw at fixed values of
Kefr Or with a decrease in Kes at fixed values of y; after
reaching the value of ¢, in water-poor phase, it contin-
ues to decrease. As a result, the anomalous collapse can
even be replaced by a (ordinary) swelling at the transi-
tion point. Consequently, at any yw, one can find such
a value of Kef that ¢, does not change at the transition
point. However, the transition is still of first order since
o and yw change discretely, and even the ¢, — ®w
dependence is not smooth. This difference demonstrates
a bend instead of a jump.

All functions presented in Figures 4—6 are monotonic
with yw and Kefr except for the free energy AF®*(yw) of
the brush at the transition point as shown in Figure
5c. Comparing parts ¢ and b of Figure 5, one can
conclude that a decrease in AF®* in the region preceding
its minimum is related to a more than linear increase
in ionization observed in the same region. Meanwhile,
the increase in AF® after passing the minimum occurs
due to the increase in yw.

Let us pay attention to the conditions needed for the
phase transition in the range of low water concentration
®w in the bulk. The calculations show that when the
polymer is only slightly hydrophobic (yw = 0.5), the
water can only be competitive with the athermal solvent
B (yw = 0) for high values of Kef. It is noticeable that
these values of K exceed the typical values for the
dissociation constants K of a weak polyacid by several
orders of magnitude. Thus, the ratio ®s/dy, i.e., con-
centrations of the ions Na* and H* (or H30™), should
be large to get high enough value of Ket. To put it
another way, at dy < obin, only a high enough con-
centration of salt in the water can make the polyelec-
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trolyte brush to prefer water over the solvent B. It
should be noted that we consider only the OsB regime,
and this imposes an upper limit to the salt concentra-
tion.

So far, only equilibrium states of the brush in the box
model were discussed. However, the data presented in
Figures 2 and 3 are much richer since metastable and
unstable states are also depicted. Interestingly, for the
degree of the polymer dissociation a (Figures 2b and
3b) and the relative concentration iy of water inside
the brush (Figures 2c and 3c) given as functions of @y,
the usual van der Waals loops are obtained, whereas
for the polymer density ¢, vs ®w (Figures 2d and 3d)
at the anomalous collapse, the loops in the true sense
of the word appear. For a nonionizable brush the loops
of this kind were also obtained, and their nature was
discussed in ref 28.

Another point of interest is the position of the loop.
In Figures 2 and 3 two regions of the bulk composition
outside the binodal are presented, i.e., at low concentra-
tion of water @y < @3\',” and at prevailing concentra-
tion of water ®y > 1 — ®3". All phase transitions in
Figures 2 and 3 occur in the first region, but there exists
values of Keg, for which the van der Waals loops passes
the biphasic region (where the values of the chemical
potentials in the equilibrium bulk are fixed) and ends
in the post-binodal region after crossing the binodal.
This means that for the chosen set of the parameters
the metastable water-poor phase of the brush exists
even in the water-rich phase of the bulk, though for the
equilibrium phase this is not the case.

B. The Self-Consistent-Field Calculations. The
SCF model allows the investigation of both the ther-
modynamic characteristics of the entire brush, as well
as many details of its internal structure. The last aspect
is definitely an advantage of the SCF model, but let us
first focus on the overall brush characteristics. This will
allow us to compare the SCF results with those obtained
for the box model (section 3A). This is an appropriate
way to investigate the validity of the box model which
is of course relatively efficient in predicting general
features for the systems of this type.

1. The Effect of Salt. In Figure 7 the following
results of the SCF calculations are presented as a
function of the concentration ®y < @y of the water
added to the basic solvent B in the bulk: the free energy
(Figure 7a), the averaged degree of the polymer dis-
sociation a (Figure 7b), and the averaged polymer
density ¢, (Figure 7c).

At the salt concentration ®s = 1075, a first-order
phase transition occurs at ®\, = 0.025 (Figure 7). The
following observations support this: two distinct branches
in the free energy cross at the point ®\,. At the same
point jumps in the average values of a and yw are
observed, and indeed the collapse of the brush is
evident. At ®s = 1075, the point of the phase transition
<I>f,\', is shifted toward the bimodal, while at &5 = 1074,
the considered range 0.01 < ®y < ®Y" of the water
concentration in the bulk is actually in the post-
transition region.

