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1. In tegenstelling tot de conclusies van vele onderzoeken volgen neutrale borstels in een
goed oplosmiddel devoorspelde gemiddeld-veldschalingswetten,mitsdeketenlengte enkele
honderden monomeren beslaat en mogelijke oppervlakteactiviteit in beschouwing wordt
genomen. Dit proefschrift, boofdstuk 2.
2.Deafwijkende theoretischeresultaten vanCarignano&Szleifervoorde opppervlaktedruk
van verankerde ketens zijn het gevolg van een foute uitdrukking voor de oppervlaktedruk
van verankerde polymeren in een roostermodel. Carignano,M.A.; Szleifler, I. J.Chem.Phys.
1994,100,3210.
3.De dikte van zwak-zure borstels vertoont experimenteel een maximum alsfunctie vande
ionensterkte, zoals theoretisch voorspeld. Israels, R. et ai, Macromolecules 1994,27, 3087;
Zhulina, E.B. etal.,Macromolecules 1995, 28, 1491en Lyatskaya Y.V. etal, Macromolecules
1995, 28, 3562.
4.De ordevan deketen-complexfase-overgang inpolymeeroplossingenmet complexerende
nanokollo'iden wordt voornamelijk bepaald door de osmotische interacties in het systeem.
Dit proefschrift, hoofdstuk6en9.
5. De geadsorbeerde hoeveelheid nanokollo'iden per oppervlakte-eenheid op oppervlaktes
bekleed met polymeer borstels kan een maximum vertonen als functie van de
verankeringsdichtheid, in tegenstelling tot vele conclusies in de literatuur. Ditproefschrift,
hoofdstuk7en8.
6. Er iseen groot verschil tussen co-auteurs en mede-auteurs van een artikel.
7.Hardlopen loopt niet hard.
8. Het feit dat de fractie 'gamma'-studenten in Nederland spontaan toeneemt ten opzichte
van de fractie 'beta'-studenten impliceert volgens dethermodynamica dat gamma-studenten
minder arbeid verrichten.
9.De opkomst vanparticuliere beveiligingsdiensten kan samengevat worden als'je betaaltje
blauw'.
10.Het afgelopen eeuw zijn wevan een credo-naar een credit-maatschappij gegaan.
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CHAPTER 1

Introduction
ABSTRACT

In this chapter a general introduction is given to grafted polymers and interactions between small colloidal particles and polymers. To start with, some
general aspects of such systems are reviewed, with the emphasis placed upon
practical applications. Wecontinue with a more detailed discussion of simple
theoretical models for polymer brushes and of the problems associated with
their experimental preparation. The chapter closes with a brief outline of the
thesis.
1.1.

GENERAL INTRODUCTION

Polymers play an all-important role in biological systems. For example, our DNA
consists of polymers with four different monomers, the sequence of which determines the
coding of our genes. Also, the supply of readily available energy in animals is regulated
through production and degradation of glycogen, a polysaccharide made up of glucose
monomers. When such glucose monomers are linked in a slightly different way the result
iscellulose,the polymer responsible for the tensile strength ofplant fibres. The protecting
exoskeleton of insects is formed by chitin, a polymer resembling cellulose. In a sense,
proteins are nothing more than polymers with twenty different monomers, the amino
acids, and their sequence determines the specific conformations and functions of proteins.
One can therefore say that nature has used the structural and functional properties of
polymers to their full extent. [1]
Besides natural polymers, products consisting of synthetically produced polymers surround us in our daily life. Plastic bags are made ofpolyethylene, water-based latex paints
contain polystyrene sulfonate. Clothing, nylons, the interior of a car and the exterior of
computers are all made from synthetic polymers in one form or another. The progress
made in polymer chemistry since polymers were first synthetically produced around 1930
is immense. [2]
Most of the above examples refer to polymers in a bulk phase, whereas this thesis
generally concerns polymers at interfaces. More specifically, we will largely restrict ourselves to end-grafted polymers, i.e. polymers with the first monomer fixed to a grafting
plane. An important application of polymers at interfaces is that of colloidal stabilisation. Colloids are particles that are at least an order of magnitude larger than a single
solvent molecule, but they are small enough to be invisible to the bare eye. The radius of
particles in the colloidal domain generally ranges from a few nanometers to a micrometer.
Colloidal systems consist of colloids dispersed in a continuous phase, which can be either
a liquid or a gas. Examples of colloidal systems are fat droplets in milk, pigment particles
in paint, proteins in blood, but also mist. [3]
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FIGURE

1.1. Colloidal stabilisation through polymer adsorption

Colloids in a continuous phase, be it water, an organic solvent or air, attract each
other as a result of van der Waals interactions. These interactions originate from the
electronic structure of the atoms that constitute the colloid and the continuous phase,
and can be summed up as 'like attracts like'. Without any kind of stabilisation colloids
in solution aggregate and form a separate, aggregated phase. Colloids in water are often
stabilised by an electrical surface charge, as two particles of equal charge repel each other.
The theory for colloidal stabilisation through electrostatic interactions (DLVO theory)
was developed by Deryagin, Landau, Verwey and Overbeek around 1940. [4]
In some cases stabilisation of colloids via surface charges is not an option, for instance
in the case of organic solvents or water-based solutions with a high salt concentration.
Polymers adsorbed on colloids can also stabilize a colloidal solution against aggregation.
The stabilisation is now the result of steric interactions. If polymers are adsorbed on the
particle surfaces the resulting polymer layers have to be compressed for the particles to
aggregate, see Figure 1.1. This compression of the polymeric layers is unfavourable for
entropic reasons, and leads to an effective repulsive force. When the amount of adsorbed
polymer is sufficiently high the steric repulsion is strong enough to prevent aggregation.
A classic example of steric stabilisation is the production of ink in ancient Egypt and
China. In those days ink consisted of soot (carbon particles) in water mixed with natural,
water-soluble polymers, such as casein from milk, egg albumine or gum arabic. Without
the added polymer the soot aggregates and separates from the water phase, which is not
desirable when one is writing a letter.
Besides adsorption of polymers from a bulk phase, the end-grafting of polymers to
a surface also may prevent colloidal aggregation, and this trick is applied by nature in
milk. A major constituent of milk is casein, a particle (micelle) consisting of several kinds
of proteins. In milk, casein is covered with long end-grafted proteins, re-casein, which
prevent aggregation. Upon adding a particular enzym (chymosin) the enzyme cuts the
re-caseinhairs and the casein micelles aggregate. [5,6] The result of this aggregation is a
separate phase, also known as cheese. [7,8]
If the number of end-grafted polymers per unit area is high, and the solvent quality
is good, the chains are forced to stretch normal to the particle surface due to steric
interactions between monomers. The result is a thick polymer layer surrounding the
particle, a so-called brush. The thickness of the brush depends on the chain length and
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FIGURE 1.2.

Prevention ofadsorption ofa)particles on a grafted surface, and
b)grafted particles on a bare surface

the number of chains grafted per unit area. As a brush is relatively thick it may offer
excellent protection against colloidal aggregation.
It was soon recognised that a polymer brush does not only prevent aggregation of
identical colloidal particles. One can prevent the adsorption of bare particles from solution by grafting polymers onto a surface, as shown in Figure 1.2a. An example of
this is medical glassware that is inserted in a body for a prolonged period, for instance
catheters. A bare glass surface is vulnerable for adsorption of bacteria. [9]After a period
of time the result of such bacterial adsorption and subsequent multiplication can be an
infection. Densely grafted polymers may prevent adsorption of bacteria on the glass, and
therefore reduce the risk of an infection during a prolonged period of insertion. [10,11]
In a similar vein, coating a particle with polymers can prevent its adsorption on a
bare surface, provided the polymers themselves do not adsorb on the surface, see Figure
1.2b. A good example of this is liposomes, the surface of which is covered by end-grafted
polymers. Liposomes are small containers made up of surfactant molecules in which a
drug molecule can be placed. When inserted in the blood stream the liposomes eventually
adsorb on the surface of arteries, change their conformation and release the encapsulated
drugs. The grafting of water-soluble polymers to the liposome surfaces can increase the
period of circulation in the blood stream significantly. The kinetics of drug release can
thus be controlled via the grafting density of polymers on the liposomes. [12,13]
Sofar, wedid not pay explicit attention to brushes consisting ofpolymers with charged
monomers, so-called polyelectrolytes. Natural or synthetic polymers are often charged,
and these charges greatly influence the behaviour of the polymers. When a brush consists of charged polymers, its properties not only depend on the number of monomers per
chain and the chain length, but also on the fraction of charged monomers and the salt
concentration. If the charges on the monomers have the same sign, charged monomers
repel each other strongly at low salt concentrations. However, with increasing salt concentration the range of the electrostatic interactions between charged monomers lessens,
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FIGURE

1.3. Grafted polyacidsin aporeat low pH, andhigh pH

that is, the repulsive interactions become weaker. This results in a decrease in the height
of a polyelectrolyte brush with increasing salt concentration. The grafted polymers can
also consist of weak-acidic or weak-basic groups. In this case the fraction of charged
monomers, and thus the average strength of the monomeric repulsion, also depends on
the pH and the grafting density.
An application of charged brushes is the control of the width of pores through the
grafting of polyacids, see Figure 1.3. At low pH the polymers are uncharged, the brushes
are weakly stretched and the pores are wide open. At a high pH, however, the monomers
are charged and the brush stretches. This feature is used in the field of membrane technology, where the permeability of membranes to, for instance, insulin is regulated by the
pH via the grafting of polyacrylic acid. [14]
A different, but equally important field in polymer research are attractive interactions
between polymers or polyelectrolytes and colloidal particles. In this thesis we concentrate
on colloidal particles which are considerably smaller than the overall sizeof the polymers.
We refer to such particles as 'nanocolloids', as their size is in the range of a few nanometers. A good example of nanocolloids is surfactants that form micelles (aggregates of a
limited number of surfactant molecules) above a critical micelle concentration (CMC).
In the presence of a hydrophilic, neutral polymer, the polymer and surfactants may form
complexes at a critical aggregation concentration (CAC), which is generally below the
CMC. The result is a polymer chain covered with micelles, a necklace, see Figure 1.4.
At high enough polymer concentrations a visco-elastic network of such complexes may
be formed. Due to the combination of a visco-elastic polymer network and the detergent
action of surfactants, polymer-surfactant complexes are a basic ingredient in cosmetic
products, such as shaving creams and shampoos. [15]
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F I G U R E 1.4. A

'necklace'

The interactions between neutral polymers andmicelles, however, areweak compared
to those between polyelectrolytes and oppositely charged nanocolloids. In the former
case the attraction arises from relatively weak hydrophobic interactions, in the latter
case from relatively strong electrostatic interactions. If a complex between a polyelectrolyte and small, oppositely charged particles is formed, the resulting complex maybe
electrostatically neutral or close to neutral. As mentioned, colloidal solutions arestablised against aggregation by the charges on the colloidal particles. Therefore, upon
complexation a separate aggregated phase of collapsed polyelectrolyte chains with complexed particles mayform. This process depends sensitively onthesalt concentration of
the solution, asthis determines thestrength ofthe (attractive) electrostatic interactions.
Generally speaking, at high salt concentrations no complexation occurs whereas at low
salt concentrations the particles bind strongly to the polyelectrolyte.
A practical application of such complexation is selective complex coacervation. In a
solution containing a mix of proteins the charge of the various proteins varies, due to
the different characteristics of each protein species. By controlling the salt concentration and pH of a protein mixture, complex coacervation between polyelectrolytes and a
selected protein can be induced, whilst the other proteins do not form complexes and
remain solvated. After phase separation of the complex coacervate one can regain the
separated protein simply byincreasing thesalt concentration anddissolving the complex
coacervate.[16]

1.2.

BRUSHES

1.2.1. Neutral brushes
In this section we take a closer look at some simple theoretical descriptions of both
neutral and charged polymer brushes. Twoimportant classes of brush models are discussed, namely scaling theories and analytical self-consistent-field models. In the final
section wecomment upon the experimental preparation of brushes.
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Introduction

The concept of brushes (strongly stretched polymer chains, densely grafted onto an
interface) was first introduced by Alexander in 1977, although the phrase brush was
introduced later. [17] In this seminal paper polymer chains with a strongly adsorbing
end-group at high densities were described as sigar-likeconformations. In 1980de Gennes
modelled such end-adsorbed polymers using a blob or scaling model. [18] At low grafting densities the conformation of the grafted polymer is a coil conformation (for nonadsorbing chains) or a flat conformation (when the interactions between the grafting
surface and chain are attractive). If the distance between grafted chains is much smaller
than the unperturbed coil size the chains are forced to stretch normal to the surface due
to steric interactions, and form a brush.
In the scaling models of Alexander and de Gennes (AdG) the monomer density is
assumed to be constant throughout the brush, the so-called box-model. This implies
that the polymers are uniformly stretched and that all chain ends are located at the
edge of the brush. The confinement of chains results in the formation of a number of
blobs per chain. The definition of a blob is a string of monomers, the conformation
of which is unperturbed by intermolecular interactions. [19] The increase in free energy
upon formation of a blob is of order ksT, where ks isthe Boltzmann constant and T the
temperature. The size £ of blobs in a brush is equal to the spacing between two adjacent
grafted chains <r -1 / 2 , where a is the grafting density, defined as the number of chains
per unit area. In a good solvent the number of monomers per blob is g w (£/0 > w r t n
the monomer length denoted by I and where, in the spirit of scaling theory, numerical
prefactors are neglected. The thickness of the brush H (often also referred to as the
brush height) is simply the total number of blobs per grafted chain (N/g) multiplied by
their size £ where N denotes the number of monomers in a grafted chain. This yields
the simple scaling law for the brush thickness
(1.1)

H~

Nal/3lb'3

The surface pressure n of the brush is proportional to the number of blobs per unit
area (Na/g) and, as the formation of each blob requires an energy of order fesT, TT is
proportional to

(1.2)

IT ~

Non'H*l3

The main assumption in the AdG box-model, namely all polymers in a brush are equally
stretched with their chain ends positioned at a distance H from the grafting surface, is a
serious oversimplification. At the end of the 1980's analytical self-consistent field (aSCF)
models were introduced in which the chain ends are allowed to distribute themselves
throughout the brush. [20-23] In the aSCF model the assumption is made that the
grafting density is high enough for the brush to be laterally homogeneous. This implies
that the monomer density and chain end density are solely functions of the distance
to the grafting surface. If a chain end is positioned at a certain distance, then only
the most probable chain conformation is considered in the aSCF models. It turns out
that this implies that no back-folding of chains is taken into account. With increasing
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FIGURE 1.5. Analogy between a harmonic oscillator and grafted chains in a brush.

monomer number s (s is zero for the grafted monomer and N for the free end) the
polymer monotonously 'moves' away from the grafting surface.
Furthermore, an analogy is made between a harmonic oscillator, for instance a pendulum in a gravitational field, and a grafted polymer chain, as shown in Figure 1.5. As the
period of a harmonic oscillator is independent of the amplitude, its potential field is a
so-called equal-time potential. Effectively, this means that when a pendulum is released
from position A, the same time period is required to reach A' as is the case when it is
released from position B and travels to B'. Likewise, a grafted chain requires N 'timesteps' to reach its chain end, irrespective of its amplitude (the position of the chain end
of the grafted chain, denoted by Hi,H2 and H3 in Figure 1.5). The general form of an
equal-time potential field is A - Bx2. [24] Noting that B is equal to 2TT2/T2 according to
classical mechanics, and that the chain length Nl corresponds to 1/4 of a full period T,
it follows that B is simply TT2/8N212}
Finally, a harmonic oscillator 'reacts' to a potential field, in the case of a pendulum
this field is simply the gravitational field. In the case of grafted chains in a brush the
corresponding field arises from intermolecular osmotic interactions. In the aSCF model
a mean-field approach for good solvent conditions is used, in which only binary osmotic
interactions between monomers are considered. The monomeric potential field u(x) is
equal to VQp(x), where p(x) is the monomer density. The second virial coefficient VQ may
be interpreted as the volume one monomer effectively excludes another from. Therefore,
in a good solvent (repulsive monomer-monomer interactions) VQis approximately the
volume occupied by a monomer, I3. If we combine both expressions for the potential
field u(x), the monomer density is given as
:

In the literature the exact value of the numerical prefactor B varies. In some papers the prefactor
equals 3ir2/8N2l2, as the grafted chain is considered a 3D object. [23,25] In this chapter we follow the
convention of MWC, in which the chains effectively are ID objects. [20]

Introduction

(1-3)

^=^(A-im)

and it is evident that the aSCF model predicts a parabolic density profile in the brush.
TT

The constant A is determined by the normalisation condition No = J0 p(x)dx (conservation of mass) and equals
(1.4)

A - O g L * * *2
H 24NH
We may characterise the brush height H in the aSCF model by p{H) = 0. Inserting this
in the above equation it follows that the aSCF model yields the same scaling expression
for the brush height as the AdG scaling model, H ~ iVcr1/3. The surface pressure in the
aSCF model is found by integrating the local osmotic pressure in the brush, ^vop(x)2,
over the total height. This gives
7T =
(1.5)

«

y /

p(x)2dx

±N<T*'3vl/3r2'3

We thus find that the surface pressure of the brush scales as Na5/3 in the aSCF model.
The power lawexponent of IT as afunction ofa differs slightly from that ofthe AdG model
(10/6 vs. 11/6). It must be remarked that the expression for the monomer potential field
is only valid for relatively low monomer densities and good solvent conditions. If these
conditions are not met the complete viral expansion for the potential field in terms of the
monomer density p(x) must be taken into account, and the above scaling relationships
are not valid.
As is the case with all elegant physical models, the aSCF model for brushes has its
flaws. The most serious simplification is that the grafted chain in the aSCF model
assumes its most probable conformation; fluctuations around this conformation are not
taken into account. Such fluctuations, however, may be of importance for the brush
structure, especially at small grafting densities. Numerical self-consistent field (nSCF)
studies have shown that such fluctuations may result in an extended tail region, in which
the monomer density smoothly decreases to zero. [26-30] We return to this point in
Chapter 3.
1.2.2. Charged brushes
The number of possible structures of neutral brushes is limited. For instance, in a
good solvent the brush is swollen, and as the solvent quality decreases the brush thickness continuously decreases, as the chains collapse towards the grafting surface. [25] A
charged brush has a larger variety of possible configurations, as the number of parameters
islarger and the range ofinteractions (electrostatic, steric) varies. Numerous papers have
examined various properties of charged brushes theoretically and several configurational
regimes have been characterised. [31-35] In the following some experimentally relevant
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regimes for charged brushes in good solvent conditions are discussed.
We distinguish between brushes consisting of grafted polyelectrolytes with a fixed
fraction of charged monomers (quenched), and polyelectrolytes with a varying fraction of
charged monomers (annealed). An example of the former is sodium-polystyrenesulfonate
(NaPSS), an example of the latter is polyacrylic acid (PAA), the charge density of which
depends on the pH and the salt concentration, but also the grafting density and the
distance from the grafting plane. [34-36]
The configuration of quenched polyelectrolytes at a high grafting density depends upon
the salt concentration. At high salt concentrations the range of electrostatic interactions
(characterised by the Debye length K _ 1 ) issmall compared to the brush height, K _ 1 <CH.
As the range of electrostatic interactions between two charged monomers is of order
of magnitude of the Debye length, and thus limited, the electrostatic interactions are
comparable to the excluded-volume interactions between two neutral monomers. In this
Salted Brush regime (SB) the scaling behaviour of the brush height and surface pressure
is therefore predicted to be similar to that of neutral brushes, as given in Eqs.(l.l) and
(1.2). The excluded-volume parameter of neutral monomers vo in Eqs.(1.3) and (1.4) is
replaced by an effective excluded-volume parameter veff, defined as

ci ^

Q 2 / B

i

(1.6)
veff « v0 H
jwhere a denotes the fraction of charged monomers and IB denotes the Bjerrum length.
[25] For reasonable values of a and n the contribution of the neutral monomers VQ is
negligible with respect to the electrostatic interactions. Thus, the brush height in the
SB-regime scales as
/

(1.7)

2\1/3

1/3

H~N(aveff)

~N(—]

where ps denotes the salt concentration and isproportional to n2. Note that in this model
the brush height again scales as H~ Na1^ and the surface pressure as TT ~ Na5'3,
similar to neutral brushes.
In the limit of zero salt concentration the range of electrostatic interactions between
charged monomers is large ( K _ 1 ~ H). In this regime the chains are strongly stretched
by osmotic interactions of the counterions of the dissociated monomers in the brush.
At low grafting densities the counterion density in the brush is low and the osmotic
pressure is proportional to the counterion density. In this Osmotic Brush regime (OsB)
the equilibrium conformation of the chains is obtained when the elastic force acting on
a monomer (~ Ha/Nl2) equals the osmotic pressure of the counterions in the brush
(~ Naa/H), under the condition of local electroneutrality throughout the brush. The
resulting scaling expressions are
(1.8)

H ~ Nla
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and
(1.9)

7r~ Naa

Note that in the OsB-regime the brush thickness is independent of the grafting density.
Moreover, the surface pressure resulting from the Naa counterions per unit area is ideal,
each counterion contributes an amount of energy of order ksT.
The situation is more complicated in the case of annealed brushes, as the fraction
of charged monomers a is not constant, but varies with varying conditions. Thus, the
excluded-volume parameter u e // in Eq.(1.6), which characterises the (average) strength
of osmotic interactions between monomers, can be expected to vary as a function of
the grafting density and distance to the grafting plane. We consider weak polyacids for
which a degree of dissociation at in the bulk is defined. This is the average degree of
dissociation a monomer would have in the bulk solution:
(1.10)

I z £ * = *!L
ab
PH+
where Ka is the monomer dissociation constant and pH+ the proton concentration in
the bulk solution. Note that ab is fully determined by the pH of the solution and varies
between 0and 1. It is important to realise that in the case of annealed brushes consisting
of polyacid chains a clear distinction is made between (indifferent) salt ions, that solely
screen electrostatic interactions, and protons, that both screen electrostatic interactions
and may associate with the dissociated monomers. In the case of quenched brushes the
role of protons is limited to the screening of electrostatic interactions, and no distinction
between protons and other ions is necessary.
At high salt concentrations in the bulk, i.e. ps > pH+, the proton concentration in
the brush is approximately equal to that in the bulk, as the dissociated protons in the
brush are exchanged with salt ions from the bulk whilst maintaining electroneutrality in
the brush. As the conditions are similar to those in the SB-regime of quenched brushes,
the scaling relationships for the height and surface pressure of annealed brushes are
therefore equal to those for quenched brushes in the SB-regime (Eq.(1.7)), with a in
Eq.(1.6) replaced by a;,.2
In the limit of zero salt concentration the proton concentration in the brush is significantly higher than in the bulk phase, as the exchange of dissociated protons with
indifferent counterions is negligible. As a result, the degree of dissociation in the brush
is lower than that of the bulk. This regime is refered to as the annealed Osmotic Brush
regime (OsB). The average degree of dissociation in the brush has been derived to be [34]
2/3
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We remark t h a t in the case of the scaling law for H of annealed brushes in the SB-regime, formally the
total ionic strength must be considered in Eq.(1.7), i.e. the sum of the salt and proton concentrations.
As the salt concentration is magnitudes larger than that of protons, the latter contribution to the Debye
length may be neglected.
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where only an average or overall value of a is considered. In more detailed models the
variation of a throughout the brush, i.e. a(x), can be taken into account. [35] From the
above expression it follows that for a given pH, i.e. a fixed at, a decreases with increasing
grafting densities. At high grafting densities a may become low enough for the brush to
effectively resemble a neutral brush.
In the NB and SB brush regimes the chains are stretched as a result of osmotic interactions, be it between neutral or charged monomers. As the grafting density increases these
osmotic interactions result in an increase in average stretching of the chains. The above
expression for a, however, demonstrates that in the OsB-regime the fraction of charged
monomers, and therefore we//> decreases with increasing grafting density. If we use the
same expression for the brush height, i.e. Eq.(1.7), and insert Eq.(l.ll) into Eq.(1.6),
the following scaling expression for the brush height in the OsB-regime is found:

(1.12)

H ~ N ( a a 2 ^ 1 ) 1 7 3 ~ Na'^

[ r ^ j ' " (pH+ +

1/3
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To conclude, using a simple scaling model the paradoxal result is obtained that the brush
height in the OsB-regime may decreasewith increasing grafting density or increase with
increasing salt concentration. The underlying reason is that the decrease in osmotic
interactions between charged monomers due to a decrease in a (Eq.(l.ll)) is not compensated by the increase in total monomer density with increasing grafting density. The
interplay of the pH, salt concentration and grafting density thus yields interesting theoretical predictions for annealed brushes, most of which await experimental verification.
1.2.3. Preparation of brushes
Brushes under various conditions have been investigated theoretically with several
models. For instance, brushes in good, bad and polymeric solvents have been studied [25,28,28-30,32,33,36-41], they have been examined under various kinds of deformation [42-45], liquid crystalline brushes have been discussed [46,47], polyelectrolyte
brushes in good and bad solvents, with or without salt have been examined [35,36,48-51],
and the list goes on. However, the experimental preparation of a homodisperse brush of
controlled length and grafting density on a given grafting surface is not a simple issue.
In the following a brief survey is given of the various techniques found in the literature
for the preparation of brushes, together with their (dis)advantages.
One of the common techniques applied in the literature is adsorption of polymers
from solution on a surface and subsequent chemical grafting to the surface. To this
end polymers containing a reactive end-group form a chemical bond with the grafting
surface. The chain length of the chemically grafted brushes prepared with this method
is well known. The grafting density, however, can not be controlled beforehand, and has
to be determined after preparation via optical techniques. Accurate measurement of the
amount of grafted chains is difficult, especially at low grafting densities. In general, the
grafting density increases with increasing polymer concentration, but it also depends on
the time of annealing and on washing procedures. [52-56]
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A similar technique is irreversible adsorption of block copolymers, polymers consisting
of two (or more) blocks of monomers with different characteristics. If one block is soluble
in the bulk solution and the other block is not, the non-soluble block collapses towards
the interface and a brush may be formed. Again, the grafting density obtained with this
method is not well controlled and must be determined after preparation. [57-61]
Graft polymerisation is another way to prepare brushes. In this technique polymerisation sites on a surface are exposed to a solution containing reactive monomers. In
the ensuing polymerisation reaction polymers 'grow' from the surface, and, provided the
density of polymerisation sites is high enough, a brush is formed. This method, however,
has several disadvantages. The chain length is not well defined and needs to be inferred
from additional measurements. Moreover, the polydispersity of the grafted chains is
large. The grafting density is not controlled either, as it cannot be assumed beforehand
that on all grafting sites a chain succesfully polymerises. [62]
A widely applied method is the spreading of diblock copolymers, dissolved in a volatile
solvent, on an air/liquid interface. After spreading the solvent, which does not dissolve
in the bulk phase, evaporates and the block copolymer is anchored to the interface by an
insoluble anchoring block. This procedure has two major advantages: the chain length is
well determined and the deposited polymer density at the interface is known, and can be
easily followed via measurement of the surface pressure. A brush with a chosen grafting
density is formed by compressing the polymeric monolayer in a Langmuir trough. It
is evident that no loss of polymers into the bulk phase may occur in order for the
grafting density to be known accurately. This can be checked by examination of the
reproducibility of the surface pressure isotherms. Most papers, however, report a loss
of polymer, either during spreading or during compression. In such cases the surface
density must again be determined indirectly via optical measurements. [63-70]
The preparation of charged brushes iseven more complex than that of neutral brushes.
As polyelectrolytes generally do not dissolve in organic solvents, spreading of block
copolymers with a polyelectrolyte block is difficult. Adsorption of polyelectrolytes with
an anchoring block is possible, but the grafting density attained can be limited, due to
the strong osmotic pressure in the adsorbed layer. Moreover, a decrease in ionic strength
of the bulk solution enhances the osmotic pressure in the adsorbed layer, so that the
adsorbed polymers may desorb. One way to circumvent these problems is to prepare
end-grafted neutral brushes and subsequently chemically ionize the chains. However,
the degree of ionisation is not known exactly, nor the profile of ionised monomers in
the brush. In the literature it is generally assumed that after ionisation the distribution
of charges on the chains is homogeneous, but no hard evidence is provided. Also, the
process of chemical ionisation is very aggresive, and can degraft ('break') the polymer
chains. [71-73]
We can thus conclude that the preparation of brushes of controlled chain length and
grafting density is not straightforward. In Chapters 4 and 8 we introduce a novel way
of preparing neutral and charged brushes on solid substrates from block copolymers
deposited on the air/water interface. These are transferred to coated Si-wafers, after
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which an annealing step follows in which the chains are firmly implanted by incorporating
the apolar moiety of the block copolymer into the apolar coating on the wafer. Using
this manner of preparation, we are able to avoid most of the discussed problems.

1.3.

OUTLINE OF THE THESIS

This thesis can be divided, roughly speaking, into two parts. The first part, consisting
of Chapters 2, 3 and 4, examines the thermodynamic and structural properties of neutral
and charged brushes. The second part, Chapters 5 to 9, concentrates on the interactions
of (grafted) polymers with nanocolloids.
In Chapter 2 neutral, adsorbing polymers grafted to a surface are investigated with
the Scheutjens-Fleer numerical SCF model (nSCF). The results are compared to experimental results for polystyrene-polyethyleneoxide (PS-PEO) block copolymers irreversibly
adsorbed at the air/water interface. The scaling behaviour of the experimental and numerical surface pressure and the experimental brush height iscompared to the predictions
of the aSCF model. The thermodynamic classification ofthe adsorption/desorption transition of the grafted chains with increasing grafting density is examined numerically and
compared to various theoretical predictions.
The structure of PS-PEO at the air/water interface is studied in Chapter 3. The
density profile of a neutral brush of monodisperse PS-PEO chains is determined with
neutron reflectivity and compared to the profiles predicted by the nSCF model. The
mixing of two PEO block lengths results in a bimodal chain length distribution. Such
bimodal brushes are also investigated with NR and the experimental density profiles are
compared to nSCF profiles.
In Chapter 4 we focus on annealed polyelectrolyte brushes, consisting of polystyrenepolyacrylic acid (PS-PAA), both at the air/water interface and grafted to a solid substrate. The SB-and OsB-regime areinvestigated viaanalysis ofsurface pressure isotherms.
The titration of such brushes and the dependence of the titration curves on the grafting
density is measured with reflectometry. Using ellipsometry we investigate the thickness
of such PAA brushes as a function of the pH, salt concentration and grafting density.
The remaining chapters deal with an analytical mean-field model for polymers interacting with nanocolloids. A Flory-like approach for the description of single, complexed
chains in a good solvent is presented in Chapter 5, in which the size of the complexes
is predicted as a function of density of adsorbed aggregates. This mimics the change
in the necklace size as a function of the surfactant concentration. The model results
are compared to recent experimental results for PEO-gels complexed with an anionic
surfactant.
The phase behaviour of complexed systems with a high (local) polymer density is investigated in the following chapter. We first consider polymer-nanocolloid complexes in
semi-dilute solutions. In contrast to single coils in a good solvent, osmotic interactions
play an important role in such systems. Possible phase separation upon complex formation of polymers in a good solvent is discussed. The behaviour of polymer-nanocolloid
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complexes in solvents that are below the 0-temperature, i.e. bad solvents for the polymer, is examined as well. The transition from a collapsed, bare globule to a swollen,
complexed chain is discussed. The effect of finite chain lengths upon the nature of this
transition is also considered.
Polymer brushes may be regarded as localised semi-dilute solutions. In Chapter 7
the analysis of Chapter 6 is extended to polymer brushes in a good solvent interacting
with nanocolloids. An aSCF model for complexing polymer brushes is presented. The
density profiles of both the chain monomers and adsorbed colloids are analysed, as well
as general quantities such as the brush height and the overall adsorbed amount. The
possibility of microphase separation within the brush is also discussed.
In Chapter 8 both lines of research are combined as we investigate experimentally
PEO-brushes interacting with nanocolloids. The adsorption of bovine serum albumine
(BSA) proteins on a hydrophobic surface with grafted PEO chains is measured as a
function of the chain length and grafting density. The results of adsorption are discussed
and compared to previous suggested theoretical models and our aSCF model.
Wefinally extend our model to complexformation between polyelectrolytes and charged
nanocolloids in Chapter 9. The analysis is limited to the complexation of quenched polyelectrolytes and oppositely charged nanocolloids through electrostatic interactions. The
phase behaviour of such systems is analysed, and compared to existing experimental
data.
The thesis is concluded with a summary ofthe present work, and an outlook to possible
research in the future.

CHAPTER 2

Grafted Adsorbing Polymers
ABSTRACT

Grafted adsorbing polymers are investigated with the Scheutjens-Fleer selfconsistent-field model. The surface pressure of such systems is calculated numerically and semi-quantitative agreement isfound with experimental surface
pressure isotherms of PS-PEO diblock copolymers at the air/water interface.
Scaling relationships of aSCF models for brushes predict the surface pressure
irand the height H of neutral brushes to scale with the grafting density a as
•K ~ cr5/3 and H ~ c 1/ ' 3 , respectively. These scaling relationships are corroborated experimentally for long PEO-chains, provided contributions to itarising from PEO adsorption at the air/water interface are taken into account.
Analysis of the 7r(cr)-isotherms is shown to be an excellent way of investigating the scaling behaviour of brushes. In the nSCF model the pancake-brush
transition in agood solvent isfound to becontinuous, irrespective ofthe chain
length and adsorption energy. With increasing adsorption energy thepancakebrush transition of the grafted chains is increasingly abrupt and resembles a
continuous phase transition close to a critical point, a so-called A-transition.
2.1.

INTRODUCTION

The conformation of linear polymers end-grafted at low densities depends on the interactions between the monomers, the solvent and the grafting surface. If the monomersurface interaction is non-attractive, a so-called mushroom structure is found. The
grafted polymer has a deformed coil conformation with a radius of gyration similar to its
dimensions in solution. At increasing grafting densities steric interactions between the
grafted polymer chains result in an anisotropic stretching of the polymers normal to the
surface, leading to a brush conformation. In a good solvent the brush conformation is
determined by a balance between monomer-monomer excluded-volume interactions, and
the entropic cost of stretching a chain. Asdemonstrated in Chapter 1,the height H of the
brush in the scaling approach of Alexander and de Gennes scales as H ~ JVu 1 / 3 . [17,18]
The same model predicts the surface pressure 7r to scale as 7r ~ Na11/5. Mean-field
aSCF models predict a similar scaling relationship for the brush height, that for ITis
•K~ Na5/3. [20-23] Under 0-conditions the second-order virial coefficient of monomermonomer interactions is zero and the aSCF scaling relationships are H ~ Na1/2 and
•K ~ Na2, respectively.
In subsequent theoretical studies the behaviour ofthe brush thickness in agood solvent
under non-adsorbing conditions was investigated as a function of the grafting density
and chain length with nSCF models [26,28-30], Monte Carlo simulations [37] and MDsimulations. [76] The results for the brush height generally agree with the above aSCF
scaling relationship. A more stringent test, however, is the behaviour of the surface
15

16

Grafted Adsorbing Polymers

pressure asa function ofa. Intwostudies (nSCF andMD) thesurface pressure ofthe
brush wasfound to deviate from the predicted 5/3 power law. [30,76] In both studies
higher exponents were reported fornarrow regimes with constant scaling behaviour. The
chain lengths used in these studies were between 25and 200monomers. Martin and
Wang found a large regime exhibiting thepredicted scaling ofthe surface pressure using
a nSCF model with chains upto 1000 monomers. [28] They concluded that aSCF scaling
relationships, which take only second virial interactions into account, areindeed valid
for long chains, whereas for short chains a more extended virial treatment is necessary.
The good agreement between aSCF scaling relationships andnumerical models forthe
brush height ofshort chains isexplained bytherelatively weak dependence ofthe brush
thickness onthe grafting density. Thenumerical results therefore indicate that scaling
laws for brushes should betested experimentally using sufficiently long chains.
Anumber ofexperimental studies on brushes haveexamined the predicted scalinglaws.
In particular, the power lawfor the brush thickness H ~ Na1/3 hasbeen investigated
in several papers. Oneof the techniques used is measurement of the repulsive force
between mica plates on which diblock copolymers with a strongly adsorbing block are
deposited. Patel and Tirrell investigated polystyrene (PS) brushes in toluene in this
manner, with N ranging from 600 to 1500, andtheir results compared favourably with
the predicted power law. [77] Poly(t-butylstyrene) brushes intoluene oflength N =30,
120 and240 were investigated ina similar fashion, anda weaker scaling dependenceon
the degree of polymerisation wasfound, H ~ N0-7, although this exponent was found
with only three data points. [57]In another study of PS-brushes in toluene (N =850
and 2400) it wasconcluded that the thickness scaled more than linear with N. [58] As
pointed outbyWhitmore andNoolandi, thescaling behaviour ofthe disjoining pressure
as a function ofthe chain length isnotequivalent tothescaling ofthe brush height.[78]
The disjoining pressure between brushes is measured as a function of the distance of
separation between the plates coated with polymer. Under the assumption that the brush
height scales asH ~ N, theheight estimated from thedisjoining pressure was found to
scale approximately asH ~ N1-2. Moreover, the applied model to analyse the dataof
the disjoining pressure contains four adjustable parameters. Therefore, comparison of
surface force results andscaling models for brush height isnot straightforward.
The height of a brush layer of diblock copolymers adsorbed ona substrate or atan
air/solvent interface can also be measured by neutron reflectivity (NR)or small-angle
neutron scattering (SANS). In onestudy polystyrene-polyethylene oxide (PS-PEO) diblock copolymer was deposited from a toluene bulk solution onto quartz, onwhichPEO
strongly adsorbs. [80]Thethickness ofthe PS-layer as a function of N was concluded
to agree with thescaling models. AsBaranowski andWhitmore pointed out, this agreement is based upon the assumption that H ~ cr1/3. [81] Theexperimental data yield a
less than linear dependence onN if no assumptions aremade a priori. Bijsterbosch et
al. measured thethickness andsurface pressure of PS-PEO diblock copolymers atthe
air/water interface for various lengths ofthe PEO-block. [69] Theheight ofthe PEObrush averaged over all chain lengths wasfound to scale as H ~ JV°- 8 <T 0 ' 41 . Kent et
al. used poly(dimethyl-siloxane)-polystyrene (PDMS-PS) diblock copolymers with ethyl
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benzoate asthe solvent. [66-68] In this casethe PS-block is solvated and the PDMS-block
anchors the block copolymer to the interface. They concluded that the thickness of the
layer does not scale as H ~ Na1/3, but approximately as H ~ 7\r°-86a-0-22. [68] In the
same paper the behaviour of the surface pressure of the PS brushes was investigated and
compared with the predicted scaling law. It was concluded that the scaling exponent
of the surface pressure as a function of the grafting density ranges from approximately
4.2 to 6.6, and increases slightly with N. In an elegant study Auroy et al. used SANS
to investigate PDMS end-grafted onto silica. [52,53] The brush height was observed to
obey the scaling law. In this study however the grafting density could not be varied
independently from the chain length.
It follows that a thorough experimental investigation of the scaling behaviour of the
thickness and surface pressure of neutral brushes is lacking. One of the problems is that
block copolymers adsorbing from a solvent onto a surface are commonly used to obtain
grafted polymer layers. The grafting density depends on the length and characteristics of
the adsorbing and non-adsorbing block, and on the solvent quality. Aproblem associated
with adsorption from solution is that the polymeric surface density is not known during
the experiment and has to be inferred from the experimental data. In the case of NR of
NS this is done by fitting a model density profile to the reflectivity curve. This results
in relative high uncertainties in the surface density, especially at low coverage. [65] Such
uncertainties can greatly influence the outcome of a power law fit, from which scaling
exponents follow.1 Furthermore, it is uncertain whether in practice the density of the
adsorbed block copolymers is high enough to enter the asymptotic brush regime.
In the case of attractive surface-monomer interactions the situation is even more complex. In this case a pancake structure is found at low grafting densities; the polymer
optimises its monomer-surface contacts by assuming a relatively flat conformation. With
increasing grafting densities steric interactions force the chain to protrude into the solution, and a brush gradually forms as the extent of displacement increases. Alexander
investigated this 'pancake-cigar' transition of grafted adsorbing chains using a simple
scaling model. In this model the monomer density profile of both states is taken to
be a step function. [17] The model predicts the pancake-brush transition to be firstorder, which is inferred from the observation that the chemical potential fi of the grafted
polymer chains is not a monotonically increasing function of a. A van der Waals loop
in fi(a) is obtained, corresponding with the coexistence of two phases. The transition
from a cigar-like to a brush-like conformation is reported to occur at a grafting density
A more refined scaling model, in which the constraint of an uniform monomer density
is released, was used by Ligoure to analyse a similar system of grafted, adsorbing polymers. [82] In this model the adsorbed polymer is represented as a distribution of loops,
trains, and tails, and constitutes a so-called self-similar adsorbed layer (SSAL). A loop
distribution is assumed beforehand, in which small loops and tails are neglected. The
' W e return to this point in detail in section 3.3
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chemical potential is analysed in a similar fashion as in the paper of Alexander. It is concluded that the conformation transition from a SSAL to a quasi-brush upon increasing
a is first-order under certain conditions. The density at which this transition is found
is higher than the overlap density, i.e. a* > 1. The relative coverage a* is defined as
47rRQ(T, where RQ is the three-dimensional radius of gyration of the coil. The width of
the phase coexistence regime is predicted to depend on the length of the chain and on
the monomeric adsorption energy.
In a recent paper Aubouy et al. investigated grafted adsorbing chains with the same
model as Ligoure, but they included small loops and tails in the loop distribution. They
concluded that the transition between the SSAL and a quasi-brush is continuous. [83]
At grafting densities a* > 1 the polymer layer consists of a SSAL close to the surface,
and a polydisperse brush layer stretched outwards from the surface. The grafting density
at which the layer structure progressively changes is of order of an adsorbed monolayer,
i.e. a ~ (Nl2)-1. Scaling relationships are given for several quantities in this continuous
transition as a function of a, such as fi, H and the loop distribution. Clearly, the
character of the pancake-brush transition varies with the assumptions made in the various
analytical models. By postulating a functional form for the loop distribution Ligoure
concludes that the brush is formed through gradual enlargement of the loops close to
the surface (the proximal region). [82] If no loop distribution is assumed beforehand,
the brush develops in the distal region by a gradual extension of the polymer tails and,
simultaneously, a gradual diminishment of the SSAL. [83]
Experimentally, a first-order adsorption-desorption transition of tethered polymers
was reported for the adsorption on PS spheres of PEO triblock copolymers with a hydrophobic center block adsorbed. [84] The transition was concluded to be first-order on
the basis ofthe occurence of a plateau in the measured hydrodynamic radius of the coated
spheres. However, the nature of a conformational transition is denned by the behaviour
of thermodynamic quantities of a system, not by the behaviour of structural ones. A
more correct manner to determine the nature of the adsorption-desorption transition of
either grafted chains or chains with strongly adsorbing end-groups is measurement of IT
as a is increased. The surface pressure is inversely proportional to the compressibility of
the grafted polymeric monolayer. Therefore, a plateau of constant surface pressure corresponds to an infinite compressibility of the grafted layer, and thus indicates a first-order
transition between two polymeric phases. This is comparable to the constant surface
pressure of a surfactant monolayer during the (first-order) liquid expanded - liquid condensed phase transition.
The nature ofthe pancake-brush transition can be investigated experimentally by compressingblock copolymers adsorbed at an air/solvent interface in a Langmuir trough. The
surface pressure resulting from both the solvated and non-solvated blocks is measured as
a function of the continuously changing grafting density. Bijsterbosch et al. investigated
the properties of diblock PS-PEO at the air/water interface with this technique. [69] The
short PS-blocks act as inert anchors and do not contribute to the surface pressure at the
grafting densities involved. The long PEO-chains are water-soluble, but also adsorb at
the air/water interface. [85] A grafting density regime is reported in which the surface
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pressure of the polymer layer slowly increases with increasing a. The observed density at
which this semi-plateau is found corresponds roughly to that of an adsorbed polymeric
monolayer. This semi-plateau is attributed to the gradual desorption of the PEO- chains
from the air/water interface. No density regime corresponding with an infinite compressibility of the monolayer is reported, nor any other property characteristic of a first-order
phase transition.
In this chapter the properties of grafted polymers with and without surface affinity
in a good solvent are examined theoretically using the Scheutjens-Fleer nSCF model. In
this model all possible polymer conformations are taken into account. In this respect
the approach differs from a scaling or aSCF model, in which solely the most probable
configurations are considered. The results of the surface pressure measurements of the
PS-PEO system by Bijsterbosch et al. are used to verify the validity of the numerical
results. Taking the adsorption of the PEO-chains to the interface into account, the
results of Bijsterbosch et al. are re-examined. The scaling behaviour of TT and H as
a function of a is investigated both experimentally and numerically. We also consider
the transformation of the layer from an adsorbed to a partially desorbed structure with
increasing a numerically. As phase transitions are characterised by the behaviour of
thermodynamic quantities, such as the chemical potential \i and its derivatives, special
attention isgiven to these quantities. This approach yields information on the mechanism
of the adsorption-desorption transition of the grafted chains and the classification of this
transition. The results are compared to mean-field theories for phase transitions, in
particular scaling relationships for thermodynamic parameters near a critical point.

2.2.

SELF-CONSISTENT FIELD MODEL

The properties of neutral, linear polymers end-grafted to a surface are investigated
using the nSCF model of Scheutjens and Fleer. [86,87]The equilibrium distribution of the
polymers is calculated taking all possible conformations into account, weighted by their
respective Boltzmann probability factors. In this section a short review of the underlying
principles is given; a more extensive treatment can be found in the literature. [26]
A cubic lattice is considered, consisting of M layers, numbered z = 1,2,...M, where
z is the distance to the surface measured in units of the thickness of a lattice layer /
(note that the monomer length and lattice cell length are intentionally given the same
symbol). Each lattice layer consists of L sites of volume Z3, and each site is occupied
by either a polymer monomer or a solvent entity. The system is incompressible, which
implies that the sum of the densities of all monomer species is unity in each layer. As
we consider end-grafted chains immersed in pure solvent, the solvent density in the bulk
is unity. The polymer chains are AT monomers long and are end-grafted with a grafting
density er,defined a the number of grafted chains per unit area. End-grafted in this case
simply defines the probability of the first monomer to reside in the first layer to be unity.
We stress that the chemical potential \i of the grafted polymer chains is not coupled to a
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bulk concentration as (i) the polymer bulk density is zero, and (u) there is no exchange
of polymers between the grafting plane and the bulk.
In the mean-field approximation the monomer density in each layer is considered
to be laterally uniform, and the dimensionless polymer monomer density p(z) is solelya
function ofthe distance to the surface. Flory-Hugginsparameters Xij account for nearestneighbour interactions between monomers of species i and j . The potential energy ofa
solvent monomer, in units of ksT, is given as
(2.1)

u„ = - l n ( l - p ( * ) )

whereas that ofapolymeric monomeris
(2.2)

u'(z) =- ln(l - p(z)) - 2X(p(z)) + S(z, l ) ( x , u r - A lX )

Note that inthe above equation the translational entropy ofthe grafted chains along
the grafting surface has been accounted for. The angular brackets ( . . . )denotethe
weighted average ofnearest-neighbour contacts inthe layers z — 1,z and z+1, i.e.
(p(z)) = \\p(z - 1) + X0p(z) +Xip(z +1). For a cubic lattice Ao and Ai equal4/6
and 1/6, respectively. The \ parameter accounts for the polymer-solvent interactions,
Xsur acounts forthose ofthe polymer monomers with the surface. Inthe definition
°f Xsur it istaken into account that the number ofcontacts between the surface and
the monomer is a factor Ai smaller than the number of contacts between the monomer
and the solvent. Thus, the definition of\SUT issimilar tothat ofSilberberg, besides
a difference in sign. [88] The \ f° r solvent-surface interactions is default zero in our
calculations. The logarithmic term inEqs.(2.1) and (2.2) is the mixing entropy ofthe
solvent; the conformational entropy ofthe polymer chain istaken into account in the
following chain statistics.
The conformations of the grafted polymer chains in the local field u'(z) are expressed
in terms ofa two-point correlation (orGreen) function G(z,z';s), which isthe joint
probability of a chain ofs steps having monomer s'=1inlayer z and monomer s'= s
in layer z1, taking allpossible configurations into account. To this end the monomer
weighting factor G(z) isdefined as the Boltzmann factor of a single detached monomer
in layerz:
(2.3)

G(z) = exp(-u'(z))

Due tothe connectivity ofthe chain monomers, the distribution ofa given monomer
depends on that of its neighbours; in the case of a monomer slocated in layerz,monomer
s—1 must be located in the layers z—1,zor z+1. This results in a recurrence relationship,
in which G(z,z';s) isexpressed in terms ofGreen functions ofa chain which is one
monomer shorter in length,
(2-4)

G(z,z';s) =(G(z,z';s-l))G(z')

where (G(z, z';s — 1)) denotes aweighted average as defined above. In the case of grafted
chains the grafting givesa restriction for the first monomer in the form of aDirac function.
The probability ofmonomer s residing inlayer z' isfurthermore recognised asthe
joint probability of the end-monomer ofachain of length sand that of achain of length
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(N — s + 1) residing in layer z', corrected for a double counting of G(z'). In the case of
grafted chains the grafting restriction applies to one of the chain parts. The density of
monomer s of a chain of length N in layer z' is therefore
G(l,z';s)J2G(z',z;N-s

+ l)

p(z',s) = C-

(2.5)

The normalisation constant C is determined using the fact that the grafting density is
fixed. The average density of each monomer summed over all layers must equal the initial
grafting density, and thus
a
(2.6)
C=
Y^G(l,z;N)
The total polymer density in layer z, for a given field u'(z), is given by summation of
p(z, s) over all chain monomers, s = 1,2. . . iV. The resulting density must be consistent
with the potential fields expressed by Eqs.(2.1) (2.2) for all z. The solution is generated
by numerical iteration.
Besides in structural properties of the grafted polymers, we are interested in the
thermodynamic properties of the system. In order to examine the behaviour of the
surface pressure of the grafted polymers as a function of a, it is necessary to determine
the excess free energy of the layer. This quantity, denoted by A, consists of two terms;
an entropic contribution, which takes all polymer configurations with the corresponding
probabilities into account, and an enthalpic contribution, which is a function of the
(averaged) densities in combination with the x-parameters. In general, A is given as
(per unit area, in units fc^T) [89]
(2.7)

A = G
b

(

\
aN

= <rln

£G(M;iV)

V

-^Pi{z)ui{z)

+

— > nA z\ii.A 7.) A-

^J2pi(z)Xij(Pi(z))
z,i,3

J

where G is the total Gibbs free energy of the system, and J ] 6 denotes the sum over
all components that are in equilibrium with the bulk solution. In the case of a grafted
polymer in pure solvent this reduces to

(2.8)

aN

A = aIn

+ £ln(l-p(z))

£<?(l,z;A0

V
V

z

+ Y,(xp{z){p{z))

J
~\x*iP{z)5{z,l)

In the derivation of this equation, we make use of the fact that J^ z \x (p(z) ~ {p(z)))
is simply ^x^ip(z)$(z> 1)> a s the sum is taken over all layers. It is evident that, if all
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X-parameters are set zero, Eq.(2.8) reduces to a similar expression derived by Martin
and Wang. [28]

(2.9)

A = <rln

oN

-Y^Mz)

Both the chemical potential of the grafted chains and the surface pressure of the system
contribute to A. The surface pressure is defined as (UBT per unit area)
\OAJT,np,n,

where G is the total free energy and A is the total area. In a lattice model, however, the
grafting density is varied, whereas the total volume and area are constant. This entails
that Eq.(2.10) cannot be applied.
We can replace the Gibbs energy in Eq.(2.10) by the excess free energy A, as the bulk
contribution of pure solvent is zero. This excess free energy consists of a contribution of
the chemical potential of the grafted chains, and a contribution of the surface pressure
due to the grafted chains. The first term is equal to a(dA/da). The surface pressure of
grafted chains in pure solvent in a lattice model is therefore2

(2.H)

*=°(ir)

"A

Carignano and Szleifer reported an analytical expression for n, using a similar nSCF
model. [29]According to these authors, the surface pressure at a given a can be explicitly
calculated from the monomer density profiles and the interaction parameters. Their
method is believed incorrect, as is demonstrated in the Appendix. In our view it is
necessary to take the derivative of the excess free energy with respect to the grafting
density by numerical central differentiation to obtain n, as wasdone previously by Martin
and Wang. [28]
2.3. S C A L I N G LAWS

In this section the nSCF results for the surface pressure of grafted chains are presented
and compared with experimental results. In Figure 2.1 the surface pressure isotherm of
grafted, non-adsorbing chains consisting of 700 monomers is presented in a double logarithmic plot for a good (x = 0) and a G-solvent (x = 1/2). The length of a lattice cell Iis
set 0.35 nm. This is equal to the PEO monomeric length and facilitates comparison with
experimental data. [90] The Xsur is set zero for both solvent qualities. At low densities
the surface pressure scales linearly with the grafting density, and is independent of the
solvent quality. This is the expected ideal gas behaviour for non-interacting coils. Carignano and Szleifer found a quadratic dependence of the surface pressure on the grafting
density at very low densities. This is physically unrealistic, and must be attributed to
2

In ref. 69 the contribution of the chemical potential of the grafted chains is not subtracted from A in
the nSCF calculations. This leads to erroneous surface pressure isotherms.
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FIGURE

their incorrect expression for the surface pressure. [29] For a good solvent (\ = 0) the
power law exponent at high densities is 5/3, as predicted by the aSCF model. The
crossover between the mushroom and the brush regime is found at relatively low densities. As the solvent quality decreases the cross-over between the coil and brush regime is
found at higher densities, and the power law exponent at high densities increases. This
is in accordance with the fact that as the solvent quality decreases the polymers are less
stretched. As a result, the monomer density in the brush is higher and higher-order virial
interactions between monomers are increasingly important. In a ©-solvent ( X = 0-5)
the linear scaling of the surface pressure is found up to relatively high grafting densities.
At high densities the power law exponent equals 2. This is the expected exponent in the
case that the brush properties are predominantly determined by third virial interactions,
as predicted by aSCF models. [20,23]
The surface pressure isotherms of grafted adsorbing polymers are given for several
chain lengths in Figure 2.2. The polymers have an attractive adsorption energy of 1
ksT per monomer, T = 298 K, / is again 0.35 nm and \ is set zero. This parameter
set represents a grafted polymeric system in a good solvent with an appreciable surface
affinity. Density distributions of such brushes were calculated by Bijsterbosch et al. and
presented the following picture. [69] At low a the polymers have a pancake conformation
due to attractive interactions with the surface, nearly all monomers are close to the
surface. At sufficiently high a the monolayer at the surface isfilled, and excess monomers
are forced into the solvent by steric interactions. The grafting density at which this
transition takes place corresponds roughly with a filled monolayer, a ~ (Nl2)-1.
At
higher densities an increasing fraction of monomers is in the solvent phase and gradually

Grafted Adsorbing Polymers

24

K

200

100

O
FIGURE 2.2. nSCF surface pressure isotherms (in mNrrT1) of grafted adsorbing chains as a function of o~~ (in nm ) . Chain lengths are N = 250,
445 and 700, / = 0.35 nm, \ —0 and Xsur = —1.
30

;

7C
20

i

i

'

i

-

T

-•\

-

N = = 250
v

10 - ' ^«-^.

445

/

700

^

"i"--

100

"r ~- -

i

200

a

-i

FIGURE 2.3. Experimental surface pressure as afunction of a 1 for PS-PEO
block copolymers at the air/water interface from ref. 69. PEO-lengths are 250,
445 and 700.

a brush is formed. We note that in the brush regime the density in the monolayer at the
surface remains close to unity.
The density distributions are found to correlate with the numerical surface pressure
isotherms in Figure 2.2. At low grafting densities the surface pressure increases strongly,
due to the filling of the monolayer next to the surface. When a ~ (Nl2)-1 (the pancakebrush transition) a semi-plateau is found, in which the surface pressure increases slowly
but continuously with increasing a. At high grafting densities the surface pressure again

2.3 Scaling laws

increases strongly with increasing a, as a result of strongly interacting chains in the
brush. The adsorption-desorption transition is continuous in the numerical calculations
for this set of parameters. This is also evident from the fact that /i is a monotonically
increasing function of a (not shown).
In Figure 2.3the experimental isotherms of PS-PEO block copolymers at the air/water
interface, measured by Bijsterbosch et al., are presented. [69] The block copolymers
consist of short PS-blocks which act as inert anchors, and PEO-tails of lengths identical
to those used in Figure 2.2. The polymers are deposited on the air/water interface from
a volatile apolar solvent. The surface pressure of the block copolymers is measured
continuously at room temperature as the layer is compressed in a Langmuir trough. The
0-temperatures of PEO in water are reported as 6 _ = - 1 2 °C (UCST) and 0 + = 96 °C
(LCST), indicating that water at room temperature is a good solvent. [91,92] From the
height of the adsorption-desorption plateau (9.6-9.8m N m - 1 for N = 700) the adsorption
energy per PEO-monomer is deduced. This is the sum of the effective adsorption energy
per monomer (± 0.4 fcgT) and the critical adsorption energy per monomer (± 0.2 ksT).
As the air/water interface is not perfectly sharp, an additional entropic contribution
must be taken into account. The effective adsorption energy is therefore estimated to be
somewhat more than 0.6 /cgT per monomer.
Comparison of Figures 2.2 and 2.3 shows that the nSCF model is in semi-quantitative
agreement with the experimental data, especially at high densities. The shape of the
numerical isotherm, in particular that of the adsorption-desorption plateau occurring
at a surface pressure of approximately 8 m N m - 1 , corresponds well with that of the
experimental isotherm. Both the numerical and the experimental isotherms show a
continuous increase in IT with decreasing area per molecule, i.e. increasing a. This
indicates that the continuous adsorption-desorption transition is modelled in a correct
manner. A slightly smaller value for / could be used to match the experimental and
numerical isotherms more accurately. Nevertheless, the value for the PEO monomer
length as reported in the literature gives a very satisfying agreement. At low densities
the behaviour is qualitatively correct but the quantitative agreement is less satisfactory.
This is characteristic in general for mean-field models, which cannot cope with lateral
inhomogeneities.
At densities above the adsorption-desorption transition density the surface pressure
is considered to consist of two contributions: a constant pressure 7rpja, resulting from a
saturated monolayer of adsorbed monomers, and an increasing surface pressure 7T(,,due to
formation of a brush. The plateau value 7rp(a corresponds with the saturated pressure of
the adsorbed homopolymer. Experimentally, the saturated surface pressure of a solution
of long PEO-chains is reported to be equal to 9.8 m N m - 1 , indicating that the additional
surface pressure upon compression is indeed due to brush formation. [85] For the nSCF
isotherm the value of the semi-plateau is estimated to be 8.2 m N m - 1 .
In Figure 2.4 the surface pressure of the brush, 7Tb = 7r - 7rp(a, is plotted doublelogarithmically against the area per chain oi N = 700, both for the experimental PEO
data and for the nSCF data. Aline corresponding with a power lawexponent 5/3 is drawn
for comparison. The power law exponent of 7T;,obtained at high densities approximately
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FIGURE

equals the valuepredicted by scaling relationships of aSCF models. The exact value of the
exponent obtained from the PEO data depends slightly on the choiceofthe plateau value;
•Kpia taken to be 9.6 m N m - 1 gives 1.58 as an exponent, 9.8 gives 1.67 and subtracting
10 m N m - 1 results in 1.78. Nevertheless, the experimentally measured surface pressure
of the PEO-brush at high densities corresponds with the scaling predictions of aSCF
models, and can be reproduced successfully with the nSCF theory.
We note that surface pressure 7Tjof the PEO brush increases strongly in the doublelogaritmic plot at low densities (see Figure 2.4). This is an artifact resulting from the
necessary subtraction of 7rp;a. At total surface pressures slightly larger than npia, the
value of 7T6is close to zero. In a double-logarithmic plot a small increase in 7Tj with
increasing a results in a large increase. Physically, this merely signifies that the grafting
density, with respect to the pancake-brush transition density, is not high enough for a
brush to be formed.
A comment should also be made concerning the value of the scaling exponent. As
discussed in Chapter 1, the AdG blob model predicts an exponent 11/6 sa 1.83, whereas
the aSCF model predicts an exponent 5/3 « 1.67. This last value is exactly the value
obtained when npia is set equal to 9.8 m N m - 1 in the experimental PEO data. The
exponent of the blob model is significantly higher than the values obtained from the
experimental data. This may indicate that the aSCF model gives a qualitative better
description of the thermodynamic features of the PEO-brush than the blob model.
It is of interest to examine whether this scaling behaviour is reproduced by all PEO
chain lengths. In Figure 2.5 the surface pressure for chain lengths 90, 148, 250 and 700 is
plotted in a similar fashion as Figure 2.4. It is found that a regime with a constant power
law exponent, as observed both experimentally as numerically for N = 700,is not present
in the experimental isotherms of short PEO chains. A regime with a constant exponent
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is found for PEO chains of 445 monomers, if the plateau value is taken to be slightly
lower, npia = 9.2 mN m - 1 (not shown). This observation agrees with the experimental
observation of Cao and Kim that in this molecular weight regime the saturated surface
pressure ofPEO homopolymer increases with increasing molecular weight. [85]The extent
of the regime of constant exponent for N = 445is less than that of N = 700. These results
demonstrate that scaling relationships should be verified experimentally with sufficiently
long chains. In the light of this, it is questionable whether MC- and MD-simulations are
suitable to examine polymer properties in the brush regime. [37,76] The chain length used
in these studies is often not more than 50 monomers. Figure 2.5 clearly demonstrates
that such limited chain lengths lead to higher power law exponents with rather narrow
regimes of constant scaling exponents.
With the above results in mind, we re-examine the data for the thickness of the
PS-PEO brushes measured by NR. Bijsterbosch et al. combined the NR results for
the thickness of the PEO layer at high densities in one plot, regardless of the chain
length. [69] The fitted power law for H/N vs. a yielded an exponent 0.41, which is
somewhat higher than the predicted 1/3. The analysis of the surface pressure isotherms,
however, demonstrates that only the long PEO chains are expected to be truly in the
asymptotic brush regime. In Figure 2.6 the measured thickness for PEO chains of 445
and 700monomers is plotted double-logarithmically as a function of the number of chains
per unit area. Fitting these results to a power law yields an exponent 0.33 for N = 700
and 0.35 for N = 445. Again, the aSCF model correctly predicts the behaviour of the
polymer brush, provided long chains at high grafting densities are examined.
The question now arises why the results from the nSCF model and the experimental
PS-PEO system are in good agreement with aSCF models, whereas in the literature it
is reported by several authors that such agreement does not exist. [57,66-68] From our
analysis it is evident that the grafting density and surface affinity of the grafted chains
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must be dealt with in a proper manner to investigate power law dependencies of the
surface pressure and brush height. As the subtraction of the saturated surface pressure
of PEO demonstrates, it is necessary to know the adsorption behaviour of the bouy block
and the contribution of the anchoring block to interpret the total surface pressure. We
remark that the small polystyrene blocks used by Bijsterbosch et al. are known not to wet
the surface; their contribution to the surface pressure has been checked to be zero at the
examined surface densities. The measured surface pressure can therefore be completely
ascribed to the PEO-chain, and at high a safely separated into a contribution due to
adsorption and a contribution due to brush formation. In the case of block copolymers
with anchoring blocks that wet the surface, or blocks that are large compared to the
bouy block, the interaction between the anchoring block, solvent interface and solvated
block is not known. The assumption is usually made that such activity is a negligible
factor. As demonstrated, the surface pressure of the brush is the net difference between
total surface pressure and the surface contributions of the anchoring block and the bouy
block combined. It is clear that the scaling of the surface pressure of a brush cannot be
examined in a reasonable manner without correcting for adsorption effects.
Another problem is the determination of the amount of polymer on the surface. Bijsterbosch et al. deposited the PS-PEO block copolymer on the air/water interface using
chloroform as a solute. Both chloroform and PS are highly hydrophobic and, when carefully deposited from the air, do not mix with water. The deposited amount is therefore
known within a reasonable accuracy. In contrast, Kent et al. used either a polymer
solution of higher density than the organic bulk phase or dry block copolymer. [67,68,93]
Due to loss of polymer during deposition the polymeric density is not known during the
experiment and is determined via integration of the neutron reflectivity curves. This
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is inaccurate, in particular at low polymeric densities. [65] Such inaccuracy is particularly important when the surface pressure or layer thickness is measured as a function
of the grafting density and fitted to a power law. Verification of the scaling law of H(a)
is therefore difficult when both parameters are determined by neutron reflectivity and,
consequently, this method is sensitive to experimental uncertainties. We return to this
point in section 3.3 and 3.5.
To conclude, detailed knowledge of the adsorption properties of the block copolymers
is essential for the correct interpretation of experimental results of grafted of irreversible
adsorbed polymers. Surface pressure isotherms in combination with the nSCF model
can be analysed for identification of the polymer conformation at a given a. Such identification is necessary for the interpretation of NR results. Moreover, the power law of
the surface pressure in the brush regime as predicted by aSCF models is only observed if
three conditions are met: (i) the grafting density has to be known accurately, due to the
strong dependence of n on a; (ii) all contributions to 7r arising from surface affinity of
both the solvated and non-solvated block have to be known and subtracted from the total
surface pressure, as these do not contribute to the surface pressure of the solvated brush;
(iii) long chains at high densities are necessary to obtain the power law corresponding
with the asymptotic brush regime. Especially this last condition is very important: if
it is not satisfied, a regime with a constant scaling exponent can not be expected to be
found.

2.4.

PANCAKE-BRUSH TRANSITION

In the previous section it was shown that the nSCF model correctly models the
adsorption-desorption mechanism of the PS-PEO block copolymers, also known as the
pancake-brush transition. In this section we numerically investigate the adsorptiondesorption transition of grafted polymers ofvarying adsorption energies and chain lengths
in a good solvent; unless specified otherwise x 1S s e t zero (athermal solvent). The transition is expected to become increasingly abrupt as the interaction between the monomers
and the surface becomes more attractive. Also, with increasing adsorption energies the
total polymer density at which the transition takes place is expected to progressively
mirror an adsorbed monolayer of unity density. It is especially interesting to investigate whether the transition becomes first-order in certain regimes or whether it remains
continuous throughout.
The behaviour of the surface pressure for various adsorption energies is plotted in
Figure 2.7for a constant chain length (N = 50). Along the abscissa axis the total grafted
polymer density £ = aN is plotted. The adsorption energies are -1, -3 and -6 ksT per
monomer. For rather high adsorption energies, the surface pressure of the adsorbed,
grafted chains changes abruptly around the transition density (S ss 1). Below this
density the surface pressure isrelatively lowand corresponds with that of a partially filled
monolayer, above the transition density one finds a semi-plateau in 7r(cr), corresponding
to a monolayer of constant density and partially desorbed chains. The height of the
plateau evidently depends on the adsorption energy. With increasing a (not shown in
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Figure 2.7) the surface pressure of the brush develops, and eventually the isotherms
for different adsorption energies merge, as the pressure of the brush 7T& dominates the
constant contribution of the saturated monolayer-Kpia.
A suitable quantity for examining the behaviour of the system during this transition
is the chemical potential \xof the grafted chains. As mentioned in section 2.2, \i is not
denned by a bulk concentration. It must be determined from the derivative of A with
respect to a. Therefore, \i can be characterised as a thermodynamic function of an
independent field a. In Figure 2.8 the monomeric chemical potential /x/iV is plotted as a
function of S for N = 50 and various adsorption energies. Below the transition density

2.4 Pancake-Brush Transition

(E « 1) (i depends strongly on the adsorption energy, as the newly introduced polymer
can adsorb at the surface. Abovethe transition density it isindependent ofthe adsorption
energy. The saturated monolayer gives a constant contribution to the free energy and
in this regime ju only depends on the chain length and the solvent conditions. The
increasing abruptness of the transition is illustrated by the behaviour of /J, around E = 1
with increasing adsorption energies in Figure 2.8. The transition remains continuous,
however, as is clear from the continuous increase in /uwith increasing a.
The behaviour of n suggests that for E » 1 the development of the polymer configuration is independent of the adsorption energy. For a density as low as E ~ 1.2, \i
is virtually equal for all adsorption energies. As \i is defined as the change in A with
increasing a, the adsorbed monolayer is concluded to give a constant contribution to A.
In this regime \i is determined by the increasing polymeric density in the solvent phase.
For E > 1 p is solely determined by the entropic contribution to A of the desorbed
polymer strands (the enthalpic part of the excess free energy is zero as x is set zero). As
in this regime juconverges for all adsorption energies in Figure 2.8,the entropic contribution of the desorbed polymer is apparently independent of the adsorption energy. This
agrees with the picture of the brush formation being initiated in the distal part of the
polymer layer, i.e. by the tails. This mechanism also excludes a significant role for loops
in the proximal part of the adsorbed layer, as a dependence of the loop distribution on
the adsorption energy would translate itself in a similar dependence of fi on Xsur- This
indicates that the grafted polymer layer consists of a collapsed monolayer of constant
density at the surface and a number of tails sticking out into the solvent phase.
Aubouy et al. carefully investigated the regime above the overlap density, i.e. E > 1.
[83] In their model the adsorption of grafted chains is modelled with a distribution of
loops, trains and tails, and the excess free energy, height and /J, are evaluated with scaling
arguments. It is concluded that if E isof order unity the polymer layer closeto the surface
is similar to that of a purely adsorbed layer, whereas in the distal region it resembles a
polydisperse brush. They further derive that fi in this regime scales as /J ~ <r5/6. Such a
power law is not found in our nSCF results. In other respects the physical picture of the
scaling approach and the nSCF analysis are in good agreement. The model of Aubouy et
al. therefore correctly predicts a continuous transition with increasing grafting density.
The emphasis on the gradual disappearance of the loop distribution is, however, not
observed in the nSCF model.
It is instructive to try to classify the pancake-brush transition, and to relate it to
phase transitions in other well-studied systems. In the theory of phase transitions all
thermodynamic parameters that arezeroin a disordered phase and non-zero in an ordered
can be used as an order parameter. To this extent the non-adsorbed conformation may
be identified with the disordered phase, and the adsorbed (pancake) conformation with
the ordered. Consequently, n — /J-O is recognised as a suitable order parameter, and
a as an external field parameter, where /zo is the chemical potential of non-adsorbed
chains and JJL that of the adsorbed. 3 In an Ising model, for example, the analogous
3

In the following not (fj,— /zo) but 9(/u — fj,o)/da is considered. As dfio/da is approximately zero, we
neglect this contribution.
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quantities are the effective magnetisation and the external magnetic field. As \sur is a
temperature-dependent parameter, and the transition becomes sharper with increasing
adsorption energies, the analogy between Xsur and the reciprocal temperature in an Ising
model is reasonable. We are interested in whether the pancake-brush transition in a good
solvent remains continuous under all circumstances. In other words, isthe system always
found above the critical temperature, or can a set of variables (chain length, adsorption
energy) be derived for which the change in \i is discontinuous? The latter behaviour is
characteristic for a first-order transition, for instance the non-zero magnetisation of a
ferromagnet in a zero magnetic field below its critical temperature. [94,95]
In Figure 2.9 n/N and its derivative with respect to the total polymer density,
(2.12)

f =N'1 (dn/dX)

are plotted in the neighbourhood of the critical polymer density (E = 1). The length of
the chain is50monomers, the adsorption energy xsur = —14.5. In this regime [iremains a
continuous increasing function of a; its derivative £with respect to the polymeric density
at E = 1 is close to divergent. This derivative may be interpreted as a monomeric
conformational susceptibility. This quantity is a measure for the change in polymer
conformation with varying a. It is evident that the near-divergence of £ indicates a
strong change in conformation around S = 1. This should correspond to the change
from a totally flat conformation (pancake) to a partially desorbed conformation. The
curve of \xis similar to that of the magnetisation M of a ferromagnet as a function of the
external field % (not to be confused with the brush height H) at a temperature slightly
above the critical temperature. In this case the magnetisation changes strongly with
small changes in H around % = 0. Consequently, the curve of £is similar to the so-called
A-curve of the susceptibility x — (dM/dV.) of a ferromagnet at a temperature close
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to the critical temperature. Such behaviour is a fingerprint of a continuous transition
approaching the critical point. [95,96]
The theory ofphase transitions andtherenormalisation theory ofcritical phenomena
describe the behaviour of thermodynamic quantities in the vicinity of a critical point.
The majority ofthe derived relationships account forthebehaviour ofsuch quantities at
the critical point. An exception, however, isthe derivative ofthe order parameter toan
external field parameter at constant temperature close to the critical temperature, for
example the magnetic susceptibility or, in our case, the conformational susceptibility £.
In a magnetic system the magnetic susceptibility changes strongly around zero external
field, in the pancake-brush transition £ changes strongly around S = 1. According
to renormalisation theory the scaling exponent of these quantities as a function ofthe
external field parameter for small values of the external field equals -1 in a mean-field
model, both above and below the critical temperature. [96]In Figure 2.10 £ is shown
as a function of the reduced density |1— S| for Xsw = —14.5 and N = 50in a doublelogarithmic plot. Aline with an exponent -1isdrawn asan illustration. Theincreasein
£ corresponds nicely with the power law£ ~ |1— E | _ 1 . Thebehaviour of the strongly
adsorbed, grafted polymers in the mean-field model therefore exhibits standard meanfield critical behaviour inthe limit ofhigh adsorption energies.
We nowneed to examine twoasymptotic limits to verify that in the nSCF model the
adsorption-desorption transition never reaches its critical temperature, namely the limit
for finite chain length andinfinite adsorption energy, andthat offinite adsorption energy
and infinite chain length. If f remains finite in both asymptotic limits the adsorptiondesorption transition is continuous in the nSCF model for allparameter sets. In Figure
2.11 the maximum of £ for N = 50 is logarithmically plotted as a function of XsurIt is found that at high adsorption energies £max scales as £max ~ (-Xsur)" where
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( m M in theproximity o/S = 1 for variousadsorption energies
on a logarithmicscale. The scaling exponentof the line drawn is5.
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v is approximately 5. Therefore, a true divergence of the monomeric conformational
susceptibility is only found at infinite adsorption energy for a finite chain length. The
pancake brush transition for finite chain lengths istherefore continuous for all adsorption
energies.
The behaviour of £ is examined for various values of N at constant \sur in Figure
2.12. Three chain lengths are used, N = 500,1000 and 1500. It is found that the change
of £ during the pancake-brush transition for a finite adsorption energy is independent of
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the chain length. This agrees with the interpretation that primarly tail-ends of grafted
polymers desorb during the pancake-brush transition. The entropic gain by desorption
of a monomer at high surface affinity and increasing surface density is independent of the
total chain length. The chain length therefore plays no significant role in this transition
and the transition remains continuous for an infinite TV at finite adsorption energies.