This sequence occurs in the same manner as for the
box model as presented in Figure 2, where the depen-
dence of Keg is shown. However, an ionic composition
of the bulk solvent is specified somewhat differently in
the two models, and the results of the calculations
cannot be compared immediately.
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Figure 7. SCF calculations: (a) Free energy of the brush
(top). (b) Degree of ionization of the polymer segments a
(middle). (c) Polymer density ¢,, as functions of the water
concentration @y in the bulk (bottom). Chain length N = 100;
degree of the water dissociation aw = 1079 the values of the
salt concentration ®s are indicated. Other parameters are as
in Figure 2.

2. Approximation by K¢ and Comparison with
the Box Model. In the box model K is the only
parameter, and every series of calculations is carried
out at a fixed value of K. Both concentrations ®s and
@y of Na™ ions and protons in the box model depend on
the water content in the system, but their ratio ®s/®Py
is assumed to be fixed irrespective of the bulk composi-
tion. Since the water acidity is also fixed, this means
that salted water is added to the basic solvent.

However, the concentrations of Na* ions and protons
(or H30™) are specified differently in the SCF calcula-
tions. Protons appear in the bulk as a result of the
dissociation of water, and the degree of the dissociation
of water ayy is chosen as a parameter. Setting aw = 1079,
we keep neutral conditions in the bulk (see below for
details). Accordingly, the relation &y = aw®w defines
the concentration of protons (or H3O™) in the bulk. An
average concentration ®s of Na™ ions is prescribed
regardless of the water concentration ® in the bulk
or, in other words, salt is added to the mixed solvent.

We now commence with a detailed comparison of the
SCF results with those obtained for the box model. It is
necessary to emphasize that in the context of the box
model the effective dissociation constant K is the only
parameter. This parameter depends on the salt concen-
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Figure 8. Box model: calculations at ®s = 10-°and n = 0.55.
X

(a) Free energy of the brush AF.y, . (b) Degree of ionization of
polymer segments a. (c) Polymer density ¢,. Crosses in (c)
represent averaged SCF data (see Figure 7). The labels B and
W refer to the main solvent that is present in the brush for
the indicated conditions. Other designations and parameters
are similar to Figure 2.

tration in the system. More exactly, Kes is defined by
the ratio ®s/dy (eq 15). According to the scheme of the
SCF calculations, the ratio ®s/®y is a function of the
bulk ComDOSition Dy, i.e., Ps/Py = Ds/lowPw ~ (I)W_l,
and therefore Ke is also a function of the bulk composi-
tion:

K=K — — (25)

The parameters for the SCF calculations are chosen
by setting the dissociation constant of the polymer units
K = 107% and the degree of the water dissociation aw =
107 (section 2D). Hence, an estimation for K in the
pre-binodal region is Keg < 103®g/dyPin ~ 2.5 x 10~ 4ds.
In line with this, at ®s = 1074, 105, and 10-% we have
Ket > 2.5, 0.25, and 0.025, respectively. This also
indicates that our choice of the Kes values for the box
model investigating was very reasonable.

In Figures 8 and 9 AF®*, a, and ¢, calculated in the
box model are shown as functions of the water concen-
tration ®y in the bulk. The pre-binodal ®y < CDS\',“ and
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Figure 9. Box model: calculations at ®s = 105 and » = 0.75.
X

(a) Free energy of the brush AR, . (b) Degree of ionization of
polymer segments a. (c) Polymer density ¢,. The view graphs
a—b—c shows the pre-binodal and the post-binodal regions of
the bulk, and a'—b'—c' represents the whole range of ®y. Other
parameters and characteristics are as in Figure 8.

the post-binodal ®y > 1 — ®3" regions of the bulk as
well as the biphasic region (Figure 9a'—c' are presented.
The box calculations are carried out at ®s = 1075
(Figure 8) and ®s = 1078 (Figure 9); the K¢k value is
set to Kesf = nK(®Ps + awdPw)/owdPw (eq 25), where the
adjustable parameter 7 is introduced to give a good fit
of the points in the both models, namely, = 0.55 at
®s=10"5%and y = 0.75 at ®s = 10~°. As is obvious from
Figures 8c and 9c, the SCF results in the region @y <
<I>$\',” are well described by the box model with Ke¢
depending on the relation between concentrations of
protons and Na* ions. The box model with K decreas-
ing as the water concentration ®y, in the bulk decreases
also demonstrates a possibility to observe fascinating
effects in both the post-binodal and biphasic regions of
the bulk. First we consider the system at ®s = 107°. In
the post-binodal water-rich phase of the bulk the
increase in the proton concentration ®y and the result-
ing fall in Kt leads to an increase in the free energy of
the brush (Figure 8a) and to a decrease in the degree of
the polymer dissociation o (Figure 8b). The brush
characteristics are obviously affected by the phase
content within the biphasic region of the bulk and are
not the same at the two branches of the binodal.
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Figure 10. SCF calculations: Density profiles of (a) polymer
segments, (b) relative concentration of water, (c) charged
polymer segments (lines) and the density of the Na* ions
(symbols), and (d) free end segments of the grafted chains. Pre-
transition profiles (®w = 0.0237) are shown by dotted lines.
The numbers 1—4 refer to &y = 0.0245, 0.0282, 0.0348, and
0.0365, respectively. Salt concentration ®s = 107°; all other
parameters are as in Figure 2.