2.5.

CONCLUSIONS

In this chapter we have examined grafted polymer chains with surface affinity in a
good solvent from two different viewpoints. In section 2.3 it is shown that there is a
semi-quantitative agreement between the isotherms calculated with the Scheutjens-Fleer
nSCF model and the experimental isotherms of irreversibly adsorbed PS-PEO block
copolymers at the air/water interface. It is concluded that the pancake-brush transition
of the tethered PEO is reproduced in a correct manner in the numerical calculations.
The experimental adsorption-desorption transition of the grafted chains is characterised
by a semi-plateau in the surface pressure isotherm. This plateau is reproduced nicely by
the nSCF model using experimental values for parameters as the chain length, grafting
density and monomeric adsorption energy.
It is also concluded that both the experimental surface pressure isotherms of PS-PEO
and the numerical isotherms obey the aSCF scaling law of ir(a) for brushes. In order to
verify this scaling behaviour it is important to correct for adsorption contributions of the
grafted polymers to the surface pressure. The predicted scaling law of the asymptotic
brush regime is found experimentally only for long chains. This entails that surface
pressure isotherms can be used to identify the brush regimes. Using the isotherms to
discriminate the brush regime, the scaling behaviour of the thickness of long PEO-chains
at high grafting densities is found to agree nicely with the aSCF scaling law. In the case
of short chains the results for the brush height do not obey this scaling law.
In section 2.4 the nature of the pancake-brush transition is investigated with the
nSCF model. It is concluded that the transition is continuous for all chain lengths
and adsorption energies. This contradicts the model of Ligoure [82], which predicts a
first-order transition in the adsorption-desorption process. It does agree qualitatively
with the more recent findings of Aubouy et al., who also conclude that the transition
is continuous. [83] The mechanism proposed in their paper, a gradual decrease in the
loop distribution and subsequent formation of a quasi-brush from a self-similar adsorbed
layer, does not agree with our results. We conclude that the pancake-brush transition
from an adsorbed monolayer at low a to a brush at high a occurs through the gradual
desorption of tail-ends; the role of loops in the transition mechanism can be neglected.
It has been shown that the chemical potential /xof grafted chains can be interpreted as
a thermodynamic order parameter, which is a function of an external field, the grafting
density a. Using this, the numerical results have been analysed according to the theory of
phase transitions. With increasing surface affinity the system approaches a critical point,
with the corresponding critical behaviour of the thermodynamic parameters. The critical
exponent for the conformational susceptibility corresponds with that of the magnetic
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susceptibility ofa ferromagnet in a mean-field model. Thecritical point, at which the
character of the transition changes from continuous to first-order, is only reached at
infinite adsorption energy. Thechain length plays nosignificant part inthe adsorptiondesorption transition closetothecritical point.
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APPENDIX
In this appendix it is argued why numerial differentiation isnecessary toobtainthe
surface pressure (orthechemical potential) of grafted chains in nSCF models. This
is equivalent to demonstrating that the method of Carignano andSzleifer (CS-SCF)
for calculating ITis generically wrong, i.e. that there isnoclosed expression for 7r(a
non-differential equation interms ofthe monomer density profile and potential field profiles). [29,30] Inthefollowing ref.29isdenoted asCS1,ref.30asCS2.
Within thelattice-based nSCF theory ofScheutjens andFleer (SF-SCF) it is possible to write thecanonical partition function, and thus the free energy, in terms of the
optimised setofconformations ofthe molecules or, equivalently and more convenient,in
terms ofthe equilibrium density and potential profiles (seeforinstance Evers etal.[89]).
To rule out possible differences onfundamental grounds, we start by proving the equivalence ofthe free energy functionals used inthe SF-SCF and the CS-SCF approach. This
is done byexpressing the free energy ofEvers etal. inthenotation asused inCS1. We
then point outthe problems ofobtaining a closed expression forthesurface pressure.
A general expression forthe dimensionless free energy perunit area isgiven byEvers
et al., namely:

(2.13)

F=5 > l n £ - £ jrPA'(z)uA.(z)Qi

I^^PA(Z)XAB{PB(Z))
2

A

Here i istheindex which refers tothemolecule types. Thesummation over A' isover
all monomer types except the surface component, the other two summations run overall
monomer types inthe system, including the surface component. InEq.(2.13) at refersto
the number ofmolecules i per unit area and qiisthe corresponding single chain partition
function, which istheweighted sumofallpossible conformations ofmolecule i in the
system. Finally, the contact energies are accounted forbythe Flory-Huggins interaction
parameters.
We canreduce Eq.(2.13) tothetwo-component case, where component i = 1is an
end-grafted polymer oflength N, andmolecule i = 2isthemonomeric solvent with a
bulk density unity. The result issimply Eq.(2.8) insection 2.2, which isconsistent with
Eq.(13) in CS1. The exact correspondence isobvious when one realises that there isa
sign difference between the x parameter inEvers etal. and the x\z—z'\ function inCSI.
In addition, theangular brackets (...) have exactly thesame effect asintegration over
z' inthex\z — z'\ function ofCSI. The short-range energetic interactions are irrelevant
for theproblem at hand. Wecantherefore discuss theathermal case (x = 0) without
losing thepoint.
Defining n asthe number ofpolymer chains inthe system andA asthesurface area,
we may find thesurface pressure from thefunction G by
tn^s

(2.14)

(dF\

r,

T = " h r do)A ~F =

(dFA\

\ dA J
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which is analogous to Eq.(2.11) The quotient within the first brackets equals fi. We note
again that F is adimensionless free energy per unit area, and that -Kis dimensionless
as well. As all quantities are normalised per unit area, the differentiation to the surface
area is not operational. Consequently, it is necessary to differentiate Fwith respect to
a. The problem with an analytical differentiation of Fwith respect to ais that both
the single chain partition function q and the Lagrange field uo(z) (see Eq.(2.1)) area
function of a. Thus, the chemical potential of the grafted chains can only be found by
'measuring' the change in Fwhen ais changed slightly. We have checked that if we do
this operation numerically in the limit of very low surface coverages, we find that the
surface pressure approaches the ideal gas law (see Figure 2.1). Moreover, we checked
that Gibb's law, which in the case of grafted polymers can be written as dir/dfi = a, is
obeyed rigorously.
In CSII the alna term of Eq.(2.13), i.e. the translational entropy of the grafted
chains, was dropped by arguing that this term isonly necessary when there isno chemical
grafting. We believe that this is not allowed; the effect is that in SCII the ideal gas limit
for the surface pressure is not recovered. Following this argumentation, however, the free
energy is given by: F= —aInq — Jz u'(z)dz. Inserting this in Eq.(2.14) we find for the
surface pressure:
Sing
— \nq — ada
n = a—
b=a
da2d\nq djzu'{z)dz
+ u
-CT-da--a^^a
'
d F

djzu'(z)dz+ aInq +
da

jp

/ u'(z)dz
Jz

I/{

(2.15)

( 2 ) d Z

= ^l/{z)d^dz-adJ^^

+

JAZ)dz

where we have used ageneric property of SCF theories that dInq = Jz p(z)du'(z)dz in
the absence of short range interactions. When subsequently a2 in Eq.(2.15) is wrongly
replaced byCT,the CSII result (corresponding to Eq.(7) in this paper) is found in justa
few steps:
nOO

u'(z)dz -aNoc (aN)2 + 0{Naf
Jo
On the right-hand-side of Eq.(2.16) we have used the fact that the Lagrange field can be
approximated by:
(2.16)

n=

u'(z)
(2-17)

=
«

- l n ^b ) = - l n V
Po

\{p(z)-pbP)2

L

#

1 - PbP

+ 0{?

Here, pbp is the density of polymer in the bulk, which in our case of grafted chains in
contact with apure solvent is equal to zero. Clearly the result of Eq.(2.16) does not
comply with the ideal gas law for low surface coverages, as was also concluded in CSII.
We note again that the ideal gas contribution can be retrieved in Eq.(2.16) if in the free
energy equation the term ulncr is kept.
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It is instructive to consider the case that all molecules in the system can equilibrate
with the bulk. This case has been worked out in Evers et al. and starts obviously at
Eq.(2.13). [89] The surface pressure for a two-component polymer-solvent system can be
written as (ignoring again the energetic terms for simplicity):

^

(2.18)

'

2

» o-^K<jex

where aex is the excess number of polymer molecules per unit area at the surface. The
result of Eq.(2.18) is the ideal gas law for the surface pressure in dimensionless form
(found for low adsorbed amounts). From the above it is clear that it is misleading to
think that the Lagrange field profile and the surface pressure are directly linked. In
fact, from Eq.(2.18) we find that the Lagrange field contribution cancels out in a first
approximation at low excess adsorbed amounts.
It is tempting to use Eq.(2.18) for the case where the polymers are grafted by substituting pbp —0 in Eq.(2.18). Interestingly, Eq.(2.15) is recovered (including the dropped
term). In equilibrium, however, there is a one-to-one relation between the excess number
of polymer chains at the surface and the chemical potential of the polymer, and thus
with the polymer bulk concentration pp. By setting pbp = 0, one needs to set a = 0
as well, even when there is a very strong anchor group binding the polymer with one
end to the surface. Indeed, for a fixed a, the bulk density of polymer can practically
approach zero when the grafting energy is increased correspondingly. However, at a fixed
surface affinity of the anchor group (no matter how high this is), it is always possible to
lower the bulk concentration in order to reduce the amount of adsorbed polymers. Thus,
the mathematical point of no polymers in the bulk, pbp = 0, is only compatible with no
polymers at the interface, that is, a = 0. Again, we find that Eq.(2.16) is not the correct
result for the surface pressure in a system where polymers are grafted to an interface.
We thus conclude that Eq.(2.15) is wrong. The error in the derivation of CS has been
identified and a complimentary route to obtain Eq.(2.16) was shown to be wrong as well.
Therefore, the only way to obtain the surface pressure in a system that features grafted
chains is by numerical differentiation.
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CHAPTER 3

Structure of Monodisperse and Bimodal Brushes
ABSTRACT

The structure of monodisperse and bimodal brushes consisting of PS-PEO
diblock copolymers at the air/water interface is investigated with neutron reflectivity, and the results are compared with the structure predicted by the
Scheutjens-Fleer self-consistent-field lattice model. The monomer densityprofile of a monodisperse PEO-brush at relatively low and intermediate grafting
densities is found to be block-like with an extended tail region, in which the
density smoothly decays to zero. At high grafting densities, however, the
profile is found to be predominantly parabolic, as predicted by analytical
self-consistent-field models. Quantitative agreement is obtained between the
experimental measured profiles and those predicted by the Scheutjens-Fleer
model. Bimodal PEO-brushes are investigated for three chain length ratio's
and mixing ratio's at variousgrafting densities. It isconcluded that at agiven
grafting density the longchainsaremoreextended inbimodal brushes than in
monodisperse brushes at the same grafting density. This additional stretching
increases with increasing length of the smaller block or increasing fraction of
smaller blocks. The agreement between the Scheutjens-Fleer density profiles
and measured density profiles is also good in the case of bimodal brushes.
3.1.

INTRODUCTION

A key issue in brush models is the monomer density profile, i.e. the variation in the
monomer density as a function of the distance from the grafting plane. Initially, scaling
models assumed the monomer density to be constant throughout the brush, the so-called
AdG box-model. [17,18] As discussed in Chapter 1, the aSCF model of Milner et al. and
Zhulina et al. predicts the monomer density to decrease parabolically from a finite value
at the grafting plane to zero at the edge of the brush. [20,23] The aSCF model, however,
only considers the most probable conformation of quasi-infinite long chains. Fluctuations
of chain ends at the brush edge and interactions of monomers with the grafting plane
are not taken into account.
Studies with nSCF and molecular dynamics models demonstrated that in the case
of non-adsorbing polymers a depletion zone appears close to the grafting plane, as the
impermeability of the grafting plane is entropically unfavourable. [26,27,78,79] At the
edge of the brush an extended tail region is found, which is the averaged result of large
fluctuations in the conformation of the chain ends. These fluctuations originate from the
fact that the chain ends are weakly stretched in this distal region. [27] The monomer
density in the tail region is predicted to smoothly drop to zero with increasing distance
from the grafting plane. In nSCF calculations the importance of such fluctuations was
found to decrease with increasing chain length and increasing grafting density, as the
41

42

Monodisperse and Bimodal Brushes

degree of stretching of the chains increases with increasing grafting density. The nSCF
density profile oflong chains at high grafting densities thus closely resembles the parabolic
profile predicted by the aSCF model. [26]
Polymer brushes can be investigated experimentally with small angle neutron scattering (SANS) and neutron reflectivity (NR). The information obtained from NR is the
spatial distribution of components perpendicular to the reflecting interface. The characteristic length scale on which information may be obtained is roughly 1 to 1000 nm. In
NR the reflectivity is measured as a function of the wavevector component perpendicular
to the interface q = 2-KsmO/X,where Ais the neutron wavelength and 9 the angle of
reflection. The measured reflectivity R(q) depends on the neutron refractive index profile
perpendicular to the interface. [97] As the neutron refractive index is directly related to
the (average) scattering length density nb (where n is the particle number density and
bthe sum of the scattering lengths of the specific nuclei in the particle), NR probes the
number density profile n(z) with high spatial resolution. Subsequently, n(z) can be related to the volume fraction profile of the components in the interfacial layer. In the case
of polymer brushes this corresponds with the monomer density distribution throughout
the brush.
In refs. 52,53,67,69,93 and 98 the overall brush properties (the brush height H as a
function of N and a) in various systems were examined with SANS and NR. The density
profile of the brush was not considered in detail in these papers. The results of Auroy et
al. for H as a function of N and a agreed with the aSCF scaling laws [52,53], whereas
others reported no agreement with the same scaling laws. [65,69,93]
Karim et al. observed a parabolic profile, corrected with a tail region, for PS-brushes
in toluene. [56]In this study, however, a single grafting density wasinvestigated at various
solvent qualities, and the above scaling laws for H and -K were not examined. Field et al.
also considered the density profiles of PS in toluene, but had four different chain lengths
at a fixed grafting density. [80] Both studies showed a parabolic profile to fit the data
well, although Field et al. also reported a good fit with an error function.
Bijsterbosch et al. investigated PS-PEO diblock copolymers deposited on an air/D20
interface using NR. [69] The aSCF scaling laws for the brush height as a function of
a were found to disagree; a power law exponent 0.41 instead of the predicted 0.33 was
reported for the scaling relationship H ~ a". Also, the measured reflectivity of the PSPEO monolayers was not high enough to consider the density profile in detail. In the
previous chapter, however, we demonstrated that the PEO brushes do corroborate the
predicted aSCF scaling laws for the brush height and surface pressure, provided (i) long
chains are used (N > 450), (ii) the grafting density is high enough and known accurately,
and (Hi) the surface activity of the grafted chain (in this case the PEO block) is taken
into account.
In this chapter we examine the structure of the PS-PEO brushes using NR under
conditions where the aSCF scaling laws are expected to be valid, using the results of
Chapter 2. The brush of a known chain length (iV = 700) is investigated at various
grafting densities. The grafting density is varied at fixed chain length via compression
of the polymeric monolayer in a Langmuir trough. In order to interpret all data in a
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FIGURE 3.1.

agraphic representationof amonodisperse and a bimodal PEObrushat the air/water interface. Thegrayspheres representthePS anchoring
blocks, Hi andH2thethicknessofthelayerofrelatively shortandlong chains,
respectively.

consistent way, the density profiles obtained from NR-fits are compared with the nSCF
profiles using the same parameter set that gives good agreement between experimental
and numerical surface pressure isotherms, see Chapter 2.
The brush architecture can be varied by mixing two different chain lengths at a certain
mixing ratio, resulting in a so-called bimodal brush. Such brushes can be viewed upon
as model systems for polydisperse brushes, which contain several different chain lengths.
Analyses of bimodal brushes of chain lengths Ni and Ns with aSCF and nSCF models
demonstrate that, provided the ratio Ni/Ns is large and the mixing ratio within 'reasonable' limits, the brush effectively consists of two regions: (i) a proximal region close
to the grafting plane in which the shorter chains reside, and in which the longer chains
are locally highly stretched, and (ii) a distal region in which the bulk of the monomers
of the longer chains is found. [99-102] A schematic illustration of a monodisperse and
a bimodal brush is given in Figure 3.1. Variation of the grafting density, mixing ratio's
and length ratio's of the chains affects the structure of the grafted layer.
In this chapter the density profiles of bimodal PEO brushes at the air/water interface
are also analysed using NR and compared with nSCF calculations. Comparison of the
nSCF density profiles with those obtained by analysis of the NR-spectra may provide
insight in the brush architecture.
The structure of this chapter is as follows: in section 3.2 the experimental details of
the preparation of PEO brushes and the analysis of the NR-data are briefly discussed. In
section 3.3 the results for monodisperse PEO brushes are examined, in section 3.4 those
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of bimodal PEO brushes. Finally, in section 3.5 we discuss the results and present our
conclusions.
3.2.

MATERIALS AND M E T H O D

The PS-PEO block copolymers were synthesised in the group of Dr. G. Riess, Mulhouse, France. [103]The polymers used inthis study consist ofa PS block of38 monomers
and of a PEO block of 148, 250 and 700 monomers. The reported polydispersities are
1.15, 1.2 and 1.25, respectively. The block copolymers were dissolved in chloroform and
deposited on an air/D20 interface in a Langmuir trough using a Hamilton microsyringe.
The D2O (99.8 %) was purchased from Acros. The surface pressure of the interface was
measured with a Wilhelmy plate during the NR measurements. All measurements of
the spread layers were performed at room temperature. Due to the fact that a small
fraction of the polymer sample consists of PEO homopolymer, the polymer layer was
first compressed far above the saturated surface pressure of PEO, i.e. 10 m N m - 1 , as
discussed in Chapter 2 and ref. 69. This ensures that the homopolymer is forced into the
water phase, and the remaining monolayer consists solely of PS-PEO block copolymer.
The surface pressure of the resultant layer remained constant during measurement. This
indicates that the polymeric layer is stable and that no material, other than the PEO
homopolymer, is lost during measurement. More details on the preparation of PS-PEO
monolayers are given in ref. 69.
The NR measurements were performed on SURF at ISIS, Rutherford Appleton Laboratory, U.K. Three reflection angles were used, 0.4°, 0.8° and 1.5°, and the period of
measurement was 30, 100 and 200 minutes, respectively. The information obtained with
NR is the spatial distribution of components perpendicular to the reflecting interface. As
solely the specular reflectivity of the reflected beam is measured, the phase information
in plane with the reflecting interface is lost. The specular reflectivity is measured as a
function of the wave vector component perpendicular to the interface q = (27r/A)sin0,
where Ais the neutron wavelength and 9 the angle of reflection. The reflectivity R{q)
depends upon the neutron refractive index profile perpendicular to the interface, here
defined as the ^-direction. The neutron refractive index is directly related to the scattering length density (SLD) T = Aimb, where n is the particle number density and b the
sum of the scattering lengths of the specific nuclei in the particle.
Since the phase information is lost in the neutron detection, inversion from a certain
reflectivity spectrum R(q) to a SLD profile is not direct, and is usually done by fitting a
chosen model to the experimental data. The model of the SLD depth profile is divided
in a predetermined number of layers. The thickness, SLD and interfacial roughness of
each layer can be fitted to the experimental data. Under the assumption of ideal mixing
(no volume contraction upon dissolvement) the SLD profile of a polymer adsorbed or
end-grafted at the air-solvent interface can be expressed in the volume fraction p(z) of
the polymer, the SLD Tpof pure polymer and that of pure solvent Ts,according to
(3.1)

T(z)=p(z)Tp + (l-p(z))Ts
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To summarise, the measured neutron reflectivity of the grafted polymeric layer can be
related to a depth profile of the polymer volume fraction.
In this chapter the NR-spectra were interpreted using weighted least-squares fitting
of the calculated reflectivity of the presupposed model to the experimental data. The
NR-spectra of the monodisperse brush in D2O were analysed using two models for the
volume fraction of the tail region, namely a parabolic profile,
(3-2)

p(z) = p(0) ( l - - ^

for z < H, and a block profile (single layer) with roughness
(3.3)

p(z) =Pb(l-

erf((z - #)/ft%/2))

where pi,is the volume fraction of the polymer block, and H is the brush thickness. The
tail region of the adsorbed polymers is modelled by an error function [104],for which ft is
a measure for the decay length of the roughness. During fitting, the error function is cut
off within the thickness of the smallest layer. Therefore, ft should be smaller than the
layer thickness not to give large discontinuities in p(z). In the case of bimodal brushes
p(z) is simply the sum of either two parabolic profiles, two block profiles or a combination
of both, with each parabola characterised by p(0) and H, and each block by pt,,H and
ftThe interface of the solution with the air was also modelled with an error function,
resulting in the following model for the SLD
(3.4)

T(z) = (p{z)Tp + (1- p(z))Ts) erf(z/ ftn t>/2)

In the PS-PEO monolayer the roughness of the interface consists of three contributions:
(i) the generic roughness of an air/water interface, (it) the monolayer of adsorbed PEO
at the interface, and (Hi) the collapsed PS blocks. Characterisation of these three contributions with a single parameter Qnt would appear to be incomplete, as there seems to
be no direct relationship between the PS blocks, the adsorbed PEO layer and ftnt. There
are two arguments, however, that support the choice to model the above contributions
to the total SLD with a single roughness parameter. First, neutrons with a wave vector
component perpendicular to the interface q probe length scales in the ^-direction in the
order of -ir/q. Because the contribution ofthe neutrons in a high g-rangeto the reflectivity
is relatively small, the (/-range in which relevant information is obtained is limited by the
the background signal. In our case this background signal was found to be the dominant
contribution for values of q larger than 1.2 n m _ 1 . Thus, the information obtained from
the reflectivity profile on the structure of the interface is limited. The second argument
is that TpEo and Tps are small compared to FD 2 O (rpEO is 0.75 10~ 3 nm~ 2 , that of
PS 1.76 10" 3 nm" 2 , whereas that of D 2 0 is 7.96 1 0 - 3 nm" 2 ). It is therefore mainly
solvent depletion (the second term in Eq.(3.4)) that determines the total SLD near the
air/water interface. The conclusion of both arguments is that the overall contribution
of the PS and PEO to the SLD at the air/water interface is small as compared to the
SLD of the thick brush layer, so that the interfacial roughness can be approximated by
a single roughness parameter.
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FIGURE 3.2.

R(q) ofthePEO brushes (N — 700j plotted semi-logarithmically
as afunction ofq (in nrrC1)for 18 nm2 perPS-PEO molecule (open circles)
and6 nrn2 (closedcircles),togetherwith that of D2O(diamonds).

In the experiments presented in this chapter the brush region isthe subject of interest,
rather than the thin adsorbed surface layer. If instead one would be interested the structure of this thin layer, then it can be highlighted by selectively substituting deuterium
atoms for hydrogen atoms in the polymer groups of interest in combination with solvent
contrast variation. This is already a well established technique in revealing thin layer
structures. [105]
The nSCF calculations were done with the Scheutjens-Fleer self-consistent-field lattice
model, as discussed in Chapter 2. The same parameter set is used as that for the
modelling of the surface pressure isotherms (see Figure 2.2).
3.3.

MONODISPERSE BRUSHES

The NR-spectra of monodisperse PEO brushes (N = 700) were measured at four
grafting densities, all in the brush regime according to the surface pressure isotherms
(i.e. 7r> 10m N m - 1 , see Chapter 2). The measured reflectivities R of the PS-PEO layer
are plotted semi-logarithmically in Figure 3.2 for two grafting densities as a function of
q, together with the reflectivity of pure D2O. The curve drawn through the symbols is a
guide to the eye. The inset in Figure 3.2 shows a part of R(q) at low values of qin more
detail. It is clear that the reflectivity curve of PEO is significantly more irregular than
the smooth Fresnel curve of D2O, and that this irregularity is enhanced with increasing
grafting density.
This enhanced irregularity is observed more clearly in Figure 3.3, in which the ratio
of the reflectivities R(q) and that of the D 2 0 bulk phase Ro^o{q) is plotted for three
grafting densities. Evidently, as a increases the ratio R/RD2O is expected to decrease,
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3.3. R(q) of the PEO brushes(N — 700,) plottedwith respect tothat
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R(q) of the PEO brushes(N = 700,)plotted asRqA, with errorbars.Forclarity, the datacorresponding to11.8 nm2 and18 nm2 per molecule
have been shiftedupwards by10 - 6 and210 - 6 ,respectively.
FIGURE 3.4.

as TPEO < ^D2o- This is seen in Figure 3.3, in which R/RD2O decreases strongly with
decreasing area per molecule.
In Figure 3.4 R{q)qA is plotted as a function of q. We remark that for clarity 2 1 0 - 6
has been added to the value of R(q)q4 in the spectrum corresponding with 18 nm 2 per
molecule, and 1 0 - 6 to that corresponding with 11.8 nm 2 per molecule in Figure 3.4.
Representation of the grafted PEO layer as a single block with an uniform scattering
length density, i.e. a grafted layer of constant monomer density with no roughness, gave
no reasonable fit of the NR-spectra for any value of a. This implies that the decrease
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parabola

Sint

H

P

ft

0.27(2)
1.01(2)
0.97(2)
1.16(3)
1.12(2)
1.20(2)
1.20(2)
1.61(2)
1.59(2)

26.3(8)
34(1)
33(1)
41(1)
33.3(6)
44.4(9)
40(1)
52.2(6)

0.0818(3)
0.0818(4)
0.12(1)
0.0938(4)
0.121(3)
0.106(4)
0.167(3)
0.133(5)

8(1)
11(1)
10.1(7)
10.1(9)

r D2 o- io 3

x2

7.96(2)
7.35(2)
7.33(2)
7.44(2)
7.38(2)
7.35(2)
7.19(2)
7.26(2)
7.07(2)

1
0.41
1.10
0.54
0.67
0.54
0.80
1.72
0.94

TABLE 3.1. NR-fit

resultsfor monodisperse PEO-brushesofN = 700, with
the surface pressure -IT (rnNmT1), surfaceroughness Qnt (nm), brushheight H
(nm), monomer density p, roughnessblock Ci (nm), scatteringlengthdensity
solvent (nm~2) andfit quality x2 with respectto the fit ofpure D2O.The
notation 0.27(2) denotes0.27 ± 0.02.

in monomer density in the brush is gradual and not abrupt, in agreement with earlier
results. [56,80] In Table 3.1 the values of the fit parameters that give the best fit for a
parabolic profile and for a block with roughness are listed. The corresponding areas per
molecule are given, together with the surface pressure of the polymeric monolayer (in
m N m - 1 ) . The ftnt is the roughness of the interface (nm), H is the height of either the
parabolic profile or the block (nm), p is either the (dimensionless) monomer density at
the interface (p(0) in the case of a parabolic profile, or the block density pi,in the case
of a block profile), r o 2 o is the scattering length density of the subphase, and \2 is the
fit quality, renormalised with respect to the \2 °f the pure D20-fit. The overall best fit
(parabolic or rough block) for a given grafting density, corresponding to the lowest value
of x2, is shown in bold face in Table3.1.
As discussed in section 3.2, the roughness of the interface of the PS-PEO monolayer
consists of three contributions: (t) the generic roughness of an air/water interface, (ii)
the monolayer of adsorbed PEOat the interface, and (tit) the collapsed PS blocks. Inthe
brush regime the first twocontributions to the interface roughness remain approximately
constant as a increases, the third evidently increases with increasing a. As these three
contributions are modelled by Q n t, <Tmt is expected to increase with increasing a. This
is confirmed in Table 3.1,where <;int is seen to increase with decreasing area per PEO
chain.
It isinstructive to compare the reflectivity curves ofthe fits ofthe parabolic and block
profiles with the experimental measured reflectivities. In Figure 3.5 the curves of the
best parabolic fits are plotted as R(q)qi vs qfor three grafting densities, namely 6, 11.8
and 18nm 2 per molecule in the low q-range. (In the following, low <rdenotes the lowest
measured grafting density and high a the highest measured. It does not characterise the
difference between the coil and brush regime.) The solid curves denote the calculated
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FIGURE 3.6. The measured reflectivities for three areasper molecule (symbols)
and calculated reflectivities (solid curves) of the best block fit.

reflectivities of the best parabolic fits, the symbols are the measured reflectivities. In
Figure 3.6 the same is done for the fits of block profiles with roughness. From Figure
3.5 it is clear that at low a (18 nm 2 ) a parabolic reflectivity curve does not match the
reflectivity well, whereas at the highest a (6 nm 2 ) the match is quite good. In contrast,
in Figure 3.6 the match between the reflectivity of the block profile and the experimental
reflectivity is rather good at low grafting densities, and lessens as the grafting density
increases.
From Table 3.1 and Figures 3.5 and 3.6 it can be concluded that the best fit for the
three lower a is a block with a significant degree ofroughness, whereas that of the highest
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FIGURE

a is a parabolic fit. However, the difference in fit quality between a parabolic and block
profile at the two intermediate values of a is small, whereas the difference in fit quality
at the highest and lowest a between both profiles is significant. This indicates that the
density decay in the PEO brush at high a is predominantly parabolic, whereas at low
a it is block-like close to the grafting surface and decays smoothly at the brush edge.
At intermediate a the NR-data suggest that the density profile contains features of both
profiles.
We can now compare the monomer density profiles obtained from the best fits of the
NR-spectra (either parabolic or a rough block) with the profiles predicted by the nSCF
model. In Figure 3.7 the profiles are plotted for same densities as those in Figures 3.5
and 3.6. The dashed curves denote the profiles obtained from the best NR-fits, the solid
curves are the nSCF profiles for the same parameters as used in the isotherms in Figure
2.2. The distal tail region, in which the density decreases smoothly towards zero, is
found to be relatively extensive in the nSCF profile at the lowest <r, i.e. 18 nm 2 per
molecule. It can be expected that, provided that the PEO brush indeed has a tail region
at this grafting density, it contributes significantly to the reflectivity spectrum. As the
grafting density increases the distal region diminishes in size in the nSCF profiles and
the density profile 'steepens'. At the highest a (6 nm 2 per molecule) the contribution of
the distal tail region to the nSCF density profile is negligible, and the parabolic decay
of the density is the prominent feature. Therefore, in this grafting regime the parabolic
decrease in density may be expected to be the dominant contribution to the reflectivity
spectrum of the brush, and the contribution of the tail region may be expected to be
negligible.
This corroborates the observed profiles of the best fits of the NR-data, see Table 3.1
and Figure 3.7. At low a a block profile with a significant roughness resembles the
nSCF profile nicely. At the highest a the form of the parabolic profile agrees with the
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4

nSCF profile, although the predicted nSCF density is somewhat higher than that of the
parabolic fit. At intermediate a the quantitative agreement between the density profiles
is less satisfactory. It can be seen that in this regime the predicted nSCF profile contains
features of both (asymptotic) models fitted to the NR-data. It can thus be argued that,
due to this combination of features, the quantitative agreement is less than in the case
where the nSCF profile corresponds closely to a fitted (asymptotic) model.
To verify this, we have calculated the R{q)qi directly from the nSCF profile at a
density 11.8 nm 2 per molecule (intermediate a). To do this, we have used values for
TD2O and Q„t equal to those obtained in experimental fits. Again we stress that, apart
from insertion of the above parameters, no nSCF parameter has been fitted. In Figure
3.8 we have plotted R(q)q4 vs. qfor the parabolic fit (short dashes), rough block fit (long
dashes) and nSCF model (thick curve), together with the experimental data (dots). The
length scale investigated in the (/-range in the figure, given by n/q, corresponds to the
distance from the grafting plane at which the characteristic density gradient is found (10
- 30 nm). As seen in Figure 3.8, the reflectivity of the nSCF model follows the curve of
the experimental data quite nicely. The optimised fits of a parabolic and block profile,
however, have a grange in which the deviation from the experimental data is significant.
These ranges are indicated in the figure by arrows. Although the effects are subtle,
Figure 3.8 indicates that in the intermediate cr-regime the nSCF profile, which combines
features of the asymptotic block and parabolic model, is a better representation of the
experimental density profile than either asymptotic model.
We can thus conclude that a true parabolic density profile, predicted by the aSCF
model, is only obtained in brushes of iV ~ 103 at relatively high a. At low and intermediate values of a the profile is 'flattened' and the tail region, in which the density
smoothly decays to zero, is relatively important. As mentioned in section 3.1,the distal
tail region originates from fluctuations in the conformation of weakly stretched chain
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®exp

6.0 nm 2
11.9 nm 2
14.5 nm 2
18.4 nm 2

°?

5.5 nm 2
8.4 nm 2
10.3 nm 2
16.3 nm 2

°?

5.0 nm 2
8.7 nm 2
11.2 nm 2
19.9 nm 2

TABLE 3.2.

The area per molecule according to NR-fits, where av is that of
theparabolic modelandcr^1 that of the rough block model.

ends. Our results indicate that fluctuations of the chain ends of the grafted chains contribute strongly to the structure of the grafted layer up to high grafting densities. This
outcome agrees with the nSCF calculations of Wijmans et al. [26]
One could suggest that c& is a measure for the strength of the density fluctuations in
the grafted layer. However, as shown in Table 3.1,Q, is relatively constant as a increases.
A better measure, in our opinion, is the ratio ft/if. At low a the ratio ft/iJ is high and
the structure of the grafted layer is strongly determined by the fluctuations. As ft/if
decreases with increasingCT,the relative importance of the fluctuations decreases and the
structure becomes increasingly parabolic. Evidently, a true parabolic structure is found
in the asymptotic limit c^jH = 0.
We remark that the other correction to the parabolic aSCF profiles, the depletion zone
near the grafting plane, does not apply to our measurements. As we have mentioned,
PEO strongly adsorbs to the air/water interface. [69,85] A depletion zone only occurs
when the grafted polymer does not adsorb to the grafting plane, and is not formed in
our system.
It is interesting to determine whether the total monomer density, as obtained by
fitting a block and parabolic model to the NR-data, corresponds with that deposited
experimentally. Such an integration is used in some studies to determine er, as this
quantity is unknown during the measurement. [93] In Table 3.2 this amount is given for
both fitted models, expressed as the area per molecule. It is clear that the agreement
between the deposited amount and that according to the NR-fit is reasonable for the
parabolic model at the highest grafting density and for the rough block at the lowest.
At intermediate densities, however, the deposited and estimated amounts differ up to 30
%. This demonstrates that simultaneous determination of the brush structure and total
deposited amount from NR-data is sensitive to the applied model. Moreover, in the case
that the fitted model is not suitable for the investigated density regime, the obtained
values for a via fitting of the NR-data can deviate significantly from the experimental
values.
Finally, it can be checked whether the aSCF scaling law for the brush height as a
function of the grafting density, H ~ a1/3, is also obeyed in these NR-measurements.
In the previous chapter the aSCF scaling law was concluded to be correct for long PEO
chains. If H, obtained by fitting a parabolic profile, is plotted as a function of a an
exponent of 0.36 is found. Interestingly, fitting the results of the rough block yields the
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Bbl
Bb2
Bb3
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Ni,Ns
mixing ratio l:s jj measured
700,148
1:5
700,250
1:5
700,148
1:3

densities

4
5
3

TABLE 3.3. The examined bimodal brush layers

same power law exponent. The height of the layer in the rough block model and that
in the parabolic model are found to vary by a constant for the four measured densities,
namely 1.3. Although the number of data points is limited, the results corroborate our
previous conclusion that the aSCF scaling law of H as a function of a is valid in the
investigated regime.
3.4.

BIMODAL BRUSHES

We continue with the analysis of the NR-data for bimodal PEO brushes. Three
samples were measured at various grafting densities. The chain lengths, mixing ratio's
and number of measurements are listed in Table 3.3. The ratio of chain lengths Ni and
Ns in the series Bbl and Bb3is approximately 5,that in Bb2 approximately 3. According
to the predictions of the aSCF and nSCF models, such ratio's should result in bimodal
brush structures. [100,101]
The NR-data were fitted to models consisting of a single block or two blocks with and
without roughness, a single and two parabola's, and a combination of a parabola and a
block. The total monomer density at a given distance z is simply the sum of the densities
of both blocks in the diblock or double parabola model at that distance (or the density
of the longer block if z > ifi, where Hi is the height of the brush formed by the shorter
chains, see Figure 3.1). In general, a single block or two blocks without roughness did
not give a good fit of the NR-data, similar to the NR-fits of the monodisperse brush in
section 3.3. Moreover, modelling the layer with a single block and single parabola gave
fits of significant less quality than modelling it with two blocks or parabola's.
In the Bbl-series the fit quality of a model of two parabola's and two rough blocks was,
roughly speaking, equivalent. The values for the biparabola fit parameters are listed in
Table 3.4. In Figure 3.9 Rq4 is plotted vs. qfor a part of the g-range. The points denote
the experimental reflectivities, the solid curves are the best fit of a biparabola model.
The dashed curves through the experimental points are a guide to the eye. It can be seen
in Figure 3.9 that the the fitted reflectivities agree quite nicely with the measured ones,
although at some values of qthe measured reflectivities significantly differ from the fitted.
The same result is obtained found when the reflectivities of a model of two blocks are
compared with the experimental. This entails that representation of the grafted layer as
either a biparabolic structure or the sum of two blocks with an Gaussian-like tail region
is reasonable, but does not fully represent the density profiles in the grafted layer.
As can be seen in Figure 3.9, the area per chain of the long chains is quite large,
whereas that of the short is relatively small. The large difference in relative grafting
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X2
0.85
1.66
1.26
0.75

15, 75 nm
10, 50 nm 2
7, 35 nm 2
5, 25 nm 2

11.0 0.063(2)
11.9 0.099(3)
16.0 0.105(2)
22.3 0.104(3)

7(1)
7.1(9)
8.5(6)
12.0(4)

0.0198(3)
0.0470(3)
0.0472(4)
0.0602(3)

H2
27.8(6)
28.3(8)
32.4(6)
34.3(8)

15, 75 nm 2
12, 60 nm 2
10, 50 nm 2
8, 40 nm 2
6.5, 32.5 nm 2

12.1
13.0
14.2
16.4
21.0

0.0275(2)
0.0475(3)
0.048(3)
0.0544(2)
0.0694(3)

11(1)
10.2(9)
14(1)
14.8(8)
19.7(6)

0.0468(3)
0.0535(4)
0.0643(3)
0.0696(4)
0.080(3)

27.8(8)
26.9(6)
30.0(8)
31.9(6)
37.4(8)

0.59
0.54
0.42
0.78
0.75

10, 30 nm 2
7, 21 nm 2
5, 15 nm 2

12.1 0.274(4)
14.7 0.0184(4)
22.3 0.0629(3)

1(1)
8(1)
11.1(4)

0.0636(2)
0.0743(3)
0.100(2)

29.0(6)
31.3(5)
41.3(8)

1.21
0.95
0.69

IT
2

TABLE 3.4.

Pi

# i

Pi

Resultsfor biparabola fits for Bbl-, Bb2- and Bb3-series
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0.1
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Rq4 vsqfor theBbl-series atthree grafting densities. Thepoints
denote the experimenal reflectivities connectedby a dashedcurve, thesolid
curvesthe reflectivitiesof the bestfitsof a biparabolic model.

FIGURE 3.9.

density between the short and long chains, however, could result in a parabolic structure
close to the interface and a more block-like structure in the distal region. This should
corroborate the density profile for the monodisperse brush at low a, discussed in the
previous section. To check this, we also fitted the NR-data to a model consisting of a
combination of a parabola and a rough block. For the two lowest grafting densities in the
Bbl-series this combination gave a slightly better result than a double parabola, for the
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The nSCF densityprofiles (solid curves)andprofiles ofthe best
NR-fits (dashedcurves)for the two lowgrafting densities in the Bbl-series.

two high values of a the result was approximately equivalent. The subtle difference in
the reflectivity spectra of both models is shown in Figure 3.10 for low a and high a. At
low a the biparabolic model has a small but significant deviation from the experimental
NR-data at intermediate values of q. This deviation is located at higher values of q than
the deviation found for a single parabolic model in Figure 3.8. As the grafting density of
the long chains in the Bbl-series at low a is lower than that in the monodisperse brush
(75 nm 2 and ± 15 nm 2 , respectively) the brushes are less stretched and the g-regime
containing information on the density distribution is shifted to larger values of q.
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ThenSCF densityprofiles (solid curves)andprofiles ofthe best
NR-fits (dashedcurves)for the twohighgraftingdensities in the Bbl-series.

In Figure 3.11 the nSCF density profiles for the two lower grafting densities of the
Bbl-series are compared to the profile resulting from fitting a parabola-block model. In
Figure 3.12 the nSCF profiles are compared to those ofthe biparabolic model for the high
grafting densities. As mentioned in section 3.2, no free parameters were used to obtain
the nSCF density distributions. In the nSCF profiles the monomer density decreases
strongly in the inner layer of the bimodal brush, whereas the decay is more gradual in
the periphery. This feature is also observed in the NR-profiles. A remarkable feature
of both Figures 3.11 and 3.12 is the fact that the height of the inner and outer layers,
obtained by fitting the NR-data, is in good agreement with the nSCF profiles. Although
the bimodal structure in the nSCF profiles is considerably less pronounced at low values
of a than at high, the fitted thickness of the inner layer agrees well with the predicted
thickness. The boundary of the inner layer, i.e. Hi, corresponds to a sharp change in the
density gradient. It appears that the NR-fits are sensitive to the position of this density
gradient. The quantitative agreement of the density profiles is good at high grafting
densities, but less satisfactory at lower. The reason for this may be the low overall
monomer densities in the periphery in this regime, and subsequent small difference in
scattering length densities of the polymer layer and subphase.
In Figure 3.13 the profiles of the best NR-fits of the Bb2-series and the concurrent
nSCF density profiles are plotted for three grafting densities. The best fit at low a is
that of a parabola-block, at higher densities the best fit is obtained with 2 parabola's.
As shown in Table 3.2, the mixing ratio of this series is the same as that of the Bbl-series
(i.e. long : short 1:5), but the short block consists of 250 instead of 148monomers. It is
therefore expected that Hi and H2 differ less than in the Bbl-series. This is confirmed
by the fits of the NR-data. As is the case for the Bbl-series, the agreement of Hi and
Hi of the NR-fits and the nSCF profiles is good, whereas the quantitative agreement of
the monomer density distributions is less.
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In Figure 3.14 the same is done for the Bb3-series. The length ratio is the same as
in the Bbl-series, but the mixing ratio is 1:3, whereas it is 1:5 in the Bbl-series. As a
result, the contribution of the smaller chains in the Bb3-series to the density profile is
significantly less than in the Bbl-series. This is clear from the nSCF profiles in Figure
3.14. At the lowest a the contribution of the short chains to the nSCF density profile is
small. This is reflected in the fitted value of Hi in Table 3.4. No reasonable value for
Hi was found using a model consisting of two parabola's, two blocks or a combination
of both. With increasing a the contribution of the short chains increases, and the quality of the biparabolic fit subsequently increases. Thus, the layer structure, determined
experimentally from NR, is consistent with a bimodal structure in the case that in the
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nSCF density profile a proximal and distal regime can explicitely be distinguished. At
the lowest a the fit of a model consisting of a single and double parabola is roughly
equivalent. In this case the (subtle) bimodal structure, as observed in the nSCF profile,
is not obtained from the NR-data analysis.
It is interesting to examine to what extent the long block is additionally stretched due
to the presence of the shorter chains. In other words, how far out is the longer chain
pushed by the underlying layer. In Figure 3.15 the total height of the bimodal brushes,
i.e. i?2; is shown as a function of the area per long chain. The curve is the power law
fit of the parabolic modelled thickness of the monodisperse brush as a function of the
area per chain. It is clear that the total brush thickness in the Bbl- and Bb2-series is
significantly larger than that of the monodisperse brush, whereas that of the Bb3-series
is comparable to it. Moreover, the additional extension of the Bbl-series is lessthan that
of the Bb2-series.
The results in Figure 3.15 can be understood by considering the mixing and chain
length ratio's. The mixing ratio of the Bbl- and Bb2-series is equal, but the length of
the short block is 148and 250, respectively. This difference causes the height of the inner
layer in the Bb2-series to be higher than that in Bbl at a given grafting density, and the
outer layer to be pushed further from the grafting plane. The length ratio's of the Bbland Bb3-series are equal, but the mixing ratio is 1:5 and 1:3, respectively. At a given
area per long chain, the number of grafted short chains is much less in the Bb3-series,
and therefore the additional stretching of the long chains is less. As follows from Figure
3.15 the number of short chains in the Bb3-series is not high enough to cause a significant
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increase in extension with respect to the monodisperse brush. Therefore, as expected,
the thickness of the bimodal brush at a given grafting density of long chains increases
with increasing length and increasing grafting density of the shorter chains.
Finally, as predicted by aSCF models for bimodal brushes, the same power law should
hold for the overall height as a function of a in a bimodal brush, at fixed length and
mixing ratio, as the one applicable to a monodisperse brush, i.e. H ~ cr1/3. [99,100] In
Figure 3.16 the overall brush height is plotted as a function of the area per long chain in
a double-logarithmic plot. The solid line is the best fit of the data of the monodisperse
PEO brush using a parabolic model, the symbols are the results for bimodal brushes.
It is clear that the results of the Bbl- and Bb2-series roughly follow the aSCF power
law, with the exception of the lowest grafting density. This 'exception', however, is not
surprising: at this a the surface pressure is not far above the saturated surface pressure
of PEO and the PEO chains are only partially 'pushed' into the water phase. Thus, the
condition of strong stretching of the chains is not met, and the power law for brushes is
not obeyed.
3.5.

DISCUSSION AND CONCLUSIONS

In this chapter we have investigated both monodisperse and bimodal PEO-brushes
at the air/water interface with neutron reflectivity (NR). Analysis of the NR-data using
various models and comparison of the resulting NR density profiles with theoretical
predictions yields insight in the structure of such grafted layers and how the structure
may be controlled.
Monodisperse PEO brushes, consisting of chains of uniform length, are investigated at
several (high) grafting densities. Previous examination of the surface pressure isotherms
in Chapter 2 demonstrated that at these grafting densities the grafted layer is expected
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to assume a brush conformation. Analysis of the NR-data shows that at relatively low
grafting densities the monomer density profile of the brush is rather flat and has an
extended tail region, in which the monomer density smoothly decays to zero. As the
grafting density increases, the gradient in monomer density increases, and at high grafting
density the profile is predominantly parabolic. This parabolic profile has been predicted
by aSCF models for brushes. The overall increase of the brush height with increasing
grafting density is found to obey the aSCF scaling law, i.e. H ~ a1/3.
Our results for monodisperse brushes corroborate, and improve upon, the results for
PEO brushes of Bijsterbosch et al. [69] They contradict, however, those of Richards et
al.,who concluded that neutron reflectivity is not suitable for investigating the structure
of a hydrogenated polymer layer on D2O. [65]In this chapter we have demonstrated that
not only can the height of a hydrogenated PEO brush on D2O be examined with NR,
but also the internal structure of the brush. The reason for the failure of Richards et
al. to find a brush-like structure of polymethyl-methylacrylate polyethylene-oxide block
copolymers spread at the air/water interface is simple: their NR-measurements were
performed at surface pressures up to 6 m N m - 1 , whereas our measurements were done at
significantly higher surface pressures (see Table 3.1). Thus, in the study of Richards et al.
the grafting densities are low, sothat adsorption of PEO chains to the air/water interface
results in flat structures, also known as 'pancakes'. [69] As shown in this chapter, a true
parabolic density profile in the brush is only obtained at very high grafting densities,
of order 10 mg m - 2 . The grafting densities measured by Richards et al. were 0.6 and
1.2 mg m - 2 . Clearly, a brush structure cannot be expected at such low densities for
adsorbing polymers.
Bimodal brushes were made by mixing two PEO lengths at a given mixing ratio.
Analysis of NR-data of such bimodal brushes clearly revealed the bimodal structure of
the PEO layer. The small chains are found close to the surface, whereas the long chains
protrude through this proximal layer into the bulk phase. It is shown that at a given area
per long PEO chain the long chains in a bimodal brush are more strongly stretched than
those in a monodisperse brush, due to the presence of the grafted short chains. This
additional stretching increases with increasing number of short chains per long chain,
and increasing length of the short chains.
The experimental monomer density profiles, obtained by fitting the NR-data to several
models, are compared with the density profiles predicted by the numerical ScheutjensFleer self-consistent-field (nSCF) model. Good agreement between the surface pressure
isotherms of monodisperse brushes in the nSCF model and the experimental isotherms
demonstrates that thermodynamic variables, such as the surface pressure, are correctly
modelled in the nSCF model. Good agreement between the nSCF model and the experimental results is also found for structural properties, i.e. the monomer density profiles.
From analysis of the NR-data it is concluded that the density profile of a monodisperse
brush at low grafting density is a relatively flat profile with an extended tail region. This
experimental density profile corresponds quantitively with the numerical profile. At high
grafting density the best fit of the NR-data is a parabolic profile, which also agrees well
with the numerical. At intermediate grafting densities the numerical profiles display both
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a parabolic decay in monomer density and an extended tail region. This is mirrored by
the equal fit quality of the NR-data of a parabolic model and a model consisting of a
block with extended tail region.
In the case of bimodal brushes the agreement between the NR-data and nSCF profiles
for the thickness of both the inner and outer layer is quite good. The quantitative
agreement ofthe density profiles, however, islessgood than that ofmonodisperse brushes.
It is shown that in the case that two density regions can not be clearly discerned in the
nSCF density profile, a bimodal density profile does not fit the NR-data well.
A small comment can be made with respect to lateral inhomogeneities in the bimodal
brush layer. One may ask whether the long and short PEO chains can phase separate
into regions relatively rich in short chains and regions relatively rich in long chains.
Such phase separation was never observed in the surface pressure isotherms or with
Brewster angle microscopy. It can be argued, however, that such phase separation does
not occur in the PEO bimodal brushes. Phase separation generally originates from
unfavourable energetic interactions, and is tempered by the mixing entropy. In the case
of chemically different grafted chains (i.e. PS-PEO and PS-PVP), such unfavourable
energetic interactions may be expected. However, as in our study the short and long
chains are chemically equivalent, such unfavourable interactions are not present and the
mixing entropy ensures a homogeneous monolayer.
We conclude that the combination of NR with nSCF models is an excellent technique
for investigating the internal structure of grafted polymeric layers in contact with a
solvent in detail. Experimental verification of the predicted layer structure using NR
demonstrates the predictive power of nSCF models, whereas comparison ofthe numerical
results with results obtained from fitting various models to the NR-data demonstrates
the detail in structure that can be discerned with NR.
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CHAPTER 4

Annealed Brushes
ABSTRACT

Brushes consisting of polystyrene-polyacrylic acid (PS-PAA) diblock copolymers were investigated experimentally using three different techniques. The
surface pressure 7r ofthe block copolymers at the air/water interface wasmeasured as a function of a for varying salt concentration, PAA chain length and
pH. It is concluded that the scaling behaviour of 7T(<T) of long PAA-chains
in the SB-regime agrees with analytical mean-field models. The scaling behaviour of 7T((T)in the OsB-regime was not observed, due to adsorption of the
polyacid chains to the air/water interface. Comparison of the PS-PAA surface pressure isotherms at low pH and no salt with those of PS-PEO diblock
copolymers suggests an adsorption/desorption transition inthe PS-PAAlayer,
as the lateral fluctuations in monomer density in the PS-PAA and PS-PEO
monolayer are similar. The titration of PAA-brushes in the OsB-regime was
followed with reflectometry. The titration curve is observed to shift towards
higher pH-valueswith increasing <r,as predicted by scaling and aSCF models
for annealed brushes. Finally, the thickness of PAA-brushes was measured
with ellipsometry as a function of pH, ionic strength and grafting density. It
isfoundthat at a given pHthebrush thicknessdependsnon-monotonicallyon
the ionic strength I, i.e. it initially increases and subsequently decreases with
increasing ionic strength. This behaviour agrees with theoretical predictions
for annealed brushes in the OsB-regime. The experimental scaling exponent
v in the power law H ~ /" (±0.1) is less than that predicted theoretically
(1/3) for the OsB-regime.

4.1.

INTRODUCTION

In Chapter 2and 3the structural and thermodynamic properties ofneutral, adsorbing
polymers tethered to a surface or an interface and in contact with a good solvent have
been examined in some detail. As briefly discussed in Chapter 1, the behaviour of annealedbrushes is more complex than that of neutral polymers, as the intrinsic properties
ofthe chains do not only depend on the solvent quality but also on the local environment.
A good example of annealed brushes is the case of densely grafted, weak-acidic polymers.
The (average) fraction of charged monomers a in such brushes is predicted to depend not
only on the pH, but also on the grafting density a and the salt concentration. [34-36] The
result is that the strength of osmotic interactions between monomers, which depends on
a, may become a function of a. In contrast, the strength of osmotic interactions between
monomers in a neutral brush solely depends on the solvent quality, and is independent of
a. Two brush regimes for grafted, weak-acidic chains are distinguished as a function of
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the salt concentration: (i) the annealed osmotic brush regime (OsB) at low salt concentrations, where the average degree of dissociation a in the brush is much less than the
value a:;, in the bulk, and (ii) the salted brush regime (SB) at high salt concentrations,
in which a « a&.
As mentioned in Chapter 1,the scaling behaviour of7r(c) and H{a) for polyelectrolyte
brushes in the SB-regime is predicted to be similar to that of neutral brushes, with the
monomer-monomer virial coefficient VQ replaced by an effective coefficient vo ~ af/n2.
[25,34,36] The thickness of NaPSS brushes was investigated experimentally by Guenoun
et al. as a function of the ionic strength at constant grafting density. [71]They concluded
that in the SB-regime H decreases as a function of the ionic strength with the predicted
scaling exponent -1/3. Surface pressure isotherms of block copolymers with a long hydrophobic (polyethylene) and hydrophilic (NaPSS) block were measured by Ahrens et
al. [106] However, due to the combined contribution of the anchoring and bouy block to
•K, investigation of power law exponents of 7r(cr) and subsequent identification of conformational regimes was not possible. The thickness of a polybase brush was investigated
with NR by An et al. [107] The brush thickness at fixed grafting density was found to
increase with increasing pH, i.e increasing fraction of charged monomers. However, the
results were not compared to any scaling law for annealed brushes in the OsB-regime.
As we have seen in Chapter 2, valuable information concerning the conformation
of grafted polymers may be obtained from analysis of surface pressure isotherms. To
this end the ir(a)-isotherms of PS-PAA block copolymers are analysed at various salt
concentrations and pH for two different PAA-block lengths. As is the case for the PSPEO block copolymers investigated in ref. 69 and Chapter 2, the PS anchor block is
small compared to the PAA-block and does not contribute to TV.
PAA-brushes are also examined using reflectometry. In general, reflectometry is applied for quantitative investigation of adsorption of polymers or proteins from a bulk
solution on a substrate. [108] In section 4.3 we will demonstrate that reflectometry can
also be used to obtain information on the (average) charge density in a layer adjacent
to the substrate. This leads to titration isotherms of PAA brushes at various grafting
densities and low ionic strength.
Finally, the thickness of a grafted PAA-brush at fixed grafting density and varying
pH and ionic strength is measured with ellipsometry. Using this technique, we can
experimentally check the theoretically predicted non-monotonic behaviour of the PAA
brush thickness as a function of the grafting density, ionic strength and pH.

4.2.

SURFACE PRESSURE ISOTHERMS

4.2.1. M a t e r i a l s & Method
The PS-PAA block copolymers were synthesised by Polymer Source Inc., Quebec. The
investigated block copolymer samples are PS(33)-PAA(368) and PS(36)-PAA(122), and
were used as received. The size of the blocks denotes the number of monomers. The
reported polydispersities were 1.06 and 1.05. The block copolymer was first dissolved
during two days at 60 °C in dioxane, after which toluene was added to obtain a solution
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FIGURE 4.1. The bulk degree of dissociation ctb of PAA as a function of the
pH for three salt concentrations.

of 1gl _ 1 in a 60%/40% dioxane/toluene mixture. This mixing of solvents is necessary as
PAA does not dissolve in the usual organic spreading solvents, such as pure chloroform
or toluene, due to its polarity. With this mix of solvents the density of the spreading
solution is lower than that of water, which facilitates deposition. Also, the solvent is
sufficiently hydrophobic to prevent loss during spreading. It must be remarked that aged
solutions showed hysteresis in the surface pressure isotherms, which is attributed to slow
coagulation of the diblock copolymer. Therefore, only the reversible results of freshly
prepared solutions are discussed.
Deposition of the polymer solution on the air/water interface in a Langmuir trough
was done with a Hamilton precision microsyringe, after which the toluene was allowed
to evaporate for approximately 1/2 hour. Typically, 50-100 /d of polymer solution
was deposited on the trough interface (600-80 cm 2 ). The surface pressure measurements were performed with a teflon Langmuir film balance with a moving barrier. The
(de)compression rate was standard 10 m m V 1 , the temperature 296 ± 0.5 °K. The surface pressure was measured continuously with a Wilhelmy platinum plate tensiometer.
The sensitivity of the tensiometer is 0.02 m N m - 1 . Several (de)compression isotherms
were obtained during each measurement. The subphase consisted of deionized water to
which HC1,NaOH and NaCl (Merck) were added in order to set the pH and salt concentration at the desired value. The deposited block copolymer layer was found to be stable
up to surface pressures of order 45 m N m - 1 . Above this limit, polymer was irreversibly
lost in the bulk phase.
4.2.2. Results
For reference, a titration curve of PAA consisting of 7000 monomers in a bulk solution
of 0.001, 0.01 and 0.1 M K N 0 3 is given in Figure 4.1. K N 0 3 is an inert electrolyt,
similar to NaCl. The degree of dissociation in the bulk £*&is plotted as a function of
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4.2. Surfacepressureof PS(33)-PAA(368) (in unit mNm~l) plotted
linearlyand double-logarithmically (inset) as afunction of the area perchain
er -1 (nm2) atpHAA and0.1 MNaCl. Lines withslopes 0.8 and1.8 are drawn
as an illustration in the inset.
FIGURE

the pH and it increases slightly with increasing salt concentration. The resason for this
is the decreasing electrostatic cost of dissociation with increasing ionic strength. If we
assume that the titration curve may be characterised by an intrinsicpKa, then this value
is approximately 5.5 for 0.1 M.
For the surface pressure isotherms of the PS-PAA diblock copolymers we start with
the simplest system, i.e. relatively weakly charged tethered polyelectrolytes in a solution
of high ionic strength. In Figure 4.2 the surface pressure isotherm of PS(33)-PAA(368)
at pH 4.4 and 0.1 M NaCl isplotted as a function of <r_1 (area per molecule, in nm 2 ) on a
linear scale. In the inset the same isotherm is plotted double-logarithmically. Figure 4.2
demonstrates that two density regimes can be distinguished in the isotherm. At low a
the surface pressure increases slowly, with a power law exponent between 0.7 and 0.9. At
high a the surface pressure increases more strongly, with a power law exponent 1.7 - 1.9.
For clarity, two straight lines are drawn in the inset of Figure 4.2 with a slope 0.8 at low
a and 1.8 at high a. Although it is difficult to pinpoint the grafting density at which the
transition from the low density to the high density regime occurs, the cross-over density
is estimated to be of the order 35 nm 2 per molecule.
Similar results for a smaller PAA-block, i.e. PS(35)-PAA(122), are shown in Figure
4.3 for pH 4.7 and 0.1 M NaCl. This isotherm has a low density regime with a weak
increase in surface pressure, a cross-over to a second regime at higher densities with a
high power law exponent (approximately 3) and a third regime at very high densities
with again a lower exponent.
It must be noted that a slight hysteresis occurs in the isotherms at 0.1 M; the surface pressure increases slightly with increasing number of compression/expansion cycles.
This increase in surface pressure excludes the usual cause of hysteresis in such systems,
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n

FIGURE 4.3.

Surfacepressure ofPS(33)-PAA(122)plotted linearly and doublelogarithmically (inset) as afunction ofa-1 atpH4.7 and 0.1 MNaCl.

FIGURE 4.4.

Surfacepressureisotherms ofPS(33)-PAA(368) plotted linearly
anddouble-logarithmically (inset) asafunction ofa-1 atpH4.7 in the absence
ofsalt. Dotted lines aredrawnin the inset as aguideto theeye.

namely loss of material. Evidently, the surface pressure must drop during loss of adsorbed polymers. The hysteresis only affects the magnitude of the surface pressure; the
value of the scaling exponents in the double-logarithmic plots and the cross-over densities
are identical. This hysteresis is therefore believed to stem from a slow unfolding of the
collapsed PAA-block in time after deposition on the air/water interface.
In the absence of salt and at low pH the surface pressure isotherms are markedly
different. This is most evident for the long PAA-chains, as shown in Figure 4.4. Three
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distinct regimes may be identified in the double-logaritmic plot; one at low density with
a relatively high power law exponent (1.5-2.5), an intermediate regime with a low exponent (0.3-0.5), and at high densities again a regime with a high exponent (1.6-2).
These regimes, indicated by dotted lines in the double-logarithmic plot in Figure 4.4,
are observed in the case of no added salt or low salt concentration (10~ 3 M NaCl) in
the pH-regime 3 to 5. The three distinct regimes are also observed in the case of short
PAA-chains under similar conditions (not shown).
At pH-values above 5.5 the clear distinction between several scaling regimes in the
isotherms is lost, both in the case of added salt (Figure 4.2) and in the absence of
salt (Figure 4.4). For 0.1 M added salt the distinct difference of a low and high density
regime gradually dissapears as the pH exceeds 5.5. The surface pressure at high densities
increases more strongly with increasing a than at lowpH, i.e. the exponents in the doublelogarithmic plot are higher, but a single power law can not be fitted to the data. In the
absence of salt the three distinct regimes in the isotherm disappear as the pH exceeds 5.5.
The isotherm at pH 6.5 and no added salt for PS(33)-PAA(368) resembles the isotherm
with added salt. There is no regime with a constant well-defined scaling exponent, and
the (apparent) exponent increases gradually as the grafting density increases.

4.2.3. Discussion
Using Figure 4.1 the average degree of dissociation of the grafted PAA-chains in the
pH-regime 3.5 - 5 with 0.1 M inert electrolyte is estimated to be of order 0.1 to 0.3.
The Debye length of the bulk solution is of the order of 1 nm, so the effect of electrostatic screening is strong. The interactions between the dissociated monomers are
therefore limited in range, and the value of a of the grafted chains is close to the bulk
value ai,. This experimental regime should correspond with the SB-regime proposed in
mean-field models. [34,35] The degree of dissociation in the SB-regime is predicted to
remain constant up to high grafting densities at constant pH, due to the excess of inert
counterions. [34-36] At low grafting densitites, i.e. a < a*, mean-field theories predict
the tethered PAA-chains to have a swollen coil conformation, whereas for a > a* a brush
conformation is expected. The transition density a* is defined as 1/a* « 4TTRG, where
Ra is the radius of gyration of the grafted chain. The predicted scaling behaviour of n
as a function of a in the coil and SB-regimes is -n ~ a and TT ~ a 5//3 , respectively.
These predicted power laws for 7r(<r) correlate roughly with the observed regimes in
Figure 4.2. At low grafting densities the surface pressure is low and increases slowly.
This corresponds to the regime of weakly interacting swollen coils. The fact that the
surface pressure increases less than proportional with a (the scaling exponent is 0.7 0.9) indicates that some conformational organisation may take place. At high grafting
densities the tethered PAA-chains develop strong intermolecular excluded-volume interactions, which result in a strong increase in n with increasing a. Apower law exponent of
1.7 - 1.9 is found in this regime, which corresponds roughly with the predicted exponent
5/3 in the SB-regime of mean-field models.

4.2 Surface Pressure Isotherms

The short PAA chains show a similar SB-regime, but the exponent at high a is higher
than that of the long chains. Moreover, the width of the scaling regimes with constant
power law exponents is less. This may be due to the fact that end-effects, which are not
taken into account in mean-field models, are relatively important in the case of short
end-grafted chains. This agrees with the results for neutral PEO-brushes in Chapter 2,
where solely long PEO-chains (iV = 445,700) are found to obey the mean-field power
laws of H(a) and n(a). Shorter PEO chains also show a stronger dependence of iron a,
see Figure 2.5.
We may conclude from Figure 4.2 that the transition of the PAA(368) chains from a
coil to a brush conformation occurs at 1/er* as35 nm 2 . According to mean-field models,
the transition density a* is given as 1/cr* « i.nR2G = c/V6/5, where c is a numerical
prefactor that contains, amongst others, the effective virial coefficient VQ. Inserting the
values for PAA(368) we find that c is approximately 0.175. If we use this value to determine the cross-over density of PAA(122) under the same conditions, 1/a* is equal to 9
nm 2 , which corresponds nicely with the apparent transition density in Figure 4.3. Such
agreement would not be found if the scaling law for the coil size, i.e. RQ ~ TV3/5, is
strongly disobeyed. Thus, the conformational transition is believed to be a coil to SB
transition.
Following the above, it is tempting to also interpret Figure 4.4 using the mean-field
theory for annealed brushes in the OsB-regime, as the low pH (low a) and zero added
salt correspond to the specified theoretical conditions. [34,35] According to this meanfield theory, the polymeric monolayer at low a (regime 1) consists of weakly interacting,
charged chains (a « aj). As a increases (regime 2), the overall degree of dissociation in
the brush decreases, see Eq.(l.ll). In other words, the chains are effectively neutralised
as a increases. At high a (regime 3) the brush effectively consists of neutral chains
(a w 0), and the scaling relationships for H and n are predicted to be those of neutral
brushes. Regime 1 should correspond with the regime at small a with the power law
exponent of order 2 in Figure 4.4, regime 2 with the intermediate density regime with
power law exponent 0.3, and regime 3 with the regime at high a with an exponent of
order 1.8. As we will demonstrate, this interpretation is too simple, due to the fact that
it does not consider adsorption effects of grafted PAA to the air/water interface.
To start with, the saturated surface pressure of PAA homopolymer solutions (UK and
29K, 0.01 gl _ 1 ) was measured with and without added salt. At pH 3 and no added salt
a saturated surface pressure of approximately 3.8 m N m - 1 was measured. In contrast,
the saturated surface pressure in the pH-regime 3 - 5 and 0.1 M NaCl was approximately
zero. At pH 5.5 and above the saturated surface pressure was close to zero, both for no
added salt and 0.1 M.
At low pH and no added salt PAA is close to neutral, see Figure 4.1. As the structure
of PAA is intrinsically amphipolar (apolar C-C backbone, polar -COOH side-groups),
neutral PAA is expected to adsorb at the air/water interface. At high pH or high ionic
strength, however, the chain is (partially) charged. Adsorption of charged chains to an
air/water interface is unfavourable, as (i) localisation of the counterions is entropically
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unfavourable, and (it) the gradient of the dielectric constant at the interface creates
a repulsive electrostatic potential. This repulsive potential, which originates from the
divergence of an electric field by a dielectric gradient, can be modelled by image charges.
[110] The electrostatic cost AE of bringing a single charge from the bulk of phase a to
a distance d from an interface between phases a and b (with corresponding dielectric
constants ea and eb)is given by
2

(4.1)

AE = e*(d) - etf(oo) = ta~tb

(4.2)

T = y/Af? =

e

ea + £(,87read
where effects of neighbouring charges have been neglected. If we estimate the distance d
of a monovalent ion adsorbed at the air/water interface to be of order 3 A, AE is of order
kBT. Thus, adsorption at the air/water interface is only expected to be significant in
the case of PAA-chains with a low charge density, i.e. low pH. At high pH the charge on
the PAA-chains prevents adsorption and the saturated surface pressure is close to zero.
This agrees with the observed saturated surface pressure of PAA solutions as a function
of the pH and ionic strength and with adsorption of PAA on PS-surfaces. [Ill]
Adsorption of grafted PAA chains can be demonstrated more rigorously by considering the 2D compressibility of the PS-PAA monolayer. [112] The compressibility of
a monolayer is a measure for the density fluctuations, and is therefore coupled to the
monomeric conformational susceptibility £, introduced in Chapter 2. Fluctuations in the
overall particle density occur in any given system. The equilibrium fluctuation density
in a 3D-system, denoted by T, is denned as [113]
-kBTp2

where p denotes the average particle density and p is the pressure in the system. It is
convenient to express the strength of these fluctuations relative to those in ideal systems.
The latter are simply Y«j = y/p. [113] As we consider a monolayer, the 2D equivalent
TR of the normalised fluctuation density is
(4.3)
where we have used the fact that ita = kBTu. Inserting Eq.(2.12) it follows that
TR = (kBToN2£)
, which demonstrates that the fluctuation strength and the conformational susceptibility are coupled. Generally speaking, the strength of density fluctuations is the strongest in the proximity of a phase transition. In the case of a first-order
phase transition in a monolayer, e.g. an expanded-liquid to condensed-liquid transition
in surfactant monolayers, (dw/da) = 0. Eq.(4.3) shows that the strength of the density
fluctuations diverges during such a first-order phase transition.
We now consider the strength of density fluctuations in the PS-PAA and PS-PEO
monolayers. In Figure 4.5 T f l of PS(38)-PEO(445) and PS(34)-PAA(368) are shown
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FIGURE

as a function of the area per chain a~x. The lengths of both the anchoring PS-blocks
and the hydrophilic PEO and PAA blocks are comparable. The PS-PAA isotherm was
measured at pH 4.7 and no added salt (Figure 4.4). Evidently, the behaviour of T R ( < 7 - 1 )
is qualitively the same for both polymers; at low a the density fluctuations are small,
at higher a the fluctuations increase and high a again decrease with increasing a. This
is consistent with the picture of an adsorption/desorption transition of tethered chains,
as discussed extensively in Chapter 2. If we introduce ac to denote the grafting density
at which the maximum in T R (cr) is found, then the chains are adsorbed at the interface
in a pancake conformation for a <& ac. In this regime the density fluctuations in the
monolayer are low, as the chains are completely adsorbed. As the adsorption strength
is weaker for PAA as compared to PEO, the low surface pressures make the pancake
regime of PAA experimentally less accessible than the pancake regime of PEO, which
explains the small number of data points of PAA at low a in Figure 4.5. If a ~ ac the
adsorption/desorption transition of the grafted chains greatly enhances the fluctuations
in the monolayer. For a 3> c c the chains are almost completely desorbed in a brush
conformation, and the fluctuation strength is small again. As follows from Eq.(1.5) and
Eq.(4.3), the fluctuation strength in the brush regime scales as TR ~ c - 2 / 3 , i.e. it
decreases with increasing a. This scaling exponent is roughly retrieved for the PEO
brush.
When the maximum in T ^ is indeed associated with the adsorption/desorption transition of tethered chains, this maximum should (approximately) occur at the saturated
surface pressure of the adsorbing block. In the case of PEO homopolymer the saturated
surface pressure for long chains is known to be 9.8 m N m - 1 . [85] The surface pressure
of the PS-PEO(445) diblock copolymer is found to be 9.6 m N m - 1 at <rc. The surface
pressure of PS-PAA(368) at ac at pH 4.7 and no added salt is found to be 3.2 m N m - 1 .
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We recall that the surface pressure of solutions of PAA-homopolymer at low pH and no
added salt is also found to be of order 3 m N m - 1 . Thus, a strong correlation is found
between Tfj(cr) and the adsorption properties of the grafted chains.
We can therefore conclude that at relatively low pH and no added salt grafted PAAchainshaveapancake conformation at lowa instead ofthe theoretically predicted osmotic
brush in the OsB-regime. This pancake conformation isresponsible for the high exponent
in Figure 4.4 at low a. The scaling exponent y in n ~ ay in the pancake regime is given
as y = 2i//(2u — 1) in a 2D system, where the exponent v characterises the relationship
between the radius of gyration of a chain and its length, i.e. RQ ~ Nv. [114] For an
ideal 2D self-avoiding walk v equals 3/4, i.e. the surface pressure of flat pancakes should
increase as IT~ a3. [69,114] Our exponent y is closer to 2 than to 3, so a completely
fiat pancake conformation is unlikely. The high value nevertheless indicates strongly
interacting chains in a pancake-like conformation.
Naturally, the same analysis for lateral density fluctuations can be performed for PAA
at different salt concentrations. In Figure 4.6 TR is plotted for PS-PAA monolayers at
pH 4.7 and no salt and at pH 4.4 and 0.1 M NaCl. Clearly, the form of Tfl(o-) with
and without added salt differs: at low a the fluctuations are large in the case of added
salt. This is attributed to the small increase of 7r as a function of a in the coil regime,
and the subsequent large density fluctuations. The strength of the fluctuations decreases
with increasing a, which corresponds to the increasing monomer density in the grafted
layer as the brush regime is approached. There is no maximum in T#(<T) in the case
of added salt, which indicates that the adsorption/desorption transition is absent. We
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again conclude that the adsorption of the PAA-chains, and thus the polymer conformation, depends strongly on the salt concentration in this pH-regime.
At high pH the 7r(o-)-isotherms with and without added salt are observed not to obey
a single power law. This indicates that the interaction between the grafted chains is not
dominated by a single osmotic interaction. In NB- or SB-regime the scaling behaviour
of 7T(<T) stems from the dominance of binary monomer-monomer interactions. In the
derivation of the scaling laws in the SB-regime the assumption is made that the osmotic
pressure in the brush layer is proportional to the difference in total ion concentration
in the brush and in the bulk solution. [34] This assumption is only valid in the limits
of low ion densities; at high densities the complete virial expansion in terms of Apj 0 n
must be taken into account. The result of these higher order terms in Apj o n is that
no clear scaling regime for TT(CT) is found. Thus, the absence of scaling regimes in the
7r(cr)-isotherms at high pH is the result of high charge densities in the brush.