This effect appears to be even more pronounced at
®s = 10"% (Figure 9), i.e., with decreasing concentration
of the salt ®s in the bulk. In this case the value of Kest
in the post-binodal region ®y > 1 — (I)f}\',“ is too low to
initiate ionization of the brush, a ~ 0.03. Therefore, the
solvent B in this region appears to be better for the
brush than water. Addition of the B solvent to the bulk
water in the post-binodal state of the bulk should induce
a transition in the brush into the water-poor phase. This
transition is an analogue of that described previously
for a noncharged brush.*?2-1* An anomalous collapse of
the brush occurs at the point of the phase transition,
followed subsequently by a relaxation of the brush when
the minor solvent (the solvent B in this case) is added.
This means that the brush states at the two branches
of the binodal are different, and as is shown in Figure
9a’'—c’, one more phase transition should occur in the
biphasic region of the bulk. Hence, for the system under
consideration the theory predicts a possibility to observe
three phase transitions inside the brush just varying
the phase state of the bulk solvent. With increase in
Dy, the following sequence occurs: from the water-poor
to the water-rich phase of the brush in the pre-binodal
region of the bulk, reentry to the water-poor phase in
the biphasic region, and again from the water-poor to
the water-rich phase in the post-binodal region. The
reentry phase transition from water-rich to water-poor
phase that happens in the biphasic domain of the bulk
is apparently anomalous because the water contents
inside and outside the brush change in opposite direc-
tions. The overall process can be specified as a succes-
sive forward—reentry—forward phase transition.

3. Detailed Structure of the Brush. The numerical
SCF theory gives access to (numerically exact) SCF
results of the polyelectrolyte brush in the mixed solvent.
In particular, there is a wealth of information on the
spatial distributions of various quantities in the brush.
A selection of such profiles is presented in Figure 10.
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The polymer density profile ¢, is given in Figure 10a.
The profile of the relative concentration iy of water
inside the brush may be found in Figure 10b. The
distributions of charged polymer units og, as well as
that of Na* ions inside the brush are collected in Figure
10c. Finally, the distribution of the chain ends may be
found in Figure 10d. The data are obtained for a series
of the water concentrations ®yy at the fixed value of the
salt concentration ®s = 10~° in the bulk, corresponding
to the most pronounced phase transition in Figure 7 that
occurs at Y, ~ 0.0245.

The dotted curves show the water-poor phase existing

at the lower values of ®y < @, (in particular, ®y =
0.0237 in Figure 10). In the water-poor phase all
characteristics are typical for the neutral brush in a
single solvent. Indeed, the solvent is essentially pure
since the relative concentration yw of water inside the
brush is negligible (Figure 10b), and therefore the
ionization of the polymer is absent (Figure 10c). As a
result, the polymer density profile ¢, is more or less
parabolic (Figure 10a), and the chain ends are distrib-
uted smoothly (Figure 10d).

Curves 1 in Figure 10 show the structure of the brush
in the water-rich phase at the point of the phase
transition (®\, ~ 0.0245). The brush is just filled by
water (Figure 10b); the polymer collapsed and just
reached its maximum density of ¢, ~ 0.35 (Figure 10a).
The density of the charged polymer units is also very
high, a¢p =~ 0.17 (Figure 10c). The brush is collapsed
into a rather slender compact structure (it occupies no
more than 10 lattice layers) of almost uniform density,
and thus the distribution of the chain ends also differs
strongly from that in the water-poor phase (Figure 9d).
The most remarkable point is that the end-point dis-
tribution has a pronounced maximum at the outer
border of the brush.