4.3.

REFLECTOMETRY

4.3.1. Materials &: Method
The refractive index of PAA-solutions in the range from 0.006 g/ml to 0.125 g/ml
was measured with an Abbe refractometer. The protonation-deprotonation of PAA was
examined by potentiometric titrations using a fully automated titration system. [109]
The Si-wafers coated with PS were prepared as described in ref. 115. In short, a Siwafer is etched in 5 % HF for a few minutes to remove the oxide layer. Subsequently,
the wafer is placed for 2 hours in a 5% styrene solution in toluene at 150 °C, in a N2environment under reflux conditions. The result is a chemically and thermally stable,
covalently bonded styrene monolayer on the Si-wafer. The thickness of this layer, measured with ellipsometry, is approximately 2 nm. A PS-layer of 80 nm was spincoated on
the wafer at 3000 m i n - 1 from a 15 g l - 1 solution of PS (43K) in chloroform and dried
with N 2 . The result is a Si-wafer hydrophobised with PS, the reflected intensity of which
is insensitive to pH-changes. This last feature is essential, as the change in optical reflectivity of PS-layers coated with PAA is measured as a function of the pH. We remark
that during the radical reaction a few oligomers may form in the styrene monolayer. As
a PS-layer of 80 nm is spincoated on top of the monolayer, these oligomers are of no
importance, and may even serve to improve the stability of the spincoated PS-layer.
PS-PAA monolayers were prepared on a clean H2O subphase in a Langmuir trough
as described in the previous section. The PS-PAA block copolymers were transferred
from the air/water interface to the coated PS-layers using the Schaeffer variant of the
LB-technique. [116] The transfer ratio was close to one. Following this, the wafers were
first dried in air to evaporate the water layer on the LB-layer, and subsequently heated at
150 °C for 10 minutes on a heating stage. Immediate heating above 100 °C after dipping
resulted in layers that appeared to be damaged to the eye, probably due to the rapid
retreat of the water layer. During heating above the glass temperature of PS (± 100°C)
the PS-blocks of the PS-PAA block copolymers diffuse into the spincoated PS-layer. [90]
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FIGURE 4.7.

A schematic illustration of reflection at the wafer/solvent interface.

After cooling, the PS-layer becomes glassy again, and the PS blocks are firmly 'rooted'
in the PS sublayer. In this manner the block copolymers are irreversibly fixed at the
grafting density at which the LB-film was prepared. Without this thermal annealing the
PAA-layer is instable in solutions of high pH, i.e. the PS-PAA chains are pulled from
the wafer, as a result of the high electrostatic potential in the PAA-layer. Three wafers
were prepared in this manner, with grafting densitites 18, 12.3 and 8 nm 2 per PS-PAA
molecule.
The wafers with grafted PAA were brought in contact with solutions of varying pH
and constant ionic strength (10~ 3 M) in a reflectometer. A constant ionic strength is
important, as the degree of dissociation in the brush is a function of the ionic strength,
as well as of pH and grafting density. [34-36] It was found, however, that reflectometry
was not succesfull using solutions with high concentrations of salt.
The technique of reflectometry has been discussed extensively in ref. 108. A polarised
laser beam is reflected on a silicon surface with an adsorbed or grafted polymer layer and
both the intensity of the normal and parallel polarisation directions with respect to the
reflecting plane are measured, as shown in Figure 4.7. The output signal S is the ratio
of the parallel and perpendicular polarised reflectivities Rp and Rs, respectively. In the
appendix we discuss the reflectivity of a layer consisting of grafted annealed polyelectrolytes.
4.3.2. Results
We first demonstrate that the refractive index of a solution of PAA is proportional
to the overall degree of dissociation a. In Figure 4.8 the dn/dc of a PAA-solution is
shown as a function of a for 10~ 3 M KNO3. The data points nicely fall onto a straight
line. This is as expected, since the overall refractive index is determined by the highly
localised electronic properties of the constituting particles. Each dissociated carboxylate
group contributes a fixed amount to the overall refractive index, hence the linearity with
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FIGURE 4.8. The change in dn/dc of PAA in 10 3 M KNOz with increasing a.
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FIGURE 4.9. The reflection signal A S of grafted PAA, 18.3 nm2 per molecule,
for various pH-values (indicated in the figure) and 1 0 - 3 M ionic strength.

a. Thus, the reflectometry signal AS of grafted PAA-brushes at a given a is proportional
to the (average degree of) dissociation of the brush, as discussed in the appendix. 1
The reflectivity of the PAA-brushes is considered next. In Figure 4.9 the measured
reflectivity signal AS is shown as the pH of the solvent varies at constant ionic strength
(10~ 3 M). It is clear that the change in signal is reversible: at the end of the cycle in
Figure 4.9 the pH changes from 7.2 to 3.0 and back, and no effective change in A S is
1

We remark that a isnot a constant, but varies as afunction ofthe distance to the grafting plane. [35,36]
However, as the spatial distribution of a issmall compared to the wavelength ofthe laser, reflectometry
is insensitive to this dissociation gradient and an average value over the brush is measured. Therefore,
with a the value averaged over the brush layer is implied.
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observed. This reversibility of AS in a pH-cycle is essential, as it indicates that the total
amount T remains constant during the titration. The chains remain grafted despite the
high charge density at high pH (and corresponding high electrostatic potential in the
layer). Moreover, the reversibility of AS is a prerequisite for the determination of the
overall degree of dissociation in the layer, as shown in the appendix.
The titration curves of PAA at the three grafting densitites and 1 0 - 3 M are presented
in Figure 4.10. All curves commence at pH 3, due to the requirement of constant ionic
strength of 10~ 3 M.
4.3.3. Discussion
It is seen in Figure 4.10 that the titration curves of the grafted PAA-chains effectively
shift to higher pH-values with increasing a, as the theory of annealed brushes predicts.
[35,36] The shift in effective pK 0 value is approximately 1.5 units as cr _1 decreases from
18 to 8 nm 2 . We remark that the reflectivities at pH-values lower than 3 could not be
measured, due to the requirement of constant ionic strength of 1 0 - 3 M. This isthe reason
that a increases stronger than expected at low pH, as the assumption is made that a = 0
for pH values equal to 3. Also, the assumption is made that at pH 11the chains are fully
dissociated. Using this assumption, the full titration curve is calculated via Eq.(4.14)
in the appendix. It is not possible to increase the pH to values much higher than 10,
as the Si-wafer itself is hydrolysed at high pH values. Thus, the 'real' titration curves
may differ somewhat from those presented in Figure 4.10. This is also concluded when
the titration curves of Figure 4.10 are compared to those in Figure 4.1. If we consider
a = 0.5 as a measure of the pK a of the grafted PAA-chains a lower value is obtained
for 18 nm 2 per chain (± 4.5) from Figure 4.10 than for PAA in a bulk solution (± 6) in
Figure 4.1.
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Notwithstanding these inaccuracies, we can use the titration isotherms to roughly estimate the difference in electrostatic potential in the PAA-brush at two grafting densities.
Using Donnan equilibrium concepts, the average value of a is given as [35]
(4.4)

-2L- =

^

where pH+ isthe proton concentration in the bulk, Ka the dissociation constant of acrylic
acid in dilute solutions and it the average electrostatic potential in the layer.2 If the pHvalues at which a — 0.5 in Figure 4.10 are inserted, it follows that as a~1 decreases
from 18 to 8 nm 2 , \P increases by approximately 90 mV. This is a significant increase,
which indicates that the close-grafting of polyelectrolyte chains greatly enhances the
electrostatic potential in the layer. From the shape of the titration isotherms of 8 and
18 nm 2 per chain it can be also seen that this difference in \t increases significantly with
increasing a.
This shift in apparent pKQ agrees qualitatively with theoretical models for annealed
brushes, that predict the (overall) degree of dissociation a to decrease strongly with
increasing grafting density a at constant pH and ionic strength. [34]We note that scaling
models for annealed brushes predict a to decrease as cr - 2 / 3 , whereas in our measurements
a more or less linear relationship is observed, i.e. a ~ a~x. The number of densities
measured is limited to three, however, and more measurements would be necessary to
ascertain the power exponent more accurately.
4.4.

ELLIPSOMETRY

4.4.1. Materials & Method
Si-wafers coated with PS and PS-PAA were prepared as described in section 4.3.1. A
PS-layer of approximately 65nm was spincoated from a 10gl _ 1 solution of PS with molar
mass 43 K. These wafers were placed in an optical cell containing a known volume of
pure, deionised H 2 0 at a certain pH. After measurement of the ellipsometric parameters
A and $ (see below), an amount of a solution of 1M NaCl at identical pH was added. In
this manner a A, \t-curve was obtained for a PAA-brush at a given pH and varying ionic
strength. Moreover, care wastaken to maintain the laser beam on the same spot ofthe Siwafer during measurement of the A,Vf-curve to ensure that small lateral inhomogeneities
in the spin-coated PS-layer would not influence the outcome.
The measurements were performed with a Multiskop ellipsometer from Optrel, Germany. The optical cell was obtained from Akzo Nobel and has two planar faces at 20°
with respect to the normal. The arms of the ellipsometer were mounted to give an angle
of incidence of 70° with respect to the normal. The laser used is a He-Ne laser with a
wavelength of 632.8 nm. The measurements were done at room temperature.
The experimental set-up of an ellipsometer is similar to that of a reflectometer, see
Figure 4.7. The electric field of a reflected laser beam may be divided into a component
polarised parallel to the plane of reflection (p) and a component polarised perpendicular
2

Actually a potential gradient * ( z ) is present in the brush, which is coupled to the dissociation gradient
a(z). As is the case for a, an average value for * is estimated. [35,36]
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to this plane (s). When a beam in medium a encounters a single a,/3-interface at an
angle </>, part of the beam is reflected at the same angle and part is refracted at an angle
(j>', given by Snell's law (sin<^>' = sin<f>na/np).3 The reflection of both components is
expressed by the Presnel coefficients r£'I [117,118]
,

.

p

_ np cos (j> — na cos <j>'
np coscj> + na cos</>'

0,13

s
a

_na cos <j> — np cos</)'
" n a cos(j) + np cos(/>'

In our case of a coated Si-wafer in contact with water at least two interfaces are to be
considered: water-polymer (af3) and polymer-Si (0j)- The overall reflection coefficients,
taking internal reflection into account, are given as [117,118]

(4-6)

_ rpaf3+rp0yexp(-2idp)
RP = , y1 .r %r ,,:;, „,.;;
+ a/3 £ 7 exp(-2id p )

=

rsa0 + r^

i?s =s ~~ 1+ r3 rs
a0 0y

exp(-2idp)
exp{-2idp)

where dp denotes the thickness of the polymer layer, see Figure 4.7, and i = y/—l. In the
case that one or or more of the media are non-dielectric, for instance Si, the complete
refractive index n = n — in' must be taken into account.
We now denote the initial phase difference between the parallel and perpendicular
polarised components of the incident beam as <5i. If that of the outgoing, reflected beam
is ($2, the overall phase difference that occurs upon reflection is
(4.7)

A = Si - S2

Furthermore, the ratio of the amplitudes of both reflected components is given as
(4.8)

t a n

*= § 7

The aboveequation can be combined to an overall equation for the reflection ofa polarised
beam on a surface,
^=tan*eiA
Rs
The quantities A and $ are measured and contain information on the optical propertities
of the reflecting surface. Using a suitable model to mimic the investigated system, A and
* may be transformed into physical quantities, such as the layer thickness and density.
We return to this point in the following sections.
(4.9)

4.4.2. Results
As we consider the behaviour of grafted PAA chains in an aqueous solution of varying
ionic strength, the variation of the refractive index of water containing added salt must
be considered first. In Figure 4.11 the refractive index of a NaCl-solution is shown as
a function of the salt concentration. It is clear that n increases slightly with increasing
concentration (the fitted expression is 1.333 + 0.00987 c s , with c s in M). This increase
of n with increasing salt concentration must be taken into account when analysing the
results.
3

Here we have assumed that both medium a and /3are dielectrics, i.e. the imaginary part of the refractive
index is zero.
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In Figures 4.12 and 4.13 A and * are shown as a function of the total ionic strength
(this explicitely includes the proton contribution to J) at a relatively high grafting density
(3.9 nm 2 per PAA chain). As is clear from Figure 4.12, A and * are relatively insensitive
to variations in / at pH 3.0. At higher pH, however, A and * vary significantly and nonmonotonically with increasing I. Evidently, the difference between the A, ^-curves at
pH 3.0 and 5.8 reflects a difference in behaviour of the grafted PAA-layer with increasing
ionic strength.
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In Figure 4.14 the increase in A, denoted as A — Ao, is shown as a function of the
ionic strength for three grafting densities, at a fixed pH of 5.9. The quantity Ao is the
value of A at zero added salt, i.e. at J « 10~ pH . It is clear that the effect of increasing
ionic strength on A increases with increasing grafting density. Also, the maximum in A
appears to shift to higher ionic strengths with increasing grafting density.
To obtain values for the brush thickness and monomer density from the measured
values of A and * it is necessary to make use of a presupposed model that mimics the
investigated system. We use a box-model to model the PAA-brush, i.e. the refractive
index, which is coupled to the monomer density, is assumed to be uniform throughout
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nsi
3.885 - 0.0185i

dps
nps
1.54-1.56 55 - 65 nm

"PAA

1.35- 1.59

TABLE 4.1. Parametersfor modelling ellipsometryresults. [118]

the layer. The values used for the refractive index and thickness of the Si and PS-layer
are shown in Table 4.1. In Figure 4.15 the A, ^-curves, calculated numerically using the
box-model, are shown as the thickness of the PAA-brush increases from 0 (low value of
A and * ) to 50 nm (high value of A and \?). Eperimentally, both the PAA thickness and
overall refractive index are expected to vary with varying ionic strength. This entails
that the experimental A, ^-curves with varying ionic strength are expected to cross the
numerical A, ^-curves for constant n in Figure 4.15.
InFigure4.16wehaveplotted thefitted thicknessfrom the data ofFigure4.12and 4.13
as a function of the ionic strength at three pH values. Error bars denote the estimated
uncertainty in the fitted value of H. At pH 3.0 the brush thickness is found to be
independent of the ionic strength. At higher pH values the thickness initially increases
and subsequently decreases with increasing ionic strength. This effect ismost pronounced
for pH 5.8.
In Figure 4.17 the brush thickness is plotted as a function of the ionic strength at
pH 4.0 for four grafting densities. The brush thickness is found to be a non-monotonic
function of the ionic strength for all grafting densities. The greatest (absolute) increase
in thickness is observed at the highest grafting density, i.e. 2.6 nm 2 per PAA-molecule.
Using the box-model to fit the ellipsometry data, we obtain the thickness and the
overall refractive index of the layer. Evidently, the latter is related to the monomer
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number density p. The overall refractive index in the box-model can be written as
"PAA = (1 - pv)nn2o + pv((l - a)n C ooH + cmcoo-Na+)- It depends on the density
p, degree of dissociation a, refractive index of the non-dissociated monomer and that
of the dissociated monomer plus counterion. The constant v denotes the ratio of the
volume of a monomer and a water molecule, which formally is also a function of a. As
this expression contains at least two unknown parameters (p and a), it is not possibile
to determine either p or a unambiguously from the fitted value of npAA•
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Nevertheless, it is interesting to examine the overall value of n as a function of / and
the pH. In Figure 4.18 the fitted value of n is shown for the same data as used in Figure
4.16. At pH 3.0 n is independent of J, which agrees with the constant value of H in
Figure 4.16. The refractive index of the PAA-layer at pH 4.0 and 5.8 initially decreases
with increasing pH at low ionic strength. This corresponds with an additional stretching
of the PAA-brush, see Figure 4.16. At high ionic strength, however, both the decrease
in brush thickness and the increasing co- and counterion density (CI - and Na + ) in the
brush result in an increasing value of n with increasing J. Thus, the non-monotonic
behaviour of the refractive index of the brush qualitatively mirrors that of the thickness.
4.4.3. Discussion
As mentioned in the previous section, a presupposed model is necessary to transform
the measured values of A and iPinto physical parameters. In this respect, the final results
obtained by ellipsometry are not unambiguous and must be interpreted with care, as is
the case with neutron reflectivity, see Chapter 3. To demonstrate that the variation of A
and $ with varying ionic strength is significant we plotted the A and \t-data in Figures
4.12-14 and the model calculations in Figure 4.15. The non-monotonic trends in H(I)
and n(I) do not depend on the values used for the thickness of the spin-coated PS-layer
and its refractive index. The precise values of H and n, however, do depend on the
refractive index and thickness of the spin-coated layer.
Wehaveused the simplest possible model to mimicthe PAA-brush, i.e. the box-model.
Analytical and numerical SCF calculations predict density and counterion distributions
throughout the brush. As only two parameters are measured with ellipsometry, it is
not possible to deal with such density distributions. To determine either the counterion
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or monomer density distribution, oneneeds a scattering technique with a high spatial
resolution, forinstance neutron orX-ray scattering.
Evidently, themost interesting result isthenon-monotonic behaviour of H(I). This
non-monotonic behaviour stems from theinfluence oftheionic strength ontheelectrostatic potential inthe grafted layer. Inpure deionised water the Debye length « - 1 , which
characterises the range over which charged entities interact via electrostatic interactions,
isoforder 100nm. Under such conditions the overall charge density of the grafted chains
in the brush is significantly below aj, (seeFigure 4.10). Asthe ionic strength increases the
overall charge density onthegrafted chains increases, andthebrush thickness increases
asaresult of the enhanced electrostatic interactions. This corresponds tothe OsB-regime
as proposed theoretically by Zhulina et al.[34] and Lyatskaya et al. [35] At high ionic
strength a is close to a^; in this regime a subsequent increase in ionic strength merely
decreases thestrength ofthe electrostatic interactions and the brush thickness decreases.
This decrease ischaracterised bya decrease inthemonomeric excluded volume u e //,see
Eq.(1.6), andcorresponds with theSB-regime.
Theoretically, thebrush thickness intheOsB-regime ispredicted to scaleas
(4.10)

H ~ Na-^3(ab(l

- a 6 ) - 1 ) 2 / 3 ( p H + + Psf'3

seeEq.(1.12). [34]Inour experiments a and N are fixed, and ifa;,isassumed independent
ofI (Figure 4.1showsthis assumption tobe not completely valid), this expression reduces
to H ~ 7 1 / 3 at a given pH.However, if we plot theexperimental data of Figure4.17
double-logarithmically, weobtain power laws with an exponent close to 0.1instead of
0.33, shown in Figure 4.19. Thesame exponent is also found at pH 5.8 (not shown).
Thus, theexperimental dependence ofthebrush thickness ontheionic strength inthe
OsB-regime issignificantly less than predicted theoretically.

4.5 Conclusions

The difference between the experimentally observed power law exponent and the theoretical exponent isprobably dueto neglect of stericinteractions inthe theoretical analysis.
Stated simply, in the case of charged brushes there are two forces that induce stretching
(steric and electrostatic) and one force that opposes stretching (confomational). In order
to obtain a scaling law, either the steric or electrostatic force must be neglected, as was
done for the steric force by Zhulina et al. to obtain the scaling behaviour for H(I) in
the OsB-regime. [34] However, this is not correct, as also follows from examination of
Eq.(4.10). If we let the ionic strength decrease to zero, then the brush thickness is also
predicted to approach zero. Evidently, if a approaches zero the PAA-brush resembles
a neutral brush, the height of which is determined by steric interactions. If such steric
interactions are taken into account, the increase in brush thickness with increasing ionic
strength in the OsB-regime is less than given by the above mean-field scaling law.
The analytical model of Zhulina et al. also predicts the brush thickness at low ionic
strength and pH to decrease with increasing grafting density. The underlying reaon for
this decrease is the decrease in fraction of dissociated monomers with increasing grafting
density (see Figure 4.10). However, in Figure 4.17 the thickness of the PAA brush
increases with increasing grafting density at low ionic strength and pH. It is believed
that the steric interactions result in an increase of the brush thickness with increasing
grafting density.

4.5.

CONCLUSIONS

In this chapter we have investigated the properties of grafted PAA chains using surface pressure measurements, reflectometry and ellipsometry. These results are compared
to theoretical predictions for the behaviour of end-grafted weak-acidic polymers under
various conditions.
Analysis of surface pressure isotherms of PS-PAA at the air/water interface yields
information on the conformation of the grafted PAA chains. It is shown that at low pH
and high salt concentration the power law of the surface pressure as a function of the
grafting density correponds with the mean-field power law for charged brushes in the
salted brush regime, i.e. n ~ <r5/3 in the case of long chains. Short chains do not obey
this scaling law. This result is similar to that of neutral polymers in the brush regime,
as discussed in Chapter 2. Analysis of the compressibility of the PS-PAA monolayer
demonstrates that the PAA chains adsorb to the interface at low salt concentrations and
low pH. This adsorption prevents the occurrence of an osmotic brush regime of annealed
chains (OsB regime).
The titration curves of grafted PAA chains were determined with reflectometry. As
predicted by theoretical models, the titration curves are shifted to higher pH-values with
increasing grafting density. This shift results from the enhanced electrostatic potential
in the grafted layer with increasing grafting density.
Using ellipsometry the thickness of the grafted PAA layer was measured. The PAA
brush thickness is found to be non-monotonic as a function of the ionic strength at a
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given pH. The extent of (de)swelling increases with increasing pH and grafting density.
At pH 3 (far below the pK a of PAA) the brush height isindependent ofthe ionic strength,
as the fraction of dissociated monomers is close to zero. At higher pH the brush initially
swells with increasing ionic strength, due to an increasing fraction of charged monomers.
At an ionic strength of order 0.1 M the charge density is closeto that of a PAA-chain in a
dilute bulk solution. In this regime the thickness decreases with increasing ionic strength,
due to increased screening of electrostatic interactions between charged monomers.
The non-monotonic behaviour agrees qualiatively with the predictions of Zhulina et
al. [34],Lyatskaya et al. [35] and Israels et al. [36] The mean-field power law of Zhulina
et al. for the OsB-regime, H ~ 7 1 / 3 at a given pH and a, is not observed; the measured
exponent is of the order of 0.1. The swelling is therefore less than predicted, which is
probably due to steric interactions that are neglected in the analysis of Zhulina et al.
Also, theoretically the brush thickness is predicted to decrease with increasing grafting
density in the OsB-regime, whereas experimentally it is found to increase. Again, the
difference is believed to originate from the neglect of steric interactions in the theoretical
analysis.
One may wonder under which conditions the OsB-regime, as theoretically characterised in the analytical and numerical models, is experimentally accessible. The theoretical models assume the polymers to be grafted to an inert, neutral surface. Due to
its chemical structure, the carbon backbone of a polymer is intrinsically hydrophobic.
The solubility of polymers is generally due to charged or polar groups on the chain. As
the dielectric constants of most organic compounds are low compared to that of water, the problems associated with the dielectric anisotropy of the water/air interface are
also present for polyacids chemically or physically grafted to a fluid/fluid interface or
solid/fluid surface. [Ill] Also, shielding of the carbon backbone from the water phase
results in an additional affinity of grafted polyacids for such fluid/fluid or solid/fluid
interfaces. Thus, the occurrence of the OsB-regime for annealed polymers grafted to an
apolar surface is, in general, unlikely at low grafting densities, due to adsorption effects.
At grafting densities above the pancake-brush transition the chains are relatively
closely packed, and steric interactions, which are neglected in the analytical models for
the OsB-regime, are important. The non-monotonic dependence of the brush height as a
function of the ionic strength, which is indicative for the OsB-regime, is observed experimentally at high grafting densities. The quantitative agreement between the analytical
models and experiments, however, is poor, as the chains are stretched by both steric and
electrostatic interactions in this grafting regime.
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APPENDIX
In this appendix we discuss the optical reflectivity of a layer consisting of grafted
polyelectrolytes. The phase difference resulting from a given polymer layer is (see Figure
4.7)
(4.11)

sj)=l*dpnp<xxef

wheredpand np are the thickness and refractive index ofthe polymeric layer, respectively,
and Aothe wavelength of the beam in vacuum. Using optical models (i.e. Abeles' method
[117]), a relationship between <fi and the reflectivities Rp and Rs can be established. We
now consider the case that polymer chains are grafted to a substrate. If, for the sake of
simplicity, we assume the polymer layer to be homogeneous, then np can be written as

(4 12)

^=n-+UJ^

-

where T is the total amount of grafted polymer and dn/dc the change in refractive index
as a function of the polymer concentration.
During reflectometry the output signal 5 measures the ratio of the parallel and perpendicular polarised reflectivities Rp and Rs, respectively. During a (conventional) measurement of the adsorption of polymer or proteins, the change in signal changes is

<413)

'

AS

='((t) r -(t

where the subscript T denotes silicon with an adsorbed layer and 0that ofthe bare silicon
surface, and / is a sensitivity constant. From optical models T can be calculated for a
given ratio Rp/Rs. It turns out that for most cases Rp/Rs is linear with Vand insensitive
to the exact distribution of material in the adsorbed layer. [108] If we combine this with
Eqs.(4.11) and (4.12) it is clear that upon adsorption Rp/Rs is proportional to <f> for a
given dn/dc. However, if T is constant and the dn/dc of the layer varies with varying a,
it follows that a similar proportionality of Rp/Rs is retrieved. This result is used in the
titration of annealed brushes. Under the assumption that the dn/dc is proportional to
a, which is demonstrated in Figure 4.8, it follows that
\ A 5 a = i — ASa-o
provided that F is constant during the measurement.
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CHAPTER 5

Polymers with Surfactants
ABSTRACT

Amean-field analytical modelisdevelopedforpolymerswith annealed excludedvolume interactions. This maymimic the behaviour ofpolymers in solutions
that contain amphiphilic molecules, e.g. globular proteins or surfactants, capable ofco-operative association with thepolymer chains. Inthis chapterwe
concentrate onthebehaviour ofsingle, complexed coilsinagood solvent with
a Flory-like model. It is concluded that the coverage of the polymer chain
with complexed amphiphiles increases continuously with increasing adsorption strength, i.e. increasing bulk amphiphile concentration. Thesize ofthe
coils canincrease, decrease or have a maximum with increasing coverage,depending ontherelative strength ofthe monomer-monomer, monomer-complex
and complex-complex excluded-volume interactions. Comparison with experimental data for PEO/SDS-gels shows good agreement between the predicted
coilvolumeandtheexperimental (de)swellingofPEO-gelsupon complexation
with SDS-surfactants.

5.1.

INTRODUCTION

The interaction of polymers or polyelectrolytes with nanocolloids is a rich area ofresearch with several practical applications, as explained in Chapter 1. Nanocolloids are
defined here as colloidal particles whose size is an order of magnitude smaller than the
overall size of the complexing polymer, but significantly larger than that of a monomer.
Agood example ofpolymer complexation with nanocolloids istheformation of complexes
of neutral polymers with micelles of anionic surfactants. Other examples are complexation of hydrophobically modified polymers with proteins, or the electrostatically driven
complexation of polyelectrolytes and oppositely charged proteins or dendrimers. In this
chapter we develop an analytical model that mimics the complexation of single, hydrophilic coils in a dilute solution with surfactants. The results are equally valid for
complexation with other amphiphiles, e.g. globular proteins.
It iswell known that at concentrations below thecritical micelle concentration (CMC)
certain surfactants co-operatively form polymer-micelle complexes with neutral polymers.
[119] Such complexes are predominantly formed by anionic surfactants; cationic and
neutral surfactants show little affinity for the polymer chains. NMR studies suggest
that the polymer monomers coat the micellar surface, and donot penetrate the micellar
interior. [120]It is found by some authors that the size of the micelles adsorbed on the
polymer isless than that offree micelles in the bulk, and does not depend onthe degree
of coverage, i.e. onthesurfactant concentration. [121-123] Other studies suggest that the
number ofsurfactants per adsorbed micelle does depend onthe surfactant concentration.
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[124] The micelles are found to be of spherical shape: subsequently, the complex of a
polymer chain loaded with micelles has been coined a 'necklace', see Figure 1.4. [120-122]
The driving force for complex formation is suggested to be the shielding of hydrophobic areas on the micellar surface by the polymer chain. [125] Each surfactant molecule
consists of a hydrophilic (usually ionic) "head group" and a hydrophobic (hydrocarbon)
'tail', which usually comprises 10-20 alkyl groups. Because of their amphiphilic nature,
surfactant molecules self-assemble into aggregates of finite size (micelles) at concentrations exceeding a certain critical value, the CMC. [126,127]. In micelles the hydrophobic
tails form the core, thus avoiding unfavourable contacts with water, while the hydrophilic
heads straddle the core-water interface. However, as the core-water interface is only partially covered by the heads, hydrophobic patches are present on the interface. In the
presence of hydrophilic polymer chains association of ionic surfactants may occur at a
critical association concentration (CAC), which is generally below the CMC. This entails that only individual surfactants but no micelles are present in the solution. In this
case the affinity between the hydrophobic tails of surfactants and the polymer units is
not strong enough to bind individual surfactants to the chain. [120,128,129] However,
weak attractive interactions may trigger self-assembly of surfactants into micellar-like
aggregates complexed with the polymer chain.
A widely studied experimental model system for association in polymer-surfactant
solutions is polyethyleneoxide (PEO) and sodium dodecyl sulfate (SDS). The CAC is
10~ 3 M in 0.1 M NaCl solutions, whereas the CMC under the same ionic conditions
is approximately 1.5 10" 3 M. [121,123] The SDS-micelles bound to the PEO consist
of approximately 50 surfactants at this ionic strength, which is significantly less than
the aggregation number for non-complexed micelles. [130] Similar aggregation numbers
are also obtained for SDS in combination with polyvinyl alcohol and polyvinyl pyrrolidone. [123] The number of PEO-monomers surrounding one micelle is estimated to be
of the order 25-100. [121,123,130] The formation of polymer-micelle complexes strongly
enhances the visco-elasticity of a bulk solution of PEO/SDS solutions. [129]
As mentioned, polymers or polyelectrolytes may form complexes with proteins or
micellar-like aggregates. We stress, however, that there is an important distinction between association of proteins or surfactants with polymers. In the case of water-soluble,
globular proteins the majority of the hydrophobic groups is usually found in the interior
of the globule (their attraction leads to the formation of a dense globule with a welldefined spatial structure), whereas at the globule-water interface the hydrophilic groups
are exposed to water, and thus provide the solubility of the globules. As is the case with
micellar aggregates, hydrophobic patches occupy a certain fraction of the globule interface. The attractive (hydrophobic) interaction of such patches with polymeric monomers
provides the drivingforce for polymer-protein association. Generally the spatial (ternary)
structure of the protein globule remains unperturbed upon complexation, i.e. only the
hydrophobic patches on the interface interact with the polymer. Hence, association of
proteins occurs non-cooperatively (at low degree ofloading). In contrast, due to the large
number of surfactants that constitute a single micelle, polymer-surfactant complexation
may occur highly co-operatively.
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Several theoretical models are available that describe the behaviour of a single polymer
chain in contact with a surfactant solution. Nagarajan [131,132] and Ruckenstein et
al. [133] proposed models that determine the CAC's and the aggregation number of the
polymer-micelle complexes as a function of molecular parameters, i.e. the sizeof the head
group, the length of the alkyl chain etc. Nagarajan assumes the polymer monomers to
adsorb directly on the hydrophobic areas on the micellar surface. This results both in a
decrease of the hydrophobic interactions and an increase in the steric repulsion between
the charged heads. Ruckenstein et al. assume the polymer adsorption to make the area
around the micelle less hydrophilic. This is advantageous for the apolar micellar core,
but disadvantageous for the hydrophilic head groups. Recently, an elaborate molecularthermodynamic model for polymer chains covered by spherical micelles was suggested by
Nikas and Blankstein. [134] In this model the elasticity of the polymer, solvent quality,
electrostatic forces and specific polymer-surfactant interactions are considered. This
model calculates the CAC,amount ofmicelles adsorbed per polymer, aggregation number
and size of the complex as a function of several molecular input parameters.
The above models all consider the formation of a single polymer-micellar complex in a
reservoir ofsurfactants. None ofthem, however, takes intra- and intermolecular excludedvolume interactions between polymers covered by adsorbed micelles into account. At
high polymer concentrations such intra- and intermolecular interactions are important,
and may largely determine the properties of the solution. This is the case for semidilute polymer solutions, but also for collapsed polymer globules, in which the monomer
density is (locally) high, and for brushes in contact with solutions containing surfactants.
To resolve this, a simple theoretical model that mimics the behaviour of single polymer
chains in a good solvent in the presence of associating surfactants is presented in this
chapter. In the following chapters this model is extended to semi-dilute solutions, bad
solvent conditions and brushes.
5.2.

MODEL

We consider a system of neutral polymer chains consisting of N monomers immersed
in a solution containing surfactants and added electrolyte. The chains are assumed to be
flexible, i.e. the Kuhn length is equal to the monomer length I,which is the unit length
in the system. 1 The solvent is erstwhile assumed to be good (athermal) for the chain.
We assume that the surfactant concentration is above the CAC, but below the CMC.
This entails that no free micelles are present in the solution. The chemical potential [is
of the surfactant is constant throughout the system and equals (in unit RBT)
(5.1)

[is = [i%+\nfsPb

where pi, is the (dimensionless) bulk density of surfactants, fs the activity coefficient and
[is is the standard chemical potential of the surfactant in the bulk solution.
Adsorption of micelles on the polymer chains effectively modifies both intramolecular
and (in semi-dilute solutions or collapsed coils) intermolecular interactions, and thus
1
We remark that in some papers in the field of surfactant science the term 'monomer' is used to refer to
a single surfactant molecule. In this thesis this phrase explicitely refers to polymeric segments.
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FIGURE 5 . 1 . A schematic

illustration

of the length scales involved in a

'necklace'.

affects the conformation of the chains. An equilibrium adsorbed amount of surfactant
per chain, as well as the equilibrium chain extension, can be obtained on the basis of an
analysis of the grand canonical free energy F in a Flory-type approach (in units ksT per
chain) [135]
(5.2)

F = Fad + Fmix +Fel + Fos

which includes four main contributions, discussed separately below.
The first term describes the gain in free energy due to the adsorption of m micelles
on the polymer chain. When surfactants aggregate on a polymer, a polymer strand of
length Nad associates with one micelle, consisting ofp surfactants. We denote the energy
of adsorption per unit chain length as u°. If there are m adsorbed micelles per chain, we
thus have:
(5.3)

Fad = mNadU0 + mpAfi

where
(5.4)

A/i = C - c l n / 3 6

where C is a constant that depends on the choice of system. Eq.(5.4) is derived in the
appendix, and it is shown that the constant c varies between 1 and 2, depending on
the ionic strength of the solution. We remark that both monomers that form 'trains'
(sequences of monomers in direct contact with the micellar surface) as well as monomers
that form 'loops' contribute to Nad. [136]
We now turn towards the energy per adsorption per unit chain length M°. The micelles
are assumed to be spherical of shape with a uniform radius Rm, which is large compared
to the monomer length I. The aggregation number p and the number of monomers
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associated with one micelle (the adsorbance capacity of a micelle) depend on the contact
energy ebetween monomers and the micellar surface. Our model of the polymer-micelle
complex is based on existing theoretical models that describe the adsorption of a flexible
polymer chain on small colloidal particles. [137-140] These models give the structure and
the free energy of the complex (polymer chain and adsorbed spherical particle) in terms
of the particle radius and the energy e of the monomer attraction to the surface.
In our model we assume that the affinity of the monomers for the micellar surface is
relatively strong, i.e. the thickness D of the adsorbed layer (i.e. the characteristic size
of loops), given by D w (|e - e C ri|) _1 , is much smaller than the micellar size Rm. [137139] The critical contact energy ecri, which corresponds to the onset of adsorption of a
polymer onto a particle surface, isoforder fcgT and provides compensation for local steric
restrictions imposed by localisation of a monomer at the surface. [136]The contact energy
earisesfrom the screening of hydrophobic areas onthe micellar surface. In the framework
of simple mean-field arguments the adsorbance capacity per micelle Nad in good solvents
is proportional to the area of the micellar surface, Nad « |e — e c r i|i?^. [137] The free
energy of adsorption of a polymer strand of length Nad scales as -Nad (|e - ecri\) . We
can write the area per surfactant as a = AnR^/p « Nad/ (|e — eCri\p)- If w e u s e this to
eliminate p from Eq.(5.3), and omit numerical prefactors, we can write the free energy
of adsorption per monomer in an adsorbed strand, Fad/mNad, as
fc r \

— Fad

(5.5)

u =——&
mNad

_

,,

h2

.

- (\e- ecri\) +

A/i

(|e - e cri |a)

Thus, u contains a constant contribution u° = — (|e - eCTi\) , that depends on the adsorption characteristics of the polymer on the micellar surface, and a term that depends
explicitely on the work necessary for the formation of such a micelle. If we combine
Eqs.(5.4) and (5.5), it follows that the (differential) monomeric free energy of adsorption
can be expressed as u = C — c'hxpb, where C and c' are again constants that depend
on the choice of system. Hence, the adsorption strength can be tuned by variation of the
surfactant concentration: NadU 3> 0 at low pt,,and adsorption is unfavourable, whereas
NadU C O at high p\, and adsorption is favourable. In the following it is convenient to
define the fraction of adsorbed monomers (both in trains and loops) as
(5-6)

*

=

^

Therefore, 6 = 0 characterises a 'bare' chain, and 9 = 1 a fully complexed chain. If
Eqs.(5.5) and (5.6) are combined, the total contribution of the micelle adsorption to the
free energy of a polymer chain is simply
(5.7)

Fad = NQu

The second term in the free energy of a polymer chain, Fmix, describes the translational, or mixing, entropy of m adsorbed micelles along the chain. In the most simple
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approach the polymer contains NN~J 'adsorption sites' for the micelles, and thus
Fmix

=

-Ns(6)
aav

iVad V iv a d (i-0) +0

' Nad(i-e) +e/

where —s(0) denotes the average translational entropy per monomer corresponding to a
degree of loading 0. In the appendix this expression for FmiX is derived.2
The third term Fei in Eq.(5.2) accounts for the elastic free energy of stretching, which
stems from the loss of conformational entropy as the polymer stretches. As a simplest
approximation we assume the elasticity of the chains to be Gaussian, regardless of the
degree of coverage by micelles. The adsorption of micelles, however, modifies the unperturbed (Gaussian) size of the chain, and thus renormalises its elasticity. This is easily
understood if we consider the case of total loading (0 = 1). In this case a necklace
consists of N/Nad monomers of diameter 2Rm (as the thickness of the adsorbed layer is
negligible), which generally has a different Gaussian radius than N monomers of unity
length. At an intermediate value of 0 a 'necklace' in our model consists of m micelles,
connected by bridges formed by the N(l — 0) non-adsorbed monomers of the chain (of
unit length). The length of such a bridge is JV(1- 0)/(m - 1) « Nad{l - 0)/9. The
Gaussian radius of the coil for a degree of loading 6 is given by
Ro(0)2 = N(l -0)+ m(2Rm)2 = N((1-0)

(5.9)

+ 4^™

Nad

and depends explicitely on 0. If we introduce a parameter /3to account for the renormalisation of the elastic modulus of a necklace, defined as
4R2

(5.10)

^ V *

- 1

then Eq.(5.9) simply reduces to JV(1+ (19). The elastic free energy of the necklace is now
given by
m
1

i

,

„
'

el

^3RG(0)2
2RQ{9)2

=

3RG(9)2
2N(l +/39)

where RG(9) denotes the equilibrium radius of gyration of the necklace at a coverage 9.
As follows from its definition, 0 depends, generally speaking, on the contact energy e
of a monomer with the micellar surface and on the solvent quality for the polymer. It
may vary between a large positive value (large nanocolloids, complexed with a relatively
small number of monomers) and a value close to -1 (small nanocolloids, complexed with
a relatively large number of monomers).
The last contribution to the free energy Fos is the osmotic contribution, originating
from excluded-volume effects. In the framework of our mean-field model we characterise
the chain by an average density of non-adsorbed monomers JV(1— 9)RQ3 and that of
micelles TTIRQ3. Thus, Fos is written as a Taylor expansion in the monomer and micellar
2

We remark that in our first paper on polymer-surfactant association a less accurate expression for F„,
is used, namely NN'J (01n0 + (1 - 0 ) l n ( l - 6)). [141]
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densities, the prefactors of which are the virial coefficients, or excluded-volume parameters. Provided the solvent quality is good, the osmotic term Fos accounts for three types
of binary, repulsive interactions: (i) between two non-adsorbed monomers, (ii) between
two micelles covered by adsorbed polymer, and (iii) between non-adsorbed monomers
and covered micelles. The excluded-volume parameters are denoted as ilo, vi and v2,
respectively. It is, however, convenient to write the osmotic free energy in terms of an
effective excluded-volume parameter per monomer veff(6), which is a function of the
degree of coverage,
(iV(l - 6>))V0 + m V i + Nm(l - 9)v2

N2(v0(l-9)2+v192
(5.12)

J U22v„ . (9)
. _ia\
N
eff

+ 2v29(l- -9))

3
R
K°GG
Ar3„..
N3w. eff_ra\
(9)

Rh

N3weff(9)

N3weff(6)
R%
K"G

R%

Thus, if we define vo —vo, vi = v\N~£ and v2 —V2(2Nad)~1, the effective excludedvolume parameter per monomer veff{8) is defined as
(5.13)

veff{0) = v0(l - 6)2 +Vl62 + 2w20(l - 6)

The second term in Eq.(5.12) describes the ternary, or three-body, interactions between
monomers and adsorbed micelles, where weff(6) is the effective third-order virial coefficient which is generally positive. [142] Above the 0-temperature all the contributions
to veff(9) are positive, i.e. the effective binary interactions in the system are repulsive.
Under these conditions the third-order term in Eq.(5.12) can safely be neglected. In
Chapter 6the situation is considered where the temperature is below the ©-temperature
for the polymer chain, in which case the third-order term must be taken into account.
The equilibrium conformation for a certain set of parameters (N,Vi,u) is determined
from the condition of minimal free energy per chain. For a bare coil (no adsorption of
micelles) the free energy is dominated by two terms: the elastic energy and the excludedvolume interactions between the monomers. Minimisation of F with respect to RG
yields the mean-field scaling law RQ ~ N3/5v0' . In the case of adsorbed micelles the
free energy is minimised with respect to both the coil radius and the degree of coverage
0, i.e. the number of adsorbed micelles per chain.

Minimisation with respect to RQ gives the coil radius as a function of6:
(5.15)

RG*N3/5ttl

+

09)veff(6))1/5

where ve;j{9) is given by Eq.(5.13) and numerical prefactors are omitted. Note that
Eq.(5.15) reduces to the expression for bare chains, RQ « Nz/hv\
,for 9 — 0. Combining
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this with the second equilibrium condition yields
(5.16)

-s'(9)

+

Nadu

+

NadN~^

(

<»&
, . . - g g j ^ ) =0
\((1 +I36)veff(6)f5
2(1 + 00)*/*)

dv 9
and v'etA9) =
'"} \
JI
d9
d6
From the above equation 9 can be calculated for given set of excluded-volume parameters as a function ofthe effective adsorption energy u. In this way a binding isotherm is
obtained, as the effective adsorption energy is a function of the surfactant concentration
in the bulk (see Eq.(5.5)). For long chains, however, the third term in Eq.(5.16) is
negligible compared to the first two terms, due to the denominator N~4/5. If we neglect
the last term in Eq.(5.16) the expression simplifies to

where we define s'(9) = ^

' = $7
Note that in the case Nad
isotherm, i.e.
(5.18)
5.3.

Nad(l -9)+ 9 Nad Nad(l -9)+ 9
= 1the above expression reduces to a Langmuir-like adsorption

u= - l n

.1-0

ESTIMATION OF PARAMETERS

In order to proceed further and to make a basis for comparison between the predictions
of the above model and experimental results, it is necessary to estimate the molecular
parameters that appear in our model, namely the radius of a micelle Rm, the number
of adsorbed monomers per micelle Nad and the excluded-volume parameters wo,wi and
V2- Experimental data, available for several surfactant-polymer systems, are used as
reference. [120-124,130,143] The system predominantly referred to is PEO and SDS.
The radius of an adsorbed micelle is typically between 2 and 5 nm, depending on
the salt concentration. [120,122,143] Generally speaking, the number of surfactants and
thus the micellar radius increases with increasing salt concentration. For a given salt
concentration the number of surfactants per polymer-micelle complex is reported to be
constant, i.e. independent of the degree of coverage. [120] We use a constant value for
the micelle radius of order 10 times the monomer length / in our model. In the case of
PEO the value for / is 0.35 nm [91]; the micellar radius in this case is approximately 3
nm.
As the micelle radius is large compared to the monomer length, and the affinity of
the monomers to the micellar surface is sufficiently high, the curvature of the micellar
surface plays no significant role in the adsorption of the polymer. [137] The number of
adsorbed monomers per micelle Nad is therefore proportional to the surface area of a
micelle. Furthermore, it is independent of the degree of coverage, as the micelle radius
is also assumed constant. The number of adsorbed PEO monomers per SDS micelle is
reported by Gilanyi et al. to be of order of 120, Cabane gives a value 60 and Shirahama's
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value is close to 100. [120,121,123] We use values for Nad of order 10 -100, which are
assumed to be constant for all values of 6.
Wenowturn towards the second-order virial coefficients vo,Viand Vi. Such coefficients
can be estimated using an expression from the Baker-Henderson theory [144],
(5.19)

Wi =

I f ° (i _ e-uW/kBTJ df

= 2n

f°° ^ _ e-u(r)/kBT^

r2dr

where U(r) is the interaction energy between the particles and r the center-to-center
distance between the particles. The second expression for v^ is valid for interaction
potentials U(r) that do not depend on the orientation, i.e. are spherically symmeteric,
which is the case in our model.
As we restrict ourselves in this chapter to good solvent conditions, the bare monomers
are treated as hard spheres without any long-range repulsion or attraction between themselves. The interaction potential can thus be given as 0 ( r — l)Uhwr, where 0 ( . . . ) is the
Heavyside unit-function and Uhwr is a hard-wall repulsion (its value is close to infinity).
The second virial coefficient of monomer-monomer interactions vounder athermal solvent
conditions then equals
4TT

(5.20)

v0 = — « 1

as the monomer length / is unity. In 0 or poor solvent conditions the parameter vo
becomes zero or negative, respectively. This is considered in the following chapter.
For the renormalised micelle-micelle vi and monomer-micelle V2 virial coefficients we
distinguish between micelles comprised of charged surfactants and non-charged micelles.
In the case of neutral surfactants the micelle-micelle interactions are determined by the
effective excluded volume of a micelle. This is larger than that of a bare micelle, because
of the swollen corona of adsorbed polymer monomers. As a simplest approximation
the interaction is treated as that between hard spheres, similar to monomer-monomer
interactions. This gives
(5-21)

2n (2{Rm + D))3
167ritf
^ = ~ y3 y mN,NL "
*~ - N*
l ^ ~
ly
*ad
ad

R

-1

where D is again the thickness of the adsorbed layer, which is neglected. Note that,
although the micelle-micelle virial coefficient v~i increases with Rm, the renormalised
coefficient v± is predicted to decrease with Rm.
There is also a negative contribution to v\ due to bridging attraction (i.e. loops in a
corona adsorbing on another complexed micelle). Such attraction can be important at
intermicellar distances between centers of micelles of order 2(Rm + D). Hence, in the
absence of long-range Coulomb repulsion (uncharged complexed micelles) the necklace
of micelles may collapse. We remark that, as formation of bridges is not instantaneous,
the swollen necklace conformation may exist as a metastable state.
As stated in section 5.1, however, it is experimentally observed that surfactants that
form polymer-micelle complexes are predominantly anionic. Several explanations have
been suggested for this phenomenon, but, as the exact reason remains to be determined,
the issue is not yet resolved. [130,131,133,134] It is therefore essential to include the
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micellar charge in our model and to estimate its effect on the parameters. We again
use the mean-field approximation and for simplicity write the intermicellar interaction
potential as U(r) — 0 ( r - 2(Rm + K~1))UhWr, where K _ 1 is the Debye length. This
expression is valid when K _ 1 is large compared to D. The micelle-micelle interaction
parameter v\ is then given by
(5.22)

v^lJn(Rm

+ K-if
3WL

ad

and may significantly exceed the 'geometrical' micelle-micelle excluded volume ~ R^The renormalised second virial coefficient v2 for monomer-micelle interactions is determined by the effective excluded volume of a micelle covered by adsorbed polymer for
a monomeric unit. As Rm is large compared to I and to D, we approximate U(r) as
U(r) s=s 0 ( r — Rm)Uhwr, and it follows that
(5-23)

v2 »

^

This expression is valid in the limit of total coverage of the micellar surface by polymer.
For partial coverage the above value is an overestimation, as there are attractive interactions between the uncovered hydrophobic patches on the micelle and the monomers.
Because we restrict ourselves to neutral polymers, charges play no role in the monomermicelle interactions. Therefore, v2 is the same for neutral and charged micelles, and is
independent of the salt concentration.
The last parameter which must be estimated is that of the mean adsorption energy per
monomer u. Shirahama [121], Cabane [120] and Gilanyi et al. [123] report complexation
of SDS with PEO in 0.1 M inert electrolyte (Cabane 0.4 M) to occur at approximately
1 mM SDS. The number of adsorbed monomers is of order 100. The free energy of
adsorption is estimated to be 13 ksT per micelle by Shirahama, 10-20 fc^T by Cabane
and 16 ksT by Gilanyi et al. This gives a value for u of approximately 0.15 kg,T at high
degrees of loading. Naturally, this value depends on the surfactant concentration, as is
evident from the definition of u (Eq.(5.5)). Therefore, u is a variable in our model, but
its value should be of order 0.1 fc^T. We finally note that when u is tuned by variation
of the surfactant concentration, Nad remains unaffected, which is assumed in our model.
This is not the case if the temperature or solvent composition are varied, as this affects
the 'bare' adsorption energy |e — ecri\ (see the discussion concerning Eq.(5.5)).
5.4.

RESULTS

In Figure 5.2 the degree of coverage 8, given by Eq.(5.16), is shown as a function of u
for three different values ofv\. We remind the reader that VQ characterises the strength of
osmotic interactions between bare monomers, vi that between complexed monomers and
v2 that between a bare and complexed monomer. The values for the chain length, VQ, Nad
and Rm are constant for all following results. As shown in Figure 5.2 the adsorption of
micelles on the polymer chain is continuous with increasing surfactant concentration (via
u, seeEqs.(5.4) and (5.5)), and virtually independent ofthe excluded-volume parameters.
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This demonstrates that thecontribution of intramolecular excluded-volume interactions
is negligible in comparison to the adsorption contribution for long chains. Thus, the
degree of coverage of coils in a dilute solution depends only on the mean adsorption
energy, i.e. the chemical potential ofthe surfactants.
Experimentally, theCAC isdefined asthesurfactant concentration at which an effect
of a finite degree of loading is observed on physical quantities, such as the coil radius
or the solution viscosity. Using Figure 5.2, wecan roughly identify the CACbythe
surfactant density in our model at which u = 0. Physically, this entails that there is
no netto increase or decrease in free energy upon formation of a complex. If we insert
a ~ Nad/\e — €cri\p in Eq.(5.5), it follows that
Inpc AC
(5.24)

=

C

(|e-e c r i |) 2 JV o l J
cp

(i4- /4)

i\fNad

where inthesecond equation wehave neglected thecontribution ofthecounterionsand
set the activity coefficients equal to unity (seeEqs.(5.27) and (5.28)). TheCACinour
model istherefore determined bya balance between thecost oftransferring a surfactant
molecule from thebulk solution toamicellar enviroment ( ^ —Mp)>a n d t n e effective gain
in free energy persurfactant from adsorption ofapolymer strand onthe micellar surface,
(|e— £cri\) Nad/p. It is clear from Eq.(5.24) that the difference between the CAC and
CMC, the latter roughly defined byexTp((j,p—(i°s), increases as (|e- e cri |) Na(t/p increases,
i.e. asadsorption ofthe polymer strand increasingly lowersthe free energy ofthe micellar
aggregate.
Whereas 9 solely depends on u andis virtually independent ofthe excluded-volume
parameters, theradius ofthe coil RQ isstrongly affected byadsorption ofmicelles,and
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depends on 0 viathe effective virial coefficient vefj{6). As VQis unity, the radiusof
gyration of a 'bare' chain is simply JV3/5 in our model (seeEq.(5.15)). In Figure 5.3
RG/N3/5,
i.e. the ratio of the size of the complexed and bare chain, is plotted asa
function ofuforseveral values ofvi and v-i-When v\ ismuch larger than VQ and V2, the
coil radius increases monotonically with increasing adsorption strength, asthe excludedvolume interactions between themicelles arelarge compared tothe monomer-monomer
and monomer-micelle interactions. The strong micelle-micelle interactions provide strong
swelling ofthe coil atlarge degrees ofcoverage. When both v\ and v-i are smaller than vo
the opposite isthecase. The coil wraps itself around the micelles and effectively shrinks
with increasing adsorption strength. This behaviour mayoccur for adsorbing neutral
micelles orcharged micelles at high ionic strength.
An interesting case is found when v? is significantly larger than both VQand v±.
Under such conditions, amaximum occurs inthe coil radius atanintermediate coverage,
as shown in Figure 5.3. Atlowcoverage thepolymer haswrapped itself around a few
micelles. This haseffectively shortened thechain buttheosmotic interactions between
the bare monomers andadsorbed micelles result inanoverall swelling ofthe chain with
increasing coverage. Athigh coverage the chain isnearly totally covered bymicellesand
the coil radius decreases with increasing coverage. As the U2-term dominates the osmotic
interactions, themaximum insize occurs at 9« 1/2,i.e. half coverage.
From Figure 5.3onecould conclude that at total loading (large negative it) the radius ofthe complexed chain is smaller than that ofthebare chain when Vi < VQ and
larger when v\ > vo- However, theeffective number of monomers hasdecreased from
ATmonomers of unit length to N/Nad monomers of length 2Rm. This renormalisation
of the effective monomer length is characterised by /?, defined in Eq.(5.10). A positive
ji denotes a system inwhich theeffective monomer length increases upon loading (large
complexed particles, small Nad), a negative /? a system inwhich theeffective monomer
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length decreases (small complexed particles, large Nad). In Figure 5.4 the ratio in coil
size isshown for fixed excluded-volume interactions and varying (3.In the case that /3= 0
the coil monotonuously swells with increasing 6, i.e. decreasing u, as the strength of the
osmotic interactions effectively increases with loading (vi > vo)- However, as fi becomes
negative, the increase in coil size lessens and a maximum in RQ may even appear. This
maximum is the overall result of an increase in strength of osmotic interactions and a
decrease in effective chain length upon loading. We can thus conclude that the size of
the complexed coil is a delicate balance between the strength of osmotic interactions in
the complexed coils and the change in effective monomer length upon complexation.
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An interesting parameter in our model is Nad, which is the number of monomers
complexed per micelle. In Figure 5.5 6 is plotted as a function of u for three values of
Nact. From Figure 5.5 or Eq.(5.17) it follows that the loading isotherm becomes 'steeper
with increasing Nad. This entails that Nad is a measure for the cooperativity of the
complexation process. This is reasonable, as Nad scales as (|e — eCTi\)p2/3, where p is the
number of surfactants in a complexed micelle. Thus, the 'steepness', or cooperativity,
of the binding isotherm is both a measure for the number of surfactant molecules in a
complex as for the number of monomers adsorbed per complex.
It is interesting to compare the above results with experimental data. In the literature
several viscosity measurements of solutions of hydrophilic polymers in the presence of
aggregating surfactants have been presented. At low polymer concentration the reduced
viscosity of a polymer solution is a measure for the size of the polymer coils. Wang and
Olofsson found that the reduced viscosity of EHEC, a hydrophilic cellulose polymer, at
high SDS concentrations is lower than that of the bare polymer. [128] They conclude
that adsorption leads to a more compact polymer complex, in spite of the electrostatic
repulsion between the micelles. In contrast, various authors find the relative viscosity
of PEO with SDS to have a maximum as a function of the SDS concentration at a
constant high ionic strength. [143,145] Such a maximum in the viscosity corresponds to
a maximum in the coil size. The effective decrease in coil size is ascribed to increasing
electrostatic screening due to increasing surfactant concentration. However, Brown et al.
found distinct maxima in the relative viscosity of PEO/SDS at constant high electrolyte
concentrations. [143] Hence, the interpretation of such maxima in terms of modified
electrostatic screening may be questioned. We suggest that such experimental maxima
correspond to the maxima in coil size as predicted by our model, whereby a balance
is present between an increase in osmotic repulsion and decrease in effective monomer
length with increasing loading.
An interesting system consisting of a PAm-PEO gel in contact with an SDS-solution
was recently investigated by Rosen et al. [146]The PAm-backbone (polyacrylamide) does
not form complexes with SDS, and the change in gel volume is due to complex formation
of the long PEO side-chains with SDS-micelles. In Figure 5.6 the results of Rosen et
al. are shown. The relative increase in gel volume V/VQ is given as a function of the
SDS-concentration for several ionic strengths. The arrows in the figure denote the CAC's
at the given ionic strengths. With increasing ionic strength the CAC drops to lower concentrations. The primary reason for the decrease in CAC is the decreasing electrostatic
repulsion between the ionic head-groups with increasing ionic strength. At zero added
salt the gel is found to swell strongly when CSDS is above the CAC (approximately 6
mM). As the ionic strength increases, V/V0 is found to decrease. This corresponds to
the decrease of v\ in our model with decreasing K _ 1 . At high ionic strengths (1 M) the
gel volume is found to decrease as the CAC is surpassed. This corresponds to vi < VQ
in our model, i.e. the renormalised osmotic interactions between complexed micelles are
less than the monomer-monomer interactions.
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In Figure 5.6 a maximum in V/V0 occurs at cmax for low concentrations of added
electrolyte. As cmax ~^> CCAC-, the maximum is believed to correspond to a total loading
of the PEO-chains. The decrease in V/VQ beyond this maximum is due to an effective
increase in ionic strength of the solution as CSDS increases. As the ionic strength of
the system is known, we can compare the decrease in gel volume with that predicted by
our model using the definition of v±. In Figure 5.7 the experimental data (solid curves)
are plotted together with the results of our model (dashed curves). As the relative gel
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volume is considered, all numerical prefactors are cancelled. At total loading, the gel
volume ratio in our model is given by (see Eq.(5.15))
(5.25)

AV =

3/5

= 1)
Vi? G (0 = O),
(RG{0

v0

J

3

where v\ is given by Eq.(5.22) and vois approximately 47rZ /3. The K~X is determined by
the combined contribution of the surfactant concentration and the added salt. According
to Cabane [120], the radius of the micelles is of order 2.2 nm; according to Rosen et al.
the number of adsorbed PEO-monomers is of order 60. [146] Using these results and
setting / = 3 A, the agreement between our simple model and the experimental data is
quite reasonable.
Finally, we can combine all previous results in an isotherm for the gel volume as a
function ofthe surfactant concentration. The only unknown parameters, which depend on
the choice of system, are C and c' in the expression u = C — c'lnp;,, see the discussion
following Eq.(5.5). Inserting the values -0.5 and 0.11 for C and c', respectively, the
isotherm V(CSDS)/VO shown in Figure 5.8 is obtained for zero added electrolyte. It
is clear that our model reproduces the swelling and subsequent deswelling of the gel
reasonably well. We stress, however, that the values of C and c' have been fitted to
obtain a good agreement between the model and experiments, and have no relationship
to measurable parameters.
5.5.

CONCLUSIONS

Using an analytical mean-field model we have investigated the behaviour of polymer
chains in a dilute solution containing surfactants. The surfactants are assumed to adsorb on the polymer chain in micellar form. In our model the size of the micelles and
number of adsorbed monomers are assumed to be independent of the degree of coverage
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of the polymers. An average adsorption energy per adsorbed monomer is introduced to
describe the overall polymer-micelle affinity. The monomer-monomer, monomer-micelle
and micelle-micelle osmotic interactions are accounted for using mean-field excludedvolume parameters. The degree of coverage of the chains with micelles and the coil size
is investigated as a function of the adsorption strength and excluded-volume parameters.
The coverage of single coils in a good solvent with micelles is found to be virtually
independent of the excluded-volume interactions, and it increases monotonically with
increasing adsorption strength (surfactant concentration). This result agrees qualitatively with experimental adsorption isotherms for hydrophilic polymers and associating
surfactants. The coil radius depends strongly on the strength of the excluded-volume
interactions. In the case of large micelle-micelle interactions (charged micelles at low
electrolyte concentrations) the coil swells with increasing coverage. In the case of relatively large monomer-monomer and small micelle- micelle excluded-volume interactions
the coil effectively shrinks. If the monomer-micelle interactions are dominant the coil
radius has a maximum at a coverage around 50 %. This maximum may also occur if
the unperturbed size of the coil (Gaussian radius) strongly decreases upon complexation.
Experimentally, polymers in a surfactant solution are found to swell, shrink or have a
maximum, depending on the choice of system.
The results of our model are compared to experimental data for the swelling of a
PAm-PEO gel with increasing SDS surfactant concentration. Reasonable agreement is
found between the observed swelling of the gel and that predicted by our model at
low ionic strengths. It can be concluded that the decrease in gel volume at surfactant
concentrations far above the CAC is primarily the result of a decrease in strength of
electrostatic repulsion between complexed micelles, due to the increase in ionic strength.
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APPENDIX

We first consider the chemical potential of anionic surfactant molecules at the CAC
and the corresponding expression for Ap in Eq.(5.4). We can write the aggregation
process as
(p-p')lon+t=;Mp'PS~ +
1
i.e. p surfactant molecules and (p—p ) counterions combine to form a micellar aggregate
of effective charge p'—. In the above expression counterion condensation on the micellar
aggregate is explicitely taken into account. At the CAC the equilibrium of chemical
potentials yields
(5.26)

liup =

fis+[l

Mio

where the left-hand side is the chemical potential of a surfactant and corresponding
fraction of bound counterions in the micellar aggregate, and the right-hand side are the
contributions of the single surfactant molecule and counterion in the bulk. If we insert
the expressions for the surfactants and counterions (viz. ps = p°s + ^n(fsPb), where fs
is the activity coefficient of the surfactant and pt its density), the result is
= Ms+ l n / s + 1

£ j (M? o n +ln/ion)+ln,0(,+ I I

Inpio

d +C2 +lnp 6 + (1 - - J In(p5aU + Pb)

(5.27)

In the above equation all contributions that depend on the choice of system and are
independent on the surfactant density are collected in the coefficients C\ and C2. Also,
the counterion density is a sum of the surfactant density and the density of added salt.
Using the above expression, we can distinguish two asymptotic regimes. In the first,
the density of added salt is high compared to the surfactant density at the CAC, i.e.
Psait 3>Pb,CAC- If we then expand the second logarithm in Eq.(5.27) the result is
Ap

=

M2-

d+C2+(l-

- ) InAiait + ( l -

^

Pb

+lnJ

Asalt

(5.28)

ti-

Ci + C2 + (l - —J lnpsait + lnp6

Thus, at high salt densities the electrolyte contribution is reduced to an additonal constant contribution and Ap, is proportional to the logarithm of the surfactant density.
In the second asymptotic limit, the density of added salt is low compared to the
surfactant density at the CAC, i.e. p sa i t <SPb,cAc- In this case Eq.(5.27) reduces to
(5.29)

A/x =p°p

Ci + C2+[2

-)

InPb

PJthe degree of counterion
and the contribution of Inpb to Ap depends explicitely on
condensation. Experimentally, it is found that p'/p ~ 0.1 — 0.2 for various micellar
solutions. [147] Thus, in this regime Ap is nearly proportional to 2Inpt,. The underlying
reason is that at low salt concentration the high electrostatic potential at the micellar
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surface induces a large degree of counterion condensation. Thus, for every surfactant
incorparated in an aggregate, both the translational entropy of the surfactant and of its
counterion is lost, which results in the factor 2lnpb- We can therefore express Afj, in a
general form as (i.e. Eq.(5.4))
(5.30)

AM= C - c l n p 6

where c varies between unity (at high ionic strength) and 2 (at low ionic strength).
In this appendix we also consider the translational, or mixing, entropy of m amphiphiles, each bound to Nad monomers on a chain of iV monomers.
The total number of elements is clearly N — mNa<i + m. The total number of conformations Z is then
,,„1,
„_{N-m(Nad-l))\
{5 31
Z
- '
~
m\(N-mNad)\
Inserting the definition of 6, given by Eq.(5.6), yields

(5.32)

Z=

(£)>wi-fl).

The mixing entropy 5 m « is defined by — fcjglnZ. Using the Stirling approximation,
InN\ « N InN — N which is valid for large N, the free energy of mixing per monomer is
F •

NkBT
(5-33)

=
=

-s(9)
Nad V

Nad(l -0)+0

^(ein-—^-—Q+Nad(l-0)ln-Nad{1-9)
' aax
' Nad(l -9)+ 9
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CHAPTER 6

Phase Separation in Polymer-Surfactant Solutions
ABSTRACT

On the basis of an analytical mean-field model we consider phase separation andcoil-globule transitions insolutions ofpolymer chains with annealed
excluded-volumeinteractions. Inourmodelthechainmonomerscanreversibly
change from a hydrophobic state to a hydrophilic one,which mimics the formation ofpolymer/surfactant complexes. While thebare polymer chainsare
either hydrophobic or weakly hydrophilic, the formation of complexes may
strongly enhance thesolubility ofthepolymers inwater. Wepredict different
types ofphase behaviour forsolutions oforiginally hydrophilicorhydrophobic
polymers mixed with amphiphilies. In the case of hydrophilic polymers the
solution remains homogeneous at lowconcentrations ofamphiphiles, whereas
in the case of hydrophobic polymers it separates into a dilute and concentrated phase. The©-transition ofthecomplexed, hydrophobic polymersmay
be induced either byvariation ofthe concentration ofamphiphiles orthetemperature. Atlow ionic strength thecollapse ofanindividual, complexed chain
with decreasing solvent strength or decreasing amphiphile concentration acquiresthecharacter ofafirst-order phase transition. Athigh concentrationof
amphiphilesandhighionicstrengthwepredictthepossibilityofco-existenceof
twosemi-dilute polymer phases, both for hydrophilic andhydrophobicchains.

6.1.

INTRODUCTION

In the previous chapter we presented a Flory-like mean-field model for the complexation of single hydrophilic chains with nanocolloids, viz. micellar aggregates. In this
Flory-like approach, however, only intramolecular osmotic interactions are taken into
account; interactions between various polymer-micelle complexes arenot considered. As
was demonstrated, the contribution of osmotic interactions on the loading isotherm in
this dilute regime is negligible for long chains, as the overall monomer density islow.
Evidently, this Flory-like approach is not valid in the semi-dilute regime above the 0 temperature, orinsolutions below the©-temperature. Inboth casesthe (local) monomer
density is high, and the annealing of excluded-volume interactions may strongly affect
the polymer conformation.
The aim of this chapter is to generalise our approach to the domain of semi-dilute
solutions and weakly hydrophobic polymers, using the insights gained in the previous
chapter. The effect of complexation on the phase equilibrium and on the conformations
of individual chains in solution isstudied over a wide range ofsolvent qualities, including
the region around the ©-point. Weagain focus on the case where the polymer solution
contains small amphiphilic molecules (surfactants) at a concentration below the CMC
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but above the CAC. The main results of our analysis can be directly reformulated for
polymer/protein mixtures.
The structure of this chapter is as follows. In section 6.2 our mean-field model is
introduced, in which we use the so-called volume approximation. [148] In this approximation only the leading terms in the free energy of a collapsed globule are retained, i.e.
terms ~ N, while lower order terms in N are neglected. Such terms are, for instance,
the conformational entropy of the chain or the excess free energy of the globule/solvent
interface. Thus, the volume approximation is correct in the limit of infinitely long chains.
The collapsed (globular) state of the polymer chain in the volume approximation is characterised by the finite density pgi0b = —VQ/2W, which is determined by the local balance
of binary attraction and ternary repulsion between monomers, and is independent of N.
Remarkably, the correlation length £ ~ |^o| _ 1 of density fluctuations inside the globule is
also independent of N, and coincides with that in a semi-dilute solution of concentration
Pgiob-In contrast, a polymer coil in a good solvent is characterized by strong density
fluctuations on the scale of the coil as a whole, and the average density in the coil vanishes as N -> oo. Therefore, in the framework of the volume approximation the coil
conformation is associated with an infinitely dilute phase (p = 0), corresponding with
zero osmotic pressure.
We start with a general formalism for polymers with annealed excluded-volume interactions in the volume approximation. In the following section the phase behaviour of
polymer solutions containing surfactants capable of co-operative association with polymer chains is considered both for temperatures above and below the 0-temperature. In
section 6.4 the conformational transition in individual macromolecules upon complexation is examined in more detail. We also account for finite size effects and consider their
effect on the conformational transition. Finally, in section 6.5 we discuss the results,
compare them to available experimental observations, and draw some conclusions.
6.2.