Curves 2—4 in Figure 10 demonstrate the successive
relaxation of the brush as the water concentration ®
in the bulk increases. The brush is always fully hy-
drated (Figure 10b), and the polymer, being in the
water-rich phase, is highly ionized (Figure 10c). How-
ever, the brush is still very far from the structure typical
of that in pure water: the polymer density profiles ¢,
(Figure 10a) show that the brush is collapsed, but not
as much as at the point of the phase transition (curve
1). The end-point distributions still feature a peculiar
sharp maxima at the outer border of the brush. Inspec-
tion of these profiles in Figure 10 gives clear insight into
why this system is so well described by the box model.
Most of the assumptions put in the box model are
accurately realized in the full calculations. For example,
in all the cases it is true that the concentration of Na*
ions inside the brush (shown by circles in Figure 10c)
follows the corresponding profile of the charged polymer
density a¢p. Hence, the net polymer charge is compen-
sated exactly by the net charge of Na*t ions drawn in
from the bulk and the assumption of local electroneu-
trality of the system is fulfilled. Also, the end points are
predominantly on the edge of the brush, and the overall
profile resembles a steplike function.

4. The Brush at the Boundary between the
Solvent Components. As is seen from Figure 10, the
end-point distributions of the polymer chains show
nontrivial singularities at the border of the brush. The
result is not surprising because a sharp border between
the water and the solvent B is evidently energetically
unfavorable. The polymer segments tend to adsorb their
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Figure 11. SCF calculations: Density profiles of dissociated
(1) and nondissociated polymer segments (2), water and solvent
B. ®w = 0.0282, ®s = 1075; all other parameters are as in
Figure 2.

uncharged units onto this interface. This is illustrated
in the final figure. In Figure 11 both the densities of
dissociated and nondissociated polymer units are given
as functions of distance from the surface. The relative
concentrations of water and solvent B are also pre-
sented. It is interesting to note how the density of
nondissociated polymer units coincides exactly with the
border between water and solvent B. The inability to
charge the polymer units at the interface may in part
be due to the relatively low dielectric permittivity of the
B-phase. At the boundary the dielectric permittivity is
already dropping. Putting many charges near this
boundary would cause the electrostatic potential to be
locally high, which then needs to decay in the B-phase.

5. Experimental Aspects. Most of the variables in
the system are expressed in dimensionless units. How-
ever, molar concentrations are typically used in experi-
ments and parameters such as the pH value, the
ionization constants for polyacid and water, and the salt
content are typically defined in mol/L. To have an
opportunity of comparing model investigations with
those carried out for realistic systems, we need a way
to recalculate the data. We can suggest the following
steps to make the translation. Let us take the molecular
mass of water M = 18 as a starting point. Then 1 L
contains 55 mol of water, and we find easily a linkage
between dimensionless (theory) and molar (real) char-
acteristics of the system:

@, (theory) _ K(theory) _ K(theory) _
Cy(real) B Ky(real) B K(real) B
®(theory)

C(real) 0.02 (26)
Here Cs is the molar salt concentration, and the last
proportionality is written with the assumption that Na*
and H3O™ are identical ions having identical molecular
masses. The SCF calculations in this paper are carried
out at ®y = 1079, and according to eq 26, this value
corresponds to pH ~ 7, i.e., to neutral conditions in the
system.

It should be mentioned that there are possibilities to
prepare polyelectrolyte brushes in a controlled way.31:32
Here the grafting density and the chain length of the
brush can (in principle) be accurately tuned. The pH
titration of such polyelectrolyte brushes has been per-
formed and followed by optical reflectometry.3! Thus,
the technology to investigate the behavior of the solvents
and polyelectrolytes in the weak polyelectrolyte brush
is available.
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4. Summary and Conclusions

We have used the Alexander—de Gennes box model
and a numerical SCF method to study the problem of
end-grafted annealed polyelectrolyte chains in a mixture
of nonpolar solvent with water. We consider amphiphilic
weak polyelectrolytes that are soluble in both water and
organic solvent B. Hydrophobic groups cause solubility
in the solvent B while in water it occurs due to
ionization. It is assumed that the solvent exists as a one-
phase mixture only in rather narrow pre-binodal (very
low content of water) and post-binodal (prevailing
content of water) regions. Many interesting phenomena
are reported for this system.

It is shown that water can expel oil (solvent B) from
the brush even if the brush is immersed into a mixture
of a very low water concentration (pre-binodal composi-
tion of the bulk). Furthermore, if salt is added, it
appears as the third solvent component and affects the
system significantly, being an additional source of
counterions with respect to the ionized polymer seg-
ments. This paper deals with a polyacid brush and a
monovalent salt (NaCl, for example) that is totally
ionized in the solvent. We conclude that the solvent
replacement inside the brush occurs if Nat concentra-
tion in the bulk exceeds H* concentration by a few
orders. Salted water (salt concentration is very low,
102-10"2 mol/L) competes with oil in the pre-binodal
region and can be taken up by the brush. However,
under the same conditions pure water (with no salt
added) appears to be uncompetitive with oil.

It is also shown that different scenarios are possible
for the solvent exchange inside the brush, which occur
as a phase transition with increasing water concentra-
tion ®y in the bulk. Adding water with a given salt
concentration to the major solvent, one can observe a
solvent exchange inside the brush and a transition into
the water-rich phase. This occurs either in the pre-
binodal (at high enough concentration of the salt in
water) or in the post-binodal regions of the water
concentration @ in the bulk. If the bulk is segregated
into two phases, the brush state is independent of the
overall concentrations of the solvent components.

The whole picture appears to be more complicated if
the salt concentration is fixed in the bulk regardless of
the water concentration ®y. The calculations show a
possibility of three successive phase transitions in the
brush as the water concentration @ in the bulk
increases: two transitions into the water-rich phase, one
of them being in the pre-binodal region, while another
one occurs in the post-binodal region of the bulk, and
another (reentry) transition, which can be observed in
the biphasic region of the bulk.

Very characteristically we find, similarly as discussed
for neutral brushes, that the polymer chains can col-
lapse into the good solvent. Indeed, if the point of the
phase transition into the water-rich phase (D\t,(, is sig-
nificantly lower than the bulk binodal value ®&", the
phase transition is accompanied by an abnormal col-
lapse of the brush. This effect decreases as the value of
@, approaches the binodal value @3\',” and can be even
of the opposite sign; i.e., under the phase transition, the
brush stretching can be observed.

The formation of the water-rich state in the brush
relates directly to its ionization and occurs as a first-
order phase transition. However, it is worth noting that
this phase transition is rather special. Indeed, according
to the results of a number of investigations, it is typical
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just for the box model that the new phase occurs as a
jump involving the whole brush, while the SCF theory
gives a much more detailed picture.117131428.33 Thjs
theory shows that there is typically a wide range of
parameters for which two-phase coexistence is observed.
In this paper the SCF calculations are performed for
comparatively short chains (N = 100), and this does not
permit microphase segregation to be found.

Let us note that the results obtained in this paper
are based on the application of laterally homogeneous
models. Direct simulations of the collapse of polymer
layers in bad solvent and more elaborate theoretical
models show that, depending on grafting density and
chain length proportions, there might exist both a
laterally homogeneous structure and a heterogeneous
“biphase” structure. This state could be represented as
a two-dimensional lattice, containing more or less
collinear micelles, grafted to the surface with there
stretched parts (see, for example, ref 34). More compli-
cated SCF modeling proved that the characteristics of
phases and the conditions at which a new phase appears
are well predicted even with the naive box model. Thus,
there is good reason to believe that the general conclu-
sions of the present theory can be applied to real
systems. However, the issue of the initial geometry of
the water-rich film, i.e., going beyond the lateral homo-
geneity assumption used in the present analysis, re-
mains to be solved.

Another interesting feature of the system is related
to the degree of charging of polymer segments that
adsorb on the oil—water interface. At the transition and
in the post-transition region the brush engulfs itself in
water. This effect gives rise to a sharp boundary
between incompatible solvent components at the pe-
riphery of the brush. This phase boundary appears to
be an additional attractor for the polymers, and as a
result, the SCF calculations show an increase in the
polymer concentration there. Moreover, in the consid-
ered system any polymer segment can be ionized
independently of its position along the chain, and thus
it is nonionized polymer segments that significantly
enrich the boundary.

The main part of this investigation is carried out in
the formalism of the box model. Good agreement of the
results with those of the SCF calculations verifies the
additional electrophysical approximations that are on
the basis of the box model for this particular system:
(i) the local electroneutrality of the system and (ii) the
introduction of an effective constant of the polymer
ionization as a function of the ionic composition of the
solvent. As a result, we conclude that the box model does
again an excellent job in predicting general features of
the behavior of a polyelectrolyte brush. The agreement
between two models is not only qualitative, but in many
aspects even semiquantitative. Certainly, the SCF
calculations give much more detailed information about
the brush structure than that obtained using the box
model. However, these detailed results show that in this
particular system the brush can be perfectly described
by the most simple box model. The success is attributed
to its stepwise structure.

Let us emphasize finally that the effects discussed in
this paper are quite general, and from this point of view,
the polymer brush can be considered as a convenient
model to investigate properties of more complicated
polymer systems in mixed solvents.
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