GENERAL FORMALISM

We consider a solution of polymer chains consisting of N monomers immersed in an
aqueous phase. The dimensionless concentration (the volume fraction) of monomers in
the solution is p. The chains are flexible, i.e. the Kuhn segment length is equal to the
monomer length, which is taken as the unit length in the system.
The quality of the solvent for the monomer units is characterised by the second virial
coefficient of monomer-monomer interactions VQ,which, in a first approximation, is proportional to the relative deviation from the 0-point, vo = (T —Q)/T. If the temperature
T is above the 0-point water isa good solvent for the polymer, whereas below the 0-point
the solvent is poor, and sufficiently long chains collapse and precipitate. 1
As is demonstrated in the following, the hydrophilic/hydrophobic properties of polymer chains can be tuned not only by varying the temperature, but also by addition of
small amphiphilic molecules to the solution. The attraction between the hydrophobic
1

We remark that many hydrophilic polymers, such as P E O , EHEC and PNIPAM, exhibit an upper
©-point, i.e. precipitate not with decreasing, but, with increasing temperature. The generalisation of
our discussion for this case is, however, straightforward.
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groups of the amphiphiles and the polymer chains provides the driving force for their
complexation, whereas steric (or electrostatic) repulsion between complexed hydrophilic
groups results in solubilisation of the polymer chains. As the binding energies involved
are usually of order UBT the association is reversible.
Following the previous chapter, weassume that m surfactant aggregates are associated
with one polymer chain, and each aggregate occupies a sequence of Naj monomers. Once
again the degree of loading of the chain by "adsorbed" aggregates can be defined as
(6.1)

6 = mNad/N

This equation can be rewritten in terms of local number densities of adsorbed micelles
pm and monomer units p:
(6.2)

pm = p9/Nad

As the chains are either hydrophobic or weakly hydrophilic, it is reasonable to assume
that an increase in the degree of loading of the chains enhances the repulsive osmotic
interactions in the solution. Therefore, within our model 6isnot an independent variable,
but it is determined by the condition of minimal free energy of the polymer solution. This
free energy (per unit volume, in unit kgT) can be written as a function of p and 9 as
(6.3)

f(p,6) = ^Inp

- ps(6)+P6u + f0S(p,6)

The first term in Eq.(6.3) accounts for the translational entropy of the polymer chains as
a whole and is negligible for large N. The second term in Eq.(6.3) is the mixing entropy
which arisesfrom the translational freedom of adsorbed micelles alongthe polymer chains,
and isgiven by Eq.(5.8). The third term in Eq.(6.3) describes the free energy of formation
of adsorbed micelles. This differential free energy, which can also be interpreted as "the
adsorption strength", is given by Eq.(5.5).
Complexation of surfactant aggregates changes the osmotic interactions in the polymer
solution. Following our earlier mean-field approach, we present the osmotic free energy
density as a virial expansion in powers ofaverage densities of alltypes ofparticles present
in the solution
(6-4)

fos{{Pi}) = ^2 VijPiPj + ^2 WijiPiPjPi + ...
ij

ijl

where pi is the number density of particles of type i,j and I, which are either bare
monomers or adsorbed aggregates. The second virial coefficient Vij characterises binary
interactions between the particle of type i and of type j , while the third virial coefficient
u>iji isthe three-body interaction parameter. Fourth and higher order terms are neglected
in further analysis. We again express Eq.(6.4) in terms of the monomer density p and
renormalised virial coefficients
(6.5)

fosm(p,0) £ veSf{6)p2

+w(6)p3

where veff(8) is given by Eq.(5.13). It contains three parameters, i.e. vo (monomermonomer), vi (renormalised micelle-micelle) and v2 (renormalised monomer-micelle).
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The effective averaged third virial coefficient w(6) correspondingly comprises the normalised virial coefficients of ternary interactions between bare monomers and adsorbed
micelles. An equation analogous to Eq.(5.13) can be formulated, but it is not presented
here in an explicit form.
As discussed above, VQis either negative (T < 0 ) , zero (T = 0 ) or positive (T >
0 ) . The binary micelle-micelle virial coefficient v\ does not depend explicitely on the
solvent quality, and is given by Eq.(5.22). The cross-term V2 in Eq.(5.13) describes the
contribution of binary contacts between bare monomers and adsorbed micelles, and is
of particular interest for solutions close to the ©-temperature. We employ a coarsegrained description, in which we consider the interaction of a polymer-micelle complex,
comprising the micelle itself and a strand of length Nad adsorbed onto the micelle-water
interface, with a bare monomer. The second virial coefficient of interaction of a monomer
with a complexed micelle can now be written as

(6.6)

v2 = ^ ^ +2* r r 2 (l 3

e-uWk°T)dr

JRm

wherethe first term describes pure steric repulsion (impermeability ofthe micellar interior
region for monomers, Rm is the micellar radius), while the second term describes the
interaction of a bare monomer with the adsorbed layer around the micelle, formed by
Nad monomers. Thus, U(r) is the average potential experienced by the monomer at a
distance r — Rm from the micellar surface. The range of the average molecular potential
U(r) is proportional to the so-called "adsorption length" and gives the effective cut-off
length for the integral in Eq.(6.6). [149] As the Naa- monomers are strongly attracted
to the surface in our system, the adsorption length is comparable to the monomer size.
Note that Eq.(6.6) reduces to Eq.(5.23) under ©-conditions, as the effective potential
U(r) is then zero by definition.
The sign of the second term in Eq.(6.6) depends on the character of the monomermonomer interaction, which is repulsive {U(r) > 0) under good solvent conditions and
attractive (U(r) < 0) under poor solvent conditions. To estimate U(r) we use a meanfield shell approximation, assuming a
(6.7)

U{r) _ f v0Nad/47rR2m
kBT
{0

"{

r < Rm + 1
r > Rm + 1

This leads to

Hence, under good solvent conditions (vo > 0) the second virial coefficient of binary
interaction between bare monomers and complexed micelles is positive, and the main
term scales as R^, which is equivalent to Eq.(5.23). Under poor solvent conditions
(i>o < 0), however, the balance between steric repulsion (the first term in Eq.(6.6)) and
short-range attraction (the second term in Eq.(6.6)) significantly reduces v?The third virial coefficients w ^ are usually positive, even when the particles attract
each other strongly. In a (bare) polymer solution below the 0-point ternary repulsion
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balances binary attraction, ensuring a finite density of the collapsed polymer phase. [19]
As will be demonstrated in the following, the degree of loading of a collapsed coil is close
to zero. Therefore, ternary interactions between bare monomers, for simplicity denoted
by w, are the dominant ternary interactions in our system. We can safely ignore ternary
contributions involving complexed micelles.
The equilibrium degree of loading of polymer chains by adsorbed micelles (at a given
monomer concentration p and given adsorption strength u) can be obtained by minimising the free energy given by Eqs.(6.3), (6.5) and (5.8), with respect to 6, i.e.

This minimalisation leads to
(6-10)

P= ^fi[y/{<ffV))2

- 4w'(0)[8'(eb) - 8>(6)] - v'e„(0)]

where we have introduced the notation w'(8) = dw(6)/d8, similar to v'efA6) and s'(6).
We denote the maximum value of the degree of loading in an infinitely dilute solution
(p « 0) as 6b. This maximum depends solely on the adsorption strength —u (i.e. the
surfactant concentration) and Nad as
ffiin
{

'

i

'

N

^-Qb)

Nad(i-eb)

i .

+eb

Nad

Qb

Nad(i - eb) +eb

u

This bulk value 8b is equivalent to the degree of loading of a single coil in an infinitely dilute solution above the ©-temperature, as was discussed in the previous chapter
(Eq.(5.17)).
Eqs.(6.3) and (6.10) describe parametrically the free energy per unit volume of the
solution as a function of the monomer concentration and adsorption strength (via 6b).
One can easily check that the second term under the square root in Eq.(6.10) is usually
small, so that Eq.(6.10) can be rewritten in a simplified form as

(6-12)

P(e)=

--r±w(s'(9b)-s'(e))

Using Eq.(6.12), the equilibrium chemical potential of the monomer is given by (in unit
kBT)
=

(6.13)

ejip^T

dp
= 0s'(0) - s(6) + [2veff(6) - 8v'eff(6)]p(8) + [3w(6) - 6w'(6)]p2(6)

In a good solvent all contributions to veff(0) are positive, i.e. the effective binary interactions in the system are repulsive. Under these conditions the third-order osmotic
interactions in Eqs.(6.5) and (6.13) can safely be neglected. Moreover, the condition
v'e.,(9) > 0, which simply states that upon loading at a given density the strength of the
osmotic interactions in solution increases, entails that 6 < 0b for p > 0. The condition
dp/dO < 0 ensures that the degree of loading, given by Eq.(6.12), corresponds to the
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minimum of the free energy at a given p. Moreover, under this condition 6, denned by
Eq.(6.12), is a single-valued function of p.
To illustrate this feature 6isplotted as a function of pfor a fixed #& and three valuesof
vi in Figure 6.1. As the monomer density in the solution increases, the degree of loading
monotonically decreases due to the enhanced osmotic interactions. This decrease is the
strongest for the strongest micelle-micelle interactions, i.e. the largest value of vi.
6.3.

P H A S E BEHAVIOUR

6.3.1. Good solvent
Inorder to describe phase equilibrium in a polymer-surfactant system at fixed chemical
potential of the surfactants we have to analyse the behaviour of the free energy density
/ , or that of the monomeric chemical potential p = df/dp, as a function of the monomer
concentration p. The basic equations are Eqs.(6.3), (6.12) and (6.13). These equations
contain 4parameters, namely vo,ui,v^ and 6b,which depend on the temperature, on the
ionic strength of the solution, and on the surfactant concentration. In our subsequent
analysis we choose 6b,vi and voas three "independently tuned" parameters (by variation
of the surfactant concentration, ionic strength of the solution and temperature, respectively).
We start the analysis of the behaviour of the chemical potential p of a monomer as a
function of the density p in the case that water is a good solvent for bare monomers, i.e
vo > 0. In Figure 6.2 p is plotted as a function of p according to Eqs.(6.12) and (6.13)
for three values of ^i at constant VQ, V2and 6b- For sufficiently large vi the chemical
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potential increases monotonically with increasing density in the whole range of p. The
osmotic interactions are dominated either by monomer-monomer repulsion at large p or
by micelle-micelle repulsion at small p, or bytheir combination in the intermediate region.
However, with decreasing v\ the ^u(/9)-dependence flattens in the intermediate range of
densities, as the monomer-micelle repulsion (characterised by the V2-term in Eq.(5.13))
becomes increasingly important. If v\ is smaller than a certain critical value uj", the
chemical potential fj,(p) is a non-monotonic function of p in the intermediate range of
monomer concentrations. This non-monotonic behaviour of p,(p) suggests the possibility
of phase separation into two co-existing phases, which differ with respect to both the
polymer concentration and the degree of loading of the chains by adsorbed micelles.
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This critical value u* can be obtained by simultaneously solving the equations
dp, _ d2p
=0
dp dp2

(6.14)

In Figure 6.3 v{ is shown as a function of V2for three values of 9b- It appears to be a
monotonically increasing function of v? and 6b- This implies that the possibility of phase
separation is enhanced by increasing the surfactant concentration and the ionic strength
of the solution. (We remind the reader that salt reduces the repulsion between adsorbed
micelles and thus results in a smaller value of vi.)
The polymer densities p\ and p 2 in the co-existing phases are obtained using the
standard Maxwell equal-area construction
rP2

(6.15)

y ( (»(p) - t*(Pi))dp = 0

while the corresponding degrees of loading in both phases are obtained from Eq.(6.12).
The phase diagram of the solution, i.e. the coexisting densities p\ and pi-, is shown as
a function of v\ in Figure 6.4. In the critical point, v\ = u* we have p\ = pi = p*.
With decreasing vi, corresponding with an increasing ionic strength of the solution, the
two-phase region of the diagram widens. This suggests that the difference in density
Ap = p 2 — P\ and, correspondingly, the difference in the degrees of loading A0 = B\ — 82
in the co-existing phases increases with increasing ionic strength.
The appearance of the non-monotonic dependence of fi(p), which indicates the possibility of phase separation, is also evoked by an increase in the concentration of the
surfactants (increasing 6b)at constant vi and v2- The phase diagrams (binodal curves)
in the (p,#j,)-plane, shown in Figure 6.5, are qualitatively similar to those in the (p, vi)plane, shown in Figure 6.4. With decreasing v\ (increasing ionic strength) the two-phase
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region in the (p,#;,)-plane is extended to lower values of 6b- Hence, a semi-dilute solution of hydrophilic polymers can be driven towards phase separation into two semi-dilute
phases by an increase in the surfactant concentration and/or an increase in the ionic
strength of the solution.
6.3.2. Bad solvent
We now focus on the case that Do< 0, i.e. poor solvent conditions, where the shortrange attraction between monomers dominates the steric repulsion. In a surfactant-free
solution this attraction results in the precipitation of polymers and formation of a dense
(collapsed) phase coexisting with a dilute one. For infinitely long chains (TV ->• oo) the
concentration of the dilute phase approaches zero (for finite N it decreases exponentially
with N). [148]This co-existence of a concentrated and (infinitely) dilute phase is reflected
in the shape of the chemical potential fi(p), which exhibits a singleminimum in the range
p > 0. The equilibrium density of the collapsed phase is determined by the balance
between attractive binary and repulsive ternary interactions between monomers. [19,135]
It can be found using the same Maxwell construction, Eq.(6.15) with p\ = 0, or by
applying the condition of vanishing osmotic pressure in the dense phase

(6.16)

°li£S_ =0

dp p
which leads to p = —v0/2w.2 Hence, with increasing T the density of the collapsed phase
smoothly vanishes in the 0-point, as VQ ~ (T — @)/T. As T approaches 0 the minimum
in the /u(p)-curve progressively becomes more shallow and eventually it disappears at
T = 0 ; at T > 0 the chemical potential is a monotonic increasing function of p.
2

T h e validity of Eq.(6.16) is demonstrated by

denotes the (osmotic) pressure in the system.

d f(p,0)
dp p

9f(P,e)

-?(<

dp

-HP ,0))

ZE. where p
„2 '
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-1 (far from the Q-point),

The situation ismarkedly different when amphiphiles arepresent. Figure 6.6 illustrates
the evolution of the p,(p)-curve with increasing surfactant concentration for vo < 0 at
constant vi and t>2- At small 9b the shape of p,(p)-cuives is qualitatively the same as
in the surfactant-free solution, i.e. only one minimum corresponding to the collapsed
phase is present. The shape and position of this minimum are roughly determined by
the balance between binary attraction and ternary repulsion of bare monomers. At high
#&(0.8 in Figure 6.6) the chemical potential in the dilute phase is lower than that of the
globular phase, i.e. a necklace conformation is more favourable than the globular.
The density and the degree of loading in the collapsed phase co-existing with the (infinitely) dilute one at low values of 6bcan be found by either applying the Maxwell construction to n(p), or, equivalently, by applying Eq.(6.16). This leads to p = —veff(6)/2w.
In combination with Eq.(6.12) a closed equation is found for the degree of loading in the
collapsed phase for a given set ofvo,vi,V2,w and6b
(6.17)

veff(6)v'eff(6)
2w

=

s'(6b)-s'(6)

As expected, an increase in &b mostly affects the shape of p,(p) in the range of small
densities (when the degree of loading is close to 6b, see Figure 6.1). As follows from
Eq.(6.13), the chemical potential in the dilute phase is simply
(6.18)

/x(0) = »(p = 0) = In

Nad(l - 8b)
Nad{l - 8b) +9b

and an increase in 8bresults in a monotonic decrease in p,(0).
The initial slope of p,(p)-cmve in Figure 6.6 is determined by the value of veff(6b)
and increases monotonically with increasing 8b. As VQ < 0 and vi > 0 we can define the
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apparent 0-point of the complexed chain by the condition veff(6*) = 0, i.e. (Eq.(5.13))
(6.19)

v2 + \Jv\ - V0VX
e*= vo
uo+ «i - 2w2

Using this definition, it follows from Eq.(6.13) that (dp,/dp)p-0 < 0 if 6\,< 9* and
(dfi/dp)p=0
>0ii9b>9*.
Therefore, for 9b > 6* in addition to the "globular" minimum an edge minimum at
p= 0appears in the /x(p)-curves, together with a maximum that separates both minima.
The density pmax corresponding to this maximum shifts towards larger p with increasing
8b, as seen in Figure 6.6. Simultaneously, the equilibrium concentration of the dense
phase is found to decrease weakly. This decrease reflects a progressive but weak increase
in the degree of loading in the dense phase with increasing surfactant concentration.
We now define a degree of coverage 0 (with 6 > 9*) such that at Of, > 0 we have
|/(0) < n(pgiob), where pgi0b is the density of the collapsed phase. This density is found
by solving Eqs.(6.12) and (6.17) simultaneously. For 6t < 0 the dense (collapsed) phase
co-exists with an infinitely dilute one, while for 6\, > 9 the highly loaded, dilute phase
is thermodynamically more favourable than the collapsed one. Thus, for 0j < 9 the
polymer solution with amphiphiles resembles a pure polymer solution below the 0-point,
whereas for 0b > 9 the co-existence of a collapsed (virtually unloaded) and a semi-dilute
(loaded) phase may be expected, which is similar to the case for vo > 0 discussed in
section 6.3.1.
The evolution of the fj,(p)-cmves with increasing surfactant concentration (increasing
9b) in the vicinity of the 0-point, t>o™' < fo < 0, is different from that far from the
0-point, as described previously (in section 6.4.1 we specify the condition VQTlt <v0<0
quantitatively). In this case 9 = 9*, i.e. the degree of loading at which the loaded phase
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is thermodynamically as favourable as the collapsed phase is equal to the degree of loading at which the effective binary osmotic interactions are zero. As shown in Figure 6.7,
the p(p)-cmves in this regime exhibit only one minimum at finite p in the whole range of
Of, < 9*, and this minimum becomes an edge minimum at p = 0 for 9b> 9*. The value
of Pgiob progressively decreases with increasing 9bin the regime 9b< 9*. This reflects an
increasing degree of loading and decreasing polymer density in the collapsed phase. The
minimum disappears continuously in the apparent ©-point, i.e. at 9b= 0*. For 9b> 9*
p, is a monotonically increasing function of p. Hence, close to the 0-temperature the
©-transition induced by increasing surfactant concentration is continuous, and therefore
resembles the conventional 0-transition with increasing temperature in a 'bare' polymer
solution. [150]
It is also instructive to analyse the /z(p)-curves at constant 9b,vi and i>2for varying
vo, although, as we have discussed above, it is physically difficult to keep 9b and V2
unaffected by a change in solvent strength. We discuss two cases: (i) large values of9b
and vi (Figure 6.8), and (it) small values of 0& and vi (Figure 6.9).
If v\ and 9b are sufficiently large (low ionic strength of the solution and high surfactant
concentration) then even at large -vo wehave9*< 6b,sothat the initial slope ofthe p(p)
curve is positive, (dp/dp)p=o > 0. The ^(p)-curveexibits a deep minimum corresponding
to the globular phase (resulting from the large value of —1>0), a comparatively shallow
edge minimum at p = 0, and a maximum separating both minima, as shown in Figure
6.8. This situation corresponds to the co-existence of a (infinitely) dilute and dense phase
in the solution. The effect of increasing the solvent strength on the /x(p)-curves in the
range of large p (corresponding to the collapsed phase) is similar to that described above
for the case of a 'bare' polymer solution below the 0-point. The edge minimum and the
potential barrier, however, are almost not affected by the solvent strength. If we define a
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solvent strength {iofrom the condition /u(0) < p,(pgi0b) at vo > i>o, then below VQ a dilute
phase co-exists with a dense one. In a certain range above VQ the solution either consists
of a single phase or two coexisting semi-dilute phases, provided the overall density is
high enough. At even higher vo the function p,(p) becomes monotonic, i.e. the solution
is homogeneous in the whole range of polymer concentrations. One finds that VQis a
decreasing function of v\ (inverse ionic strength) and 9b(surfactant concentration).
If, in contrast, vi and 9bare sufficiently small (high ionic strength of the solution and
low surfactant concentration), then at large —VQ we have 9b< 0*, i.e. (dp/dp)p=o < 0,
and the ^(p)-curves exhibit only one minimum, as shown in Figure 6.9. This minimum
corresponds to a collapsed bare phase co-existing with an (infinitely) dilute and loaded
phase. With increasing v0 the initial slope (dp,/dp)p-o < 0 gradually increases, while the
depth of the minimum progressively decreases and its position is displaced to smaller p.
Therefore, close to the ©-point the evolution of the fi(p)-cmves with increasing v0 is
similar to that of the surfactant-free case with increasing v 0 : at any VQ < VQ the density
of the collapsed phase is displaced to smaller values of p9j0(, with increasing VQ (the definition of VQ for a given 0& is similar to that of9* for a given v0, seeEq.(6.19)). The degreeof
loading 9gi0bin the collapsed phase isdetermined by Eq.(6.17) and progressively increases
with increasing vo- The minimum in the p,(p)-cwcvebecomes an edge minimum at p = 0
as vo reaches the value v^. Correspondingly, the density of the collapsed phase vanishes
at vo = v^ and 6gi0breaches the value 9b,i.e. in the apparent 0-point the collapsed and
dilute phase are equivalent. We stress that the apparent 0-point in polymer-surfactant
systems at a finite 9band vi occurs for VQ < 0. In the surfactant-free case the 0-point
by definition corresponds to v0 — 0.
Following the above arguments, we can construct phase diagrams for the polymer
solution below the 0-point, similar to those above the 0-point, see Figures 6.4 and 6.5.
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In Figure 6.10 the phase diagram in the (#j,,/9)-plane is shown, i.e. the dependence of
the densities of co-existing phases on 6b, are presented for four different values of vo at
given vi and V2-As follows from Figure 6.10, the phase diagrams may have very different
shapes, dependening on the deviation from the ©-point, characterised by v0.
The values vo = —0.1 and v\ = 2 correspond to the case un > UQ"'- In this case
solely co-existence of a dilute and dense phase is possible at small values of 6b,and pgi0b
decreases with increasing 9b- As discussed, the density of the dense phase smoothly
vanishes at 6b = 6*. This is shown in the inset of Figure 6.10. In contrast, the other
values of v0 in Figure 6.10 are below ug"'. In this case a dense phase (p « —v0/2w)
coexists with a dilute one (p = 0) for 6b < 6, while for 6b > B co-existence of two
semi-dilute phases may occur. The particular shape of the phase diagram in the range
&b > 6 depends on the solvent strength.
If vo is only slightly below ug™* (t>0 = - 0 . 3 in Figure 6.10) then the density of the
collapsed phase decreases with increasing 6b,while the density of the co-existing loaded
phase simultaneously increases. As a result, the phase lines merge at 6b= #£"*, which is
a critical point of the phase diagram. For 6b> 6%rit the solution is homogeneous in the
whole range of the polymer concentrations.
For lower vo (v0 = - 0 . 5 in Figure 6.10) the phase diagram still exhibits a critical point
6cbTlt but, in contrast to the previous case, the densities of both co-existing semi-dilute
phases increase with increasing 0bin the range 6 <6b < #£"'.
At very low solvent strength (vo = —1in Figure 6.10), the two-phase region occupies
the whole range of 6bwithout a critical point. Below 6 (dense-dilute co-existence) the
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density in the dense phase is weakly decreasingfunction of 6b while above 8 (co-existence
of two semi-dilute phases) it is an increasing function of 9b. This entails that, provided
the polymer density in solution is high enough, phase separation into a bare, collapsed
phase and a relatively loaded, semi-dilute phase may occur regardless of 9b,i.e. the surfactant concentration.
The variation of the shape of phase diagrams in the (p,#;,)-plane resulting from variation of vi (variation of the ionic strength) is illustrated in Figure 6.11 for v0 = - 0 . 5 .
As expected, 9 in this regime is independent of v\ (its value is 0.392), as it is roughly
determined by the balance between the favourable monomer-monomer contacts (given
by Do) in the collapsed phase, and the free energy gain due to loading of the chain by
micelles in the dilute phase (as p = 0 in the dilute phase there is no dependence of /x(0)
on vi as well, see Eq.(6.18)).
Figure 6.11 demonstrates that the phase diagram varies with varying v\ for 9b > 8.
If v\ is small, the lower bimodal density is relatively high, and it increases strongly with
increasing 9b. This implies that at high surfactant concentrations the solution remains
homogeneous up to relatively high monomer densities, as the osmotic cost of loading is
low. At high values of v\, however, phase separation occurs at relatively low monomer
densities, as the osmotic cost of loading is high in this regime. Also, at high values of vi
phase separation persists up to values of 9bclose to unity. We therefore conclude that
in semi-dilute solutions of hydrophobic polymers and associating ionic surfactants phase
separation may be controlled via the ionic strength.
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6.4. T H E COIL-GLOBULE TRANSITION

6.4.1. The volume approximation
The arguments presented in the previous section concern the co-existence of collapsed
and dilute phases in a solution of polymers associating with amphiphiles for poor solvent conditions. These arguments can also be applied to the analysis of the nature of
the collapse-swelling transition induced by the variation of external parameters (solvent
strength, concentration of surfactants or ionic strength of the solution) in an individual,
infinitely long polymer chain, N —> oo.
From our discussion in the previous section it follows that in the case VQ < 0 the
transition of an individual chain from a collapsed to a swollen conformation in a dilute
solution can be induced by (i) increasing the concentration of surfactants, i.e increasing
6f,, and (ii) increasing the solvent strength, i.e. increasing vo- Analysis of the /x(p)-curves
allows us to localise the position of the collapse-swelling transition and to determine its
character.
With increasing 6b(at fixed v\ and vo, far below the ©-point) the chemical potential of
a monomer in the dilute phase corresponding to the coil conformation (p = 0) decreases
(see Eq.(6.18)), while that in the co-existing collapsed phase is virtually unaffected by
6b. This trend reflects the increasing favourability of the dilute and highly loaded state
with respect to the dense and unloaded state. The transition from a collapsed to a
swollen conformation occurs when fi(0) = n(pgiob)- This transition may occur either
as a continuous second-order phase transition at 6b = 6*, similar to the conventional
©-transition in bare polymers, or with a finite jump in the monomer density between the
collapsed and swollen phase at 6b= 6. In the latter case the swelling transition acquires
the character of a first-order phase transition. Experimentally, this should correspond to
the co-existence of collapsed and swollen coils in solution within a narrow range of6bWhether the transition is continuous or discontinuous is determined by the difference in
free energy between the collapsed (unloaded) and swollen (loaded) state of the chain.
In Figure 6.12 the phase diagram for an infinitely long polymer chain is shown in the
(#&,fo)-plane for two values of v\. The solid curve depicts 6 as a function of vo and
virtually is independent of v\, the dashed curves correspond to 6* for both values of v\.
(We remind the reader that 6* corresponds to the apparent ©-point, i.e. veff(6*) = 0,
while 6 corresponds to the surfactant concentration at which fi(0) = ngi0b, thus the
surfactant concentration at which the coil-globule transition occurs).
At large —voand vi wefind6 > 6*. AsDo increases, the difference in 6and 6* decreases
and eventually it vanishes at vo = VQT%t, when the curves 6(VQ) and 6*(vo)converge. This
entails that, with increasing 6b (i.e. transversing the phase diagram Figure 6.12 in the
vertical direction), the swelling transition occurs abruptly as a first-order phase transition
at 6b = 6 if VQ< VQTlt, or continuously as a second-order phase transition at 6b = 6*
if VQ> VQ"1. Hence, UQ"' is the critical point at which the curve of 6 converges with
that of 6*, and at which the nature of the globule-coil phase transition changes from a
first-order to a second-order phase transition.
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FIGURE

It isseen in Figure 6.12 that UQ"' is shifted to slightly higher values of v0, i.e. to higher
temperatures, with increasing vi. Thus, for temperatures closeto the G-temperature our
model predicts the coil-globule transition to be continuous at high ionic strengths and
abrupt at low ionic strengths.
Figure 6.12 illustrates the nature of the globule-coil transition at a given VQ with
increasing 6b-It also, however, depicts the nature ofthis transition induced by an increase
in solvent strength, i.e. in u0, at fixed V\,V2 and 6/, (we have already discussed that these
conditions are somewhat 'artificial'). An increasing solvent strength corresponds to the
crossing of the boundaries between the collapsed and swollen state in Figure 6.12 with
increasing VQ, i.e. transversing the phase diagram along the horizontal axis. We may
define two special values of VQ. The first, denoted as VQ, is the solvent strength at which
veff{0b) = 0 (dashed curves in Figure 6.12). The second, denoted as VQ, is the solvent
strength at which the chemical potentials of a monomer in a globule and that in a coil
are equal (solid curve in Figure 6.12). As follows from Figure 6.12 the transition is
continuous at low values of 6band v\ and occurs at VQ = VQ, whereas at high values of
Of, it is abrupt and occurs at VQ > VQ.
The transition from a globular to a swollen conformation of a long polymer chain is
also reflected in the curves of f(p)/p as a function of p, that is, in the dependence of the
free energy per monomer on the density. From Eq.(6.16) it follows that the position of
the minimum in these curves corresponds to the equilibrium density pgi0b = —veff(8)/2w
of the globule. As shown in Figure 6.13, for 0&< 6* this globular minimum is the only
minimum in the /(p)/p-curves; the collapsed state is then the equilibrium state of the
chain. However, with increasing Ob the free energy per monomer in the coil conformation,
(f(p)/p)p=o, decreases. If vi and -v0 are large enough (i.e. v0 < HQ™') a second (edge)
minimum at p = 0 appears at d\, = 6*, i.e. at the loading for which v(6*) = 0. The
transition from a collapsed to a swollen conformation occurs (for infinitely long chains) at
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9b = 0when (f(p)/p)P=o isequal to the depth ofthe globular minimum. The transition is
a first-order phase transition with a finite jump in the polymer concentration Ap = pgi0bIn contrast, at small vi and —VQ (i.e. VQ > VQ"*") an increase in 8b results in progressive
flattening of the /(p)/p-curve and at 9b = 8* the globular minimum disappears, i.e.
Pgiob(8b = 8*) = 0. In this case the collapse-swelling transition occurs smoothly as
a second-order transition: in the transition point 8b= 6* the globule conformation has
become equivalent to that of the coil (both have zero density). This scenario is illustrated
in Figure 6.14.
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6.4.2. Finite size corrections
The volume approximation is exact for the description of the coil-globule transition
of infinitely long chains (N ->• oo). However, for the analysis of conformational transitions induced by variation of the solvent strength or concentration of amphiphiles in an
individual chain of finite length we can extend our approach utilised in Chapter 5 for
good solvents to poor solvent conditions. This approach is based on standard Flory-type
arguments, and has been applied for the description of the collapse-swelling transition in
polymer chains by several authors. [150,151] According to this approach, the free energy
of a polymer-micelle complex can be presented as

(6.20)

F = Fad + Ftr +Fos + Fel

Evidently, in poor solvents the adsorption contribution Fad and the translational entropy
Ftr are equivalent to the expressions used in Chapter 5for good solvents.
The osmotic contribution Fos is obtained by integration of fos(p, #), given by Eq.(6.5),
over the volume occupied by the chain, and equals
(6.21)

Fos/kBT

=

Npveff{6)+Np2w

where p = N/RG is the average density of monomers inside the coil and RG is its
characteristic dimension (the radius of gyration).
The last contribution Fei to the free energy in Eq.(6.20) isthe elastic or conformational
entropy of a swollen or collapsed chain as a whole. We again estimate this entropy using
a Gaussian approximation. Both swelling and collapse of the complexed chains with
respect to its Gaussian size RQ(6), given by Eq.(5.9), are entropically unfavourable. It
is convenient to define an expansion parameter a = RG(8)/RO{0),
where RQ and Ro are
again functions of 6. Then, following ref. 151,wecan present the conformational entropy
penalty for swelling (a > 1) and for collapse (a < 1) as
(6.22)

Fel/kBT

= -, _

a2 - ln(a 2 )
2
a" 2 + l n ( a 2 )

a>1
a <1

Note that the elastic free energy, given by Eq.(6.22) reduces to kBT at a = 1, and its
derivative 8Fei/da, which determines the restoring force in a deformed coil, vanishes
at a = 1. Thus, Eq.(6.22) describes the conformational free energy of a chain as a
continuous and smooth function of a in the whole range of deformation.
As in the case of good solvent conditions, the equilibrium degree of loading of the
chain by adsorbed micelles and the equilibrium chain dimension are found by minimising
the total free energy F with respect to the coil size and the number of adsorbed micelles
at constant temperature (solvent quality) and chemical potential of the surfactants. The
first equilibrium condition, expressed in terms of a, yields

(6.23)

^2veff(6)(l

+ (ie)-*l2 + 3wa-3(l + p9)~3 = ( " , ~ ^

)
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where the upper expression refers to swollen chains (a > 1) and the lower expression
refers to collapsed chains (a < 1), respectively. We remark that Eq.(6.23) is similar
to the expression for the swelling coefficient of the polymer chain in the usual theory
of the coil-globule transition, and reduces to it if veff(d) = constant and (3= 0. [151]
Furthermore, for large chains in good solvent conditions (a 3> 1) Eq.(6.23) reduces to
RG « JV 3 / 5 ((1+ /30K//(6>)) 1/5 , i.e. Eq.(5.15). The second condition gives

(6.24)

N^v'M
3

3

a (l+/30) /2

+ ae(l

w'{6)
+ p6)*

+ N[s'(eb)-s'(e)}

P
i + pe

C--JH

where again the upper and the lower expressions refer to a > 1and a < 1, respectively.
Westart with the examination ofthe overall degree ofloading ofa longchain, N = 104,
as a function of u, i.e. of the surfactant concentration. In Figure 6.15 8is plotted against
u both for good (VQ = 0.5) and bad (vo = —0.5) solvent conditions. In the latter case vois
chosen smaller than the critical value for the corresponding set ofv\ and v-i. Under good
solvent conditions the degree of complexation increases continuously with decreasing u
(increasing surfactant concentration), whereas in the poor solvent a van der Waals-loop
in 6{u) is observed. Beyond the van der Waals-loop the results for good and bad solvency
merge. This agrees with the result obtained in Chapter 5 that the dependence of 9 on u
for swollen coils is Langmuir-like, and in the coil regime 6 does not depend significantly
on excluded-volume interactions.
The same behaviour is observed for the radius of gyration of the coil. In Figure 6.16
the swelling ratio a is plotted for the same parameters as in Figure 6.15. In the good
solvent case the renormalised micelle-micelle excluded-volume parameter is larger than
the monomer-monomer, Vi > «o, so that the coil size at total coverage is larger than the
bare coil size. Obviously, the results for a mimic those of 0; in a good solvent the coil
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swells continuously, whereas in a bad solvent an abrupt jump from a collapsed globule
to a swollen coil conformation is observed. The value of u at which this jump occurs is
found by equating the total free energy of a collapsed globule with that of a swollen coil.
The van der Waals-loop in Figure 6.16 for i>0 = -0.5 is shown as a dashed curve, the
equilibrium conformation with a solid curve.
Wethus find that the conformational changesoccuring in a chain of considerable length
upon complexation can be interpreted on the basis of the results obtained in section 6.4.1
for infinitely long chains using the volume approximation. However, in section 6.4.1 the
contribution of the conformational entropy of the chain, which scales less than linearly
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with N, is neglected. It is therefore interesting to examine howthis conformational
entropy affects thecharacter ofthe collapse-swelling transition ina complexed chainof
finite length under poor solvent conditions. In Figure 6.17 6isplotted asa function of
u for VQ< VQTltandthree values of iV(wekeep in mind that NN~£ 3> 1in order to
justify themean-field approach). It isseen that thetransition from a collapsed globule
to a swollen coil iscontinuous fortheshortest chain, whereas it isdiscontinuous for the
longer chains. Moreover, thesize ofthe vanderWaals-loop increases with increasing N
as the#(u)-dependence approaches that ofthe infinitely long chain. The reason for the
smoothening ofthe collapse-swelling transition of short chains with respect to that of
long ones isevidently theconformational entropy penalty occured inboth thecollapsed
and swollen state, below andabove thetransition point, respectively.
We can thus conclude that the results obtained in the Flory-type model for large
values ofN approach those ofthe volume approximation, but the results forshort chains
differ with respect tothepredicted nature ofthe globule-coil transition. This variation
in thecharacter oftheglobule-coil transition with varying chain length should alsobe
observed experimentally.
Figure 6.18, finally, illustrates theeffect of localconformational restrictions imposed
by thewrapping ofa strand oflength Nad around themicelles onthedimensions of the
chain asafunction of u. These conformational restrictions are characterised by 0, defined
in Eq.(5.10). Alarge value of(3 indicates that the Gaussian sizeofthe complex increases
with increasing 9, a negative value that theGaussian size decreases with increasing 6,
i.e. the chain wraps itself around the micelles. Asonecanseefrom Figure 6.18, a
decrease in (3leads to a progressive decrease inthesize oftheswollen coil. The effect
gets stronger with increasing degree ofloading. Incontrast, thesize ofthe chain in the
collapsed (globular) state as well as the position of the globule-coil transition are virtually
unaffected bythevariation off3,as6« 0inthecollapsed state.

6.5 Discussion and Conclusions
6.5.

DISCUSSION AND CONCLUSIONS

We have presented a mean-field model for a polymer solution with annealed excludedvolume interactions that can be used to mimic the phase behaviour of polymers complexed with surfactants. As the degree of loading is an annealed degree of freedom and is
coupled to the polymer conformation via the local polymer density, our approach leads
to phase behaviour quite different from that of the conventional homopolymer solution.
Depending on the quality of the solvent for the bare polymer, i.e. depending on
its hydrophilic or hydrophobic nature, we predict different types of phase separation to
occur in a polymer solution with surfactants. If the polymer is hydrophilic, the solution
is either homogeneous in the whole range of polymer concentrations at low ionic strength
and low surfactant concentrations, or may phase separate into two semi-dilute phases at
high ionic strength and high surfactant concentrations. This behaviour is reminiscent of
phase separation in solutions of polymers capable of formation of stable clusters of more
than 3monomers, as predicted by de Gennes [152], although our model in the hydrophilic
regime does not assume any attractive interactions between monomers.
If, in contrast, the polymer is hydrophobic the phase behaviour of the polymer/surfactant solution is greatly enriched. Depending on the solvent strength (degree of hydrophobicity of the polymer), ionic strength of the solution, overall monomer density
and concentration of surfactants we expect stability or instability of the homogeneous
solution with respect to separation into co-existing dilute and semi-dilute or two semidilute phases. The ©-transition in the solution can be induced by the variation of (i)
the solvent strength, and (ii) surfactant concentration, and may occur continuously or
discontinuously. In the former case the concentrations of co-existing dilute and semidilute phases are equal in the 0-point, while in the latter case the concentration of the
semi-dilute (collapsed) phase remains finite in the 0-point.
On the level of an individual chain the conformational transition from a collapsed
(bare) to swollen (loaded) conformation may occur either continuously, as a second-order
phase transition, or discontinuously, as a first-order phase transition. In the latter case
there is a finite jump in the chain dimensions and in the degree of loading. If the globulecoil transition is induced by an increase in surfactant concentration at low ionic strength
of the solution, a discontinuous transition occurs sufficiently far below the 0-point of
the bare polymer. If the transition is initiated by the variation of the solvent strength,
then an abrupt transition occurs at high surfactant concentrations while a continuous
transition takes place at low concentrations.
We remark that our conclusions concerning a change of character of the 0-transition
in a polymer with annealed excluded-volume interactions have been made earlier by
Berikanov et al. [153] and Jeppesen and Kremer [154] in the context of conformational
transitions in PEO. In ref.154 Monte Carlo simulations were performed using a model
quite equivalent to that used in our analytical calculations; similar to our findings ajumpwise variation of the chain dimension was found as a function of the solvent strength. In
general, the presence of an annealed degree of freedom (i.e. a parameter which adjusts
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itself to local conditions to minimise the free energy) in a system capable of a second-order
phase transition always enables a transition to become abrupt.
It is challenging to relate our theoretical predictions to experimental results of Pelton
et al. [155,156] and Lee and Cabane for mixtures of PNIPAM with SDS. [75] At temperatures above the LCST of PNIPAM and at intermediate surfactant concentrations,
two populations of polymers, collapsed (unloaded) and swollen (polymers highly loaded
with complexed SDS-micelles), were observed. Clearly, this co-existence reflects a competition between the gain in free energy of the chain resulting from collapse (minimising
unfavourable monomer-water contacts) and the gain resulting from the adsorption of micellar aggregates. As two different conformational states may correspond to equally deep
local minima in the free energy of the chain at a certain surfactant concentration, a firstorder phase transition between these conformations, and their subsequent co-existence
in solution may be expected. Also, in a recent paper the discontinuity in PNIPAM/SDS
binding isotherms was found to increase as the temperature increasingly deviated from
the ©-temperature, as predicted by our model. [157]
Investigation of the structure of EHEC/SDS gels using SANS at varying temperatures
yielded similar results. [158] At low temperatures a mesh of homogeneously distributed
necklaces was observed. Upon heating, EHEC polymers are expelled from the mesh
to form a polymer-rich phase. This microphase separation can finally result in a total
collapse of the gel. This qualitatively agrees with the predicted phase behaviour of our
model.
At this point we have discuss once again the limitations of the mean-field approach
in our model. Only when the number of adsorbed micelles per correlation volume is
sufficiently large may such a mean-field approach formally be applied, as the excludedvolume parameter needs to be averaged over loaded and unloaded monomers, taking
the relative statistical weights into account. This condition imposes limitations on the
local polymer densities which can be treated by our approach. The limitation becomes
especially important in the range of poor solvent conditions, when the local polymer
density p ~ \VQ\~1 may be rather high and the correlation volume ~ |i>o|3 correspondingly
small. Therefore, in a formal sense our model is only applicable to polymer solutions
in the vicinity of the ©-point, and not to solutions far removed from the 0-point. The
insights gained from our model, however, may contribute to understanding the phase
behaviour of the latter solutions, even if quantitative features are not correctly described.

CHAPTER 7

Brushes with Annealed Excluded-volume Interactions
ABSTRACT

We present an analytical self-consistent-field (aSCF) theory for a neutral polymer brush with annealed excluded-volume interactions between the monomer
units. This model mimics the reversible adsorption of solute molecules or aggregates, such as small globular proteins or surfactant micelles, on the grafted
chains. The equilibrium structural properties of the brush (the brush thickness, the monomer density profile, the distribution of the end-monomers of
the grafted chains) as well as the overall adsorbed amount and the adsorbate
density profile are analysed as a function of the grafting density, the excludedvolume parameters and the chemical potential (the concentration) of the adsorbate in the solution. We demonstrate that with increasing grafting density
the overall adsorbed amount always exhibits a maximum, whereas the rootmean-square brush thickness either increases monotonically or passes through
a (local) maximum and minimum. At high grafting densities the chains are
loaded with adsorbed aggregates in the distal region of the brush, whereas
in the region proximal to the grafting surface depletion of aggregates occurs
and the polymer brush retains an unperturbed structure. Depending on the
relative strength of the excluded-volume interactions between unloaded and
loaded monomers, both the degree of loading of the chains and the polymer
density profile are either continuous or exhibit a discontinuity as a function of
the distance from the grafting surface. In the latter case intrinsic phase separation occurs in the brush. The dense phase consists of unloaded and weakly
extended chains and occupies the region proximal to the surface, whereas a
more dilute phase consisting of highly loaded and strongly extended chains
forms the periphery of the brush.

7.1.

INTRODUCTION

Modification of solid-liquid or liquid-liquid interfaces using attached (irreversibly adsorbed or chemically anchored) polymer chains is an important tool for controlled manipulation of t h e physical properties of an interface. Steric stabilisation of colloidal particles
against aggregation [136,159] and preservation of drug-delivery systems against lymphocytosis [160] by a protective layer formed by end-attached polymers are well-known examples. It is generally believed t h a t t h e most effective protection is ensured by a relatively
dense brush consisting of long chains.
One of t h e less understood b u t still very i m p o r t a n t problems in polymer science is
t h e behaviour of polymer brushes in multi-component solutions. If t h e components in
the bulk solution have different affinities for the grafted polymer chains one can expect
enhancement of t h e concentration of particular components inside the brush. [161] This
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problem hasbeen addressed in terms of preferential solvation ofthe polymer brush in
a binary solvent in refs.162-164. Small amounts of additives mayhave a strong effect
on the conformation, andas a result, on the protective properties of brushes. Understanding such effects isimportant inorder topredict the efficiency ofprotection obtained
from grafted polymeric layers; in practical applications of grafted polymers (including
biological ones) the solution always contains small organic molecules, proteins and/or
surfactants, which may lead tospecific interactions andassociation with polymer chains.
In the previous chapters we have presented a simple model to mimic the effect of
co-operative association ofsurfactant molecules with polymer chains. Inthis chapterwe
extend our model tobrushes interacting with nanocolloids bycombining our phenomenological model ofpolymer-surfactant association with the aSCF approach for conventional
polymer brushes, as briefly described in Chapter 1. [20-22,25] Thelatter approach enables usto explicitly account forfluctuations inthechain extension andfortheintrinsic
inhomogeneity ofthe brush (non-uniform distributions ofthe polymer density and the
concentration ofadsorbed micelles) inthedirection perpendicular tothegrafting plane.
As a result ofthenon-uniform loading ofgrafted chains by adsorbed aggregates,the
effective excluded-volume parameter of monomers is a function of the distance tothe
grafting surface. Moreover, this effective excluded volume adjusts itself to the local
monomer density such that the overall free energy ofthebrush is minimised. In other
words,the strength ofthe excluded-volume interactions depends on the degree of loading,
which varies throughout the brush. In contrast, the strength of the excluded-volume
interactions in a conventional neutral brush depends solely onthesolvent quality. The
situation is therefore similar to that of annealed brushes in the OsB-regime, in which
the dissociation ofthe weak-acidic monomers adjusts itself to the local conditions, see
Chapter 4. Thus, borrowing the terminology from the theory of polyelectrolytes, we
can classify a brush with complexed nanocolloids as a polymer brush with annealed
excluded-volume interactions. [34,35,165]
This chapter is organised as follows: in the next section wepresent an aSCF model
for brushes with annealed excluded-volume interactions. Inthefollowing section we first
consider the adsorption of micelles under the condition that the brush remains inthe
one-phase regime, afterwards intra-brush microphase separation, induced by adsorption
of micelles onto the grafted chains, is discussed. This phase separation manifests itself
as a discontinuity inthedensity profiles ofmonomers andadsorbed micelles. Thelargescale properties of the brushes are examined in section 7.4. Finally, the results and
implications ofour model arediscussed insection7.5.

7.2.

GENERAL A S C F FORMALISM

We consider abrush formed bylongflexible polymer chains grafted atone end ontoan
impermeable and inert planar surface localisedatx = 0(xisthe coordinate perpendicular
to thegrafting plane). The grafting density a (expressed asthenumber ofgrafted chains
per unit area) is assumed to be high enough to ensure strong overlap of the grafted
chains. The number ofmonomer units perchain (equal tothe number ofKuhn segments

7.2 General aSCF Formalism
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for flexible polymers) is equal to N, and the monomer size is taken as the unit length.
The brush is immersed in a solution containing surfactants at a concentration above
the CAC but below the CMC. The surfactant molecules can co-operatively bind to the
polymer chains in micellar-like aggregates and give rise to necklace-type polymer-micelle
complexes. A schematic illustration of the system is shown in Figure 7.1.
In Chapters 5 and 6 we introduced an average degree of loading 6,which denoted the
fraction of monomers on the chains in contact with complexed micelles, see Eq.(5.6). In
a brush, however, the micelles are expected to be distributed non-uniformly along the
grafted chains. We therefore introduce a local degree of loading 6(x), which is related
to the local polymer density p(x) and to the local number density of associated micelles
m{x) as
(7.1)

6{x) =

m(x)Nad/p(x)

Because of the free exchange of surfactants between adsorbed micelles and the bulk
reservoir with fixed chemical potential of the surfactants, we use the free energy of the
grafted layer in a grand canonical ensemble. Following the previous analysis, a free
energy gain —ksTNadU (where ks is the Boltzmann constant and T is the temperature)
is ascribed to each micelle bound to a polymer chain, see Eq.(5.5). The corresponding
contribution to the free energy of the brush (the 'adsorption' free energy per chain) is
then given by

(7.2)

Fad/kBT

Jo

p(x)8(x) dx
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The energy gain described byEq.(7.2), favouring theformation of surfactant micelles
bound to thechains, iscomplemented bythetranslational entropy of micelles alongthe
chain, given by Eq.(5.8)
(7.3)

Fmix/kBT=-a-1

p(x)s(6(x))dx
Jo

where theoverall loading 6in Eq.(5.8) hasbeen replaced bythelocal loading 9(x).
As discussed in Chapter 6, the equilibrium degree of loading of a polymer-micelle
necklace-like complex ofinfinite length inagood solvent canbeobtained byminimisation
ofthefree energy Fads+Fmix with respect to9(x), asthe osmotic and elastic contributions
to F scale less than linearly with N. As a result, one gets a uniform distribution of
micelles along the chain (corresponding to maximal entropy) with an average degreeof
loading 06, defined by Eq.(6.11).
In the case ofa brush, however, theosmotic contribution Fos andandthe conformational free energy Fconf also scale linearly with N. The former describes the contribution
resulting from steric repulsion between crowded, grafted chains covered with micelles,the
latter the loss of conformational entropy resulting from extension ofthe grafted chains
in the direction perpendicular to the grafting surface. Forthe osmotic contribution to
the free energy of the brush with adsorbed micelles weagain usethe excluded-volume
approximation, i.e. only binary repulsive interactions between bare monomers andadsorbed micelles aretaken into account. This gives

(7.4)

F0S/kBT

=a-1

veff(x)pz{x)dx

Jo
Jo
where the effective second virial coefficient veff(x) isagain given by veff(6) = VQ(1—9)2 +
VIB2 -f 2u 2 0(l —0) (see Eq.(5.13)). This 'excluded-volume' approximation neglects higher
order terms in the virial expansion ofthe osmotic free energy andis valid if all binary
interactions areof repulsive character, as discussed in Chapter 6. Moreover, following
Chapter 6we assume that thesecond virial coefficients v\ andt>2arelarger than VQ.The
osmotic interactions inthebrush arethus enhanced byadsorption ofaggregates. Ifvois
larger than vi and i>2the adsorption of micelles maylead to the collapse ofthe brush.
Such a situation isnot considered in this chapter.
We nowcontinue with thefourth contribution to thefree energy, the conformational
entropy ofextended polymer chains. Because ofosmotic repulsion the chains inthe brush
are extended inthedirection perpendicular tothegrafting surface, provided the grafting
density is above the overlap threshold. The requirement of conservation of the finite
monomer density inthebrush formed bylong chains results inanextension ofthe chains
proportional to their contour length N. [17,18] For long chains the relative extension
(compared to their Gaussian dimensions) is high enough so that the strong stretching
(or 'quasi-classical') approximation canbe applied for calculation ofthe conformational
entropy of non-uniformly extended chains in the brush. Following refs.21,22 and25 we
present the corresponding conformational contribution to the free energy of the brush
Fconf asa functional ofthe normalised density g(x) oftheendmonomers ofthe chains
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and the distribution of local stretching E(x, x') = dx/ds, where s € [0,N] is the distance
along the chain contour. The latter quantity denotes the local stretching in the chain at
distance x from the grafting surface under the constraint that the chain end is localised
at a height x', with x < x'. The conformational free energy is given by 1

(7.5)

Fconf/kBT

= ^j

g(x') dx' J" E(x, x') dx

We remark that Eq.(7.5) assumes that the chains retain Gaussian elasticity on all
scales, irrespective of the degree of loading. Of course, adsorption of bulky micelles
renormalises the local elasticity of the chain, but the effect is partially compensated by
local steric restrictions imposed by micelles. We therefore effectively set /3 zero in the
following analysis, which implies that the Gaussian size of the necklace is independent of
the degree of complexation, see Eq.(5.10).
The monomer density profile p(x) is related to the normalised density of the chain
ends g{x) and to the local chain stretching E(x, x') via the conventional equation
H

(7.6)

p(x) =a
JX

g(x') dx'
E(x,x')

Together with Eqs.(7.2), (7.3), (7.4) and (7.5) the latter equation defines the total free
energy of the brush with annealed excluded-volume interactions
(7-7)

F — Fconf + Fos + Fad + Fmix

as a functional of three independent functions: g(x),E(x,x') and 6(x).
The variation of the free energy defined by Eq.(7.7) with respect to E(x,x'),
into account the appropriate normalisation conditions

f

(7.8)

Jo

dx

taking

=N

E(x,x')

fH

p(x)dx == Na
// p(x)dx
Jo
Jo
results in a universal form of the distribution of local stretching in the chains
(7.9)

(7.10)

E{x,x') = ^ x '

2

- x *

and in an equation which couples the polymer density p(x) to the local degree of loading
6{x) and the distance x from the grafting surface.
(7.11)
x

2veff(x)p(x)

+ u9{x) - s(6(x)) =A

3TT2X2

8N2

We remark that, as we follow the convention of refs.21,22 and 25, we use a prefactor 3/2 in Eq.(7.5)
instead of the prefactor 1/2 used in Chapter 1 and in ref. 20.
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The Lagrangian multiplier A is determined using the normalisation condition, Eq.(7.9),
after minimisation of the total free energy with respect to the brush thickness H. We
remark that in the case of a bare brush (0(x) = 0) only the first term on the left side
of Eq.(7.11) remains, so that the equation then reproduces the well-known parabolic
polymer density profile, given in Eq.(1.3). [20,22,25]
The variation of the total free energy, given by Eq.(7.7), with respect to the local
degree of loading (6F/56(x) = 0) provides the same relationship between the (local)
polymer density p(x) and the degree of loading 9(x) as is the case for the semi-dilute
regime, discussed in the previous chapter (Eq.(6.12)), i.e.

(7-12)

„(«) = . ' W - f W ' ) )

Combination of Eq.(7.11) and Eq.(7.12) yields two coupled equations for the monomer
density distribution p(x) and the profile of the degree of loading of chains by adsorbed
micelles d(x) as a function of the distance from the grafting surface.
As mentioned, A depends on H and must be determined via normalisation of the
monomer density profile, as expressed in Eq.(7.9). However, we can obtain A directly
by making use of the condition of vanishing polymer density at the brush edge, i.e.
p(H) = 0. This is the case if the osmotic interactions in the brush have a purely
repulsive character. [25] It follows from Eq.(7.12) that the degree of loading 6{x) at the
brush edge, x = H, acquires its bulk value given by Eq.(6.11), i.e.
(7.13)

0(H) =9b

Substitution of the above result in Eq.(7.11) yields for A

(7.14)

W

A = ^ 8N
T 2 + .n

-(1-«

JVad(i _ eb) +9b

The distribution of end-monomers of the chains can be obtained from the polymer
density profile by inverting Eq.(7.6) which results in

(7.i5)

x

f

«M=-;£/'

(dp(x)/dx)xidx'

\/x'2 - :

provided that p(H) = 0. [25]At this point it is convenient to introduce reduced variables,
renormalised with respect to the chain length,
(7.16)

h=

H
^8N2/3ir2

and
(7.17)

z=

^8N2/3n2

As the height of the brush at maximal extension equals H —N, the reduced height h
cannot exceed y/3n2/8.
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Eqs.(7.11), (7.12) and (7.14), expressed in reduced variables, yield a closed equation
for the profile of the degree of loading 8{z) as a function of z
(7.18)

h2-z2

=

--

2veff(z)(s'(6b)

- s'(9(z))) + v'eff(z)(8(z)s'(z)

+ s(z))

Nad(i - eb)

-In

Nad{\-eb) +eb

and for the monomer density profile
1

(7.i9)

P(z)

h

2Vef}{z)_e{z)v,eff{z)y

d.2

z

_2 l n, _ / ' i - ^ )
v l_6b

Nad(l-9b)

+6b

Nad{l_d{z))+e{z)i

In the limit Nadu 3> 1the adsorption of micelles issuppressed {6(z) = 0, veff(z) = vo)
and Eq.(7.19) reduces to the usual parabolic polymer density profile for a bare brush in
a good solvent. [20,22] At high loading (8b = 1) and V\,V2> v0, the polymer density in
a brush loaded by micelles is always smaller (i.e. the chains are more extended) than in
a bare brush.
The reduced overall brush thickness h can be obtained as a function of the grafting
density a by applying the normalisation condition, given by Eq.(7.9), to the density
profile p(z), defined by Eqs.(7.18) and(7.19). It defines the maximal span of grafted
chains in the direction perpendicular to the grafting surface. We also introduce the
root-mean-square brush thickness hrms, defined as
(7.20)

h2Tms = j

z2p(z)dz/

J

p(z)dz

which is the second moment of the polymer density distribution. In the case of a brush
with a strongly inhomogeneous density distribution in the ^-direction, the quantity hrms
gives the characteristic range of distribution of the majority of monomers of the grafted
chains.
7.3.

INTRINSIC STRUCTURE OF THE BRUSH

The remarkable feature of both profiles p(z) and 9(z), as given by Eqs.(7.18) and
(7.19), is their universality as a function of z2, irrespective of the grafting density. The
origin of this universality is, of course, the parabolic profile of the monomer chemical
potential in a brush formed by strongly extended monodisperse polymer chains with
Gaussian elasticity. This universality holds irrespective of the particular form of osmotic
interactions in the brush. [25] The grafting density a only determines the cut-off length
h of the density profiles via the corresponding normalisation condition, Eq.(7.9).
The condition of stability requires that p(z) isa decreasing function of z, whereas 8(z)
increases with z and reaches its maximum value 8b at the brush edge, i.e. at z = h. In
Figure 7.2 8(z2) is plotted according to Eq.(7.18) for three values of i>2and fixed vi and
8b. As follows from the figure, 8 either increases monotonically as a function of z2 or it
acquires multiple values in a certain range of z2, depending on the relative magnitude of
the excluded-volume parameters .
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FIGURE 7.2. 6 as afunction ofz2 for v\ = 10 andV2 is variedin the range
from 1 to 4.5. The monomeric adsorption energyis u = —0.16, vo= 1,and
Nad= 100 (defaultvalues).
According to Eq.(7.18) 9 is a single-valued function of z2 or, equivalently, z2 is a
monotonically increasing function of 9 if v\ > u*(w2,#(>)- However, when v\ < v{(v2,0b),
z2 exhibits non-monotonic behaviour as a function of 9 in the range 9 € [0,0;,]. It must
be emphasised that the monomeric chemical potential fj,(z) ~ z2, see Eq.(7.11). As the
occurrence of the van der Waals-loop in z2, or equivalently n(p), is a generic feature of
our model, the same diagrams for v{ as shown in Chapter 6 (Figure 6.3) also apply in
the case of brushes complexed with micelles.
If v\ > Vi, i.e. vi is above the critical line, the local properties of the brush are
continuous and smooth functions of the distance from the grafting surface. For v\ <
v{ the appearance of a van der Waals-type loop in the 0(.z2)-dependence suggests an
abrupt variation in the equilibrium degree of loading and in the polymer density at some
particular distance from the surface. This jump-wise variation in the local properties of
the brush indicates internal micro-phase separation.
With increasing 9f, the region v\ < vl{v2,9b) corresponding to the microphase separation in the brush extends and occupies a larger part of the phase diagram in the
(wi,W2)-plane, as presented in Figure 6.3. This implies that microphase separation may
be enhanced by increasing the bulk surfactant concentration.
7.3.1. Continuous distributions: one-phase brush
We first consider a system in which the excluded-volume interaction parameter betweentwo adsorbed micelles islarge compared to the corresponding parameters of monomermonomer and monomer-micelle interactions, i.e. V\ 3> VQ,V2- This corresponds to the
region v\ > f*(w2) in Figure 6.3. In this case 9 is a single-valued function of z2 and all
the local properties of the brush are continuous and smooth functions of the distance z
from the grafting surface. The brush is thus in a one-phase regime. Experimentally this
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FIGURE 7.3. 6{z) asafunction ofz for v\ = 10 andt>2 = 2. The valuesofa
and corresponding valuesof h area = 6.60 • 10~3 ath =0.5, a = 2.39 • 10~2
ath = 0.6 anda = 5.68 • 10~2 at h = 0.7.
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FIGURE 7.4.

p(z) for the same set ofparametersasusedin Figure7.3. The
dashedcurves indicate the monomer density in a "bare" brush for thesame
valuesof a.

situation corresponds to the adsorption of small, highly charged micellar aggregates at
comparatively lowionic strength in the solution, i.e. when the long-range Coulomb repulsion provides the dominant contribution to the second virial coefficient of micelle-micelle
interaction (see the discussion following Eq.(5.22)).
In Figures 7.3 and 7.4 the profiles of 9{z) and p(z) are plotted for various values of
h, i.e. for various values of a. The excluded-volume parameters are VQ= 1 (default
value), V2 = 2 and v±= 10. As can be seen in Figure 6.3, the value of vi lies well above
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FIGURE 7.5.

The numberdensitym(z) of adsorbed micellesfor the sameset
ofparametersas usedin Figures 7.3and 7-4-

the critical line. The value of the effective adsorption energy per monomer is set at
u = —0.15, which for Nad = 100 corresponds to a bulk coverage 8b= 0.95, see Eq.(6.11).
As illustrated in Figures 7.3 and 7.4, for a given grafting density the degree of loading
decays monotonically from the bulk value 0&at the brush edge (z = h) to its proximal
value at z = 0. Simultaneously, the polymer density (which vanishes at z = h) monotonically increases as the grafting surface is approached. An increase in a corresponds to a
shift of the cut-off length h of the universal curves 8(z2) and p(z2), defined by Eqs.(7.18)
and (7.19). This results in a decrease in the proximal degree of loading 6{z = 0) and in
a simultaneous increase in the proximal polymer density p(z = 0).
At low grafting density (for example h = 0.5, a = 6.6 10 - 3 ) the brush is highly
loaded by adsorbed micelles and, as a result, strongly extended as compared to a bare
brush. For comparison we also show in Figure 7.4 the parabolic polymer density profiles
(dashed curves) for bare brushes at the same grafting densities and monomer-monomer
excluded-volume parameter VQ. The additional extension of grafted chains, due to enhanced osmotic interactions from the adsorbed micelles, is reflected in a much smaller
average polymer density within a highly loaded brush. With increasing grafting density
(and corresponding increase in h) the adsorbed micelles are squeezed from the interior
regions where the polymer density is relatively high towards the more dilute periphery
of the brush. This results in an increasing intrinsic inhomogeneity of the brush with
increasing a, as is shown in Figure 7.3. At sufficiently high a the degree of loading drops
to approximately zero in the region proximal to the grafting surface, due to the high
local polymer density imposed by the dense grafting of the chains on the surface.
This depletion of micelles from the proximal region is illustrated in Figure 7.5, where
the number density profiles of adsorbed micelles m(z) = p(z)8(z)/Nad are plotted for the
same set of parameters as used in Figures 7.3and 7.4. Ascan be seen from Figure 7.5, the
density profiles of adsorbed micelles change dramatically with increasing grafting density.
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FIGURE 7.6. Themonomer densitydistributionp(z)/p(0) asafunction of z/h
for three values of the reduced brushthickness, h = 0.5, 0.55 and 0.7, using
theparameters of Figure7.3,a = 1.32 • 10~2 for h = 0.55.

At low a, m{z) decreases monotonically with the distance z from the grafting surface
and is relatively high near the grafting plane. This decrease in m(z) with increasing z
reflects the decay ofthe polymer density at a fairly uniform loading of chains by adsorbed
micelles, 8(z) = #(,. With increasing a the micelles are squeezed from the proximal region
and a maximum in the m(z) profiles appears. This maximum becomes more pronounced
and shifts from the central region of the brush to the periphery as a increases.
It must be emphasised that this depletion of micelles near the grafting plane differs
from the depletion of polymer from a narrow proximal region, due to local steric restrictions imposed by the impermeability of the grafting plane for polymer chains. [22,136]
The latter depletion is not taken into account in our aSCF model.
The increasing inhomogeneity of the brush with increasing grafting density is also
illustrated in Figure 7.6, where the monomer density normalised by the proximal value
p(0) is plotted as a function of the reduced distance z/h from the surface for different
values of a. At high grafting densities the brush consists, roughly speaking, of two
regions: (i) a region proximal to the surface characterised by a low degree of loading and
by a high monomer density, and (ii) a dilute distal region with a low monomer density
and high degree of loading. In the proximal region the shape of the polymer density
profile is close to the parabolic profile typical for a bare brush. [20,22,25] The terminal
parts of the chains which reach the distal region are densely covered by adsorbed micelles
and, as a result, are strongly extended in comparison to the chains at the periphery of the
bare brush. This extension "smoothens" the polymer density profile near the brush edge
in comparison to the parabolic decay of a bare brush. This effect should not be confused
with the deviation from the parabolic density profile, caused by Gaussian fluctuations of
the weakly stretched terminal parts of the chains. The latter effect has been observed
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0(z). Threevalues ofV2(1,3 and3.5) areconsidered withvi =10.
FIGURE

experimentally in Chapter 3 and in nSCF calculations [26], but is not accounted for by
the "quasi-classical" aSCF approximation used in our analysis.
The depletion of adsorbed micelles from the proximal region of the brush with increasing grafting density is primary caused by strong micelle-micelle repulsion. However, in
the intermediate region separating the proximal depletion zone and the highly loaded periphery of the brush the repulsive interactions of bare monomers with adsorbed micelles
play a dominant role. Therefore, the slope of the 0(z) curves in this region is sensitive
to the value of the monomer-micelle excluded-volume parameter v2• With increasing v2
an intermediate degree of loading is more unfavourable, and this results in a narrowing
of the intermediate region. This effect is illustrated in Figure 7.7 where the profiles 6(z)
of the degree of loading are plotted for a constant brush thickness (h = 0.6) and for
three sets of excluded-volume parameters, corresponding to increasing v2 at fixed v\.
The width of the region over which the decay of the degree of loading occurs decreases
progressively with increasing v2, as seen in Figure 7.7. The same effect occurs when vi
decreases with respect to v2.

7.3.2. Microphase separation
In the previous section we have analysed the behaviour of grafted polymers with
adsorbed micelles under the condition that the effective (renormalised) parameter of
the micelle-micelle excluded-volume interactions v\ is larger than v{{v2), see Figure 6.3.
Physically, this situation corresponds to the dominance of the screened Coulomb micellemicelle repulsion in the intra-brush osmotic interactions. This is not necessarily the case
if the ionic strength of the solution is increased.
As demonstrated in the previous section (Figure 7.7), an increase in the magnitude
of the monomer-micelle repulsion v2 results in a stronger inhomogeneity of the brush.
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7.8. 6(z) for threevaluesofvi andV2 = 3.5. In the plot the values
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Simultaneously, the intermediate region where both the polymer density and the degree
of loading experience major spatial variations narrows. This tendency indicates the
possibility of microphase segregation, which leads to a co-existence of a dense (unloaded)
phase in the proximal region, and a sparse (loaded) phase in the distal region of the
brush. Such segregation occurs when the monomer-micelle interactions are dominant
and intermediate degrees of loading are relatively unfavourable.
In Figure 7.8 8(z) is plotted for constant V2= 3.5 and for three different values of
t>i. The set of parameters corresponds to decreasing micelle-micelle excluded volume and
constant monomer-micelle excluded volume. As mentioned earlier, this variation may be
realised experimentally by increasing the ionic strength.
At vi = 10 the coverage 8(z) still increases continuously with increasing z. This
situation corresponds to vi > ^(ivj), and has been discussed in the previous section. On
the contrary, at v\ = 8 and 6 the dependence 8(z) demonstrates a van der Waals loop.
This implies that the degree of loading changes abruptly at a certain distance from the
grafting surface, denoted by ZQ. For vi = 6 this is illustrated by the vertical dashed line
through the points 61and 82• The position zo of the boundary between the co-existing
phases and the degree of loading at z = ZQin the bare and highly loaded phase (which
we denote as 81 and 82, respectively) can be determined using the Maxwell equal-area
construction
r8o

(7.21)

j\z*(8)-zl)%d8

d8

=Q

This is equivalent to the requirement of equality of the osmotic pressure in the two coexisting phases. We stress that the above equation is not equivalent to an equal-area
construction in a #(z)-plane.
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FIGURE 7.9. p{z) (left axis, solid curve) and6{z) (right axis, dashed curve)
for v\ = 6, V2 = 3.5, 6b = 0.831 andh= 0.3. The magnitudesofthejumps in
polymer density (Ap) and in the degree of loading (AO)are indicated.

The discontinuity in 0(z) evidently concurs with a discontinuity in the polymer density
profile p(z), as these two quantities are coupled via Eq.(7.19). Hence, at z = z0 the
density jumps from a high value p\ in the weakly loaded (dense) phase to a smaller
value p2 in the highly loaded (extended) phase. In Figure 7.9 the monomer density
and the degree of loading are plotted as a function of z. The jumps in polymer density
Ap = pi — p2 and in the degree of loading, A9 = 02 - 6\,are indicated by arrows.
The density profile of adsorbed micelles, m(z) ~ p(z)9(z) also exhibits an upward
jump, Am = m 2 - m i at z = z0. The relative magnitude A m / m i ofthisjump is,however,
smaller than that of the jump in the degree of loading, A0/6\ because pi < pi. In
particular, the difference Am decreases strongly as the parameters approach the critical
point for microphase separation.
The discontinuity in p(z) has significant consequences for the distribution g(z) of the
end-monomers, as given by Eq.(7.15). As the polymer density exhibits a jump Ap at
z = z0, we can formally split the density profile into two parts,
(7.22)

p(z) = p(z) + Q(z0 - z)Ap

where p(z) = p(z) — Ap at z £ [0,z0). The function p(z) = p(z) at z 6 [zo,h] is a
continuous and smooth function of z and Q(z) is the Heaviside step function. Substitution of this distribution into Eq.(7.15) gives the end-monomer distribution (in reduced
variables) for z < ZQ,

(7.23)

9{z) = - - f

{dp(z)Idz)zidz'
s/z^

while at z > z0 Eq.(7.15) holds.

z
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FIGURE 7.10. The end-point distributionfunction g(z) (solid curve) for the
sameparametersasinFigure7.9. Thecoverage 9(z) isalso shown to illustrate
the microphaseseparation(dashed curve).

As follows from Eq.(7.23), the density g(z) of end-monomers diverges at z —> ZQas
~ (ZQ— z 2 ) - 1 / 2 . This behaviour of g(z) indicates a bimodal distribution of chain ends
in the brush. The 'proximal' maximum in g(z) at z = z0 corresponds to the population
of weakly loaded and weakly extended chains which form the dense proximal phase in
the brush. The remaining fraction of chains, whose ends are distributed in the range
ZQ< z < h, contribute a small portion of their monomers to the dense phase, as they
are strongly extended in the proximal region. The latter chains thus bring the majority
of their monomers to the sparse and highly loaded peripheric region of the brush. The
end-point distribution g(z) is plotted in Figure 7.10, for the same parameters as in Figure
7.9. For comparison, the distribution of coverage 6(z) is shown in the same graph. The
bimodal distribution of g(z) and the discontinuity of 6{z) at z0 are evident.
We remark that even ifv\ < t>i(i>2,#&),the two phases co-exist in the brush only when
the grafting density is high enough, i.e. when the proximal value of the degree of loading
do = 6(z = 0) is smaller than 0\. In the case that the chains in the brush are grafted
rather sparsely, the degree of loading decays continuously from 6bto 0Q as z decreases
from h to 0. The brush as a whole is then in the highly loaded and extended state.
As a increases, the proximal value of the degree of loading 0Odecreases as micelles are
squeezed out of the brush. When #o reaches the value 02, corresponding to the minimal
degree of loading in the "loaded" phase, the proximal region with a high polymer density
and low coverage 0{z) < 6\ appears. Correspondingly, at larger grafting densities the
brush is in a two-phase state with discontinuous profiles 0{z) and p(z). Further increase
in a leads to an increase in the relative weight ofthe dense phase comprising the majority
of the chains, whereas the relative weight of the extended phase decreases.
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7.4. LARGE-SCALE PROPERTIES
We now t u r n t o t h e overall (large-scale) properties of brush with adsorbed micelles.
In Figure 7.11 and 7.12 the total number of micelles adsorbed per unit area of the brush,
(7.24)

=K*1 /
Jo

p{z)6(z)dz,

7.4 Large-scale Properties

is plotted semi-logarithmically as a function of a at fixed adsorption strength for three
different values of the parameter vi (Figure 7.11) and double-logarithmically at fixed
excluded-volume parameters and three different values ofthe adsorption energy permicelle (Figure 7.12). The adsorbed amount per unit area T exhibits a maximum as a
function ofthe grafting density a for all sets of parameters. The height and position of
the maximum r m a x depend onthestrength ofosmotic interactions andonthe adsorption
strength —Na<iuper micelle.
The maximum inTinFigure 7.11canbeexplained asfollows. Atlowgrafting densities
the degree ofloading iscloseto6\, throughout thebrush, andTisvirtually independentof
the micelle-micelle osmotic interactions. With increasing a the overall adsorbed amount
increases nearly proportional to u until the osmotic repulsive interactions in the brush
become comparable to the free energy gain resulting from the adsorption of micelles. A
further increase in a results in theformation ofa proximal depletion zone andin a progressive decrease in the average degree ofloading. Thelatter tendency isso pronounced
that, in spite ofthe increasing number ofgrafted chains perunit area, theoverall amount
of adsorbed micelles decreases with increasing a. The same reasoning holds for Figure
7.12. Obviously, the height Tmax ofthe maximum decreases with decreasing adsorption
strength —NadU. The position of the maximum depends only weakly on the micellemicelle excluded-volume parameter vi (Figure 7.11) but it is shifted towards smaller
values of a with decreasing adsorption strength (Figure 7.12).
At fixed grafting density the adsorbed amount T is thus affected by variation ofthe
adsorption strength or by variation of the micelle-micelle excluded-volume parameter
v\. The latter parameter can be tuned by varying the ionic strength of the solution.
With decreasing ionic strength thetotal adsorbed amount decreases significantly (Figure
7.11), provided allother parameters remain constant. Ourmodel therefore predicts that
an increase in ionic strength ofa solution canstrongly enhance theadsorption of charged
aggregates on a grafted polymeric layer.
Another important question concerns the behaviour of the total height h and of the
root-mean-square height hrms of the brush as a function of a. There is a remarkable
difference in the behaviour of h(a) and hrms{(j) for a polymer brush with annealed
excluded volume as compared to a conventional brush in a good solvent. We recall
that h characterises the overall span of grafted chains in the ^-direction, while hrms
characterises the average thickness ofthe brush. Fora conventional polymer brush with
a 'quenched' excluded-volume parameter, both h and hrms monotonically increase with
increasing a, whereas the ratio h/hrms remains constant. 2 [25] In other words, with
increasing grafting density the structure of the brush changes in a self-similar wayand
the density distribution remains invariant in re-scaled variables.

2

This is easily seen if we insert the expression for p(z) in the aSCF model, Eq.(1.3), in the definition
for H2ms, Eq.(7.20). The value of HTms in the aSCF model is then H2ms = AiV 2 (<™ 0 ) 2/3 , where the
i / 2\ 2 / 3
2 / 2\ 5 / 3
IT
constant A equals - ( — I
( — ) . A s H2ms ~ H2, the ratio HTms/H = \ -, and is thus
3 \ 12/
90 \ 12 /
V5
independent of either N or a, or self-similar.
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The situation is quite different for a brush formed by chains with annealed excluded
volume. Here the total height h of the brush increases monotonically as a function of
a, whereas hrms can exhibit non-monotonic behaviour, depending on the values of the
excluded-volume parameters and #;,. In Figure 7.13 hrms is plotted semi-logarithmically
as a function of a for three values of V2 and fixed vi. When the micelle-micelle osmotic
interactions are dominant, i.e. vi ~3> uj, hrms increases monotonuously with increasing
a, just as the overall brush height h does. However, with increasing V2 or 6b the hrms(a)
curve progressively flattens in the intermediate range of a and eventually a local maximum and a minimum appear when the boundary v\{^2) = v\ is approached (see Figure
6.3). These local extremes become more pronounced as V2increases, i.e. as the brush
becomes more inhomogeneous and eventually exhibits micro-phase separation.
The difference in behaviour of h(a) and hrms{a) at large values of the monomermicelle excluded-volume parameter v^ can be rationalised as follows. At small grafting
density the brush is relatively homogeneous, and the extension of the chains increases
with increasing a without significant changes in the distribution of loading inside the
brush. As a result, both h and hrms grow with increasing a, as the strength of the
osmotic interactions is constant in this regime. However, at larger a depletion of micelles
from the proximal region occurs, whereas the chains near the brush edge remain loaded
and extended. In the one-phase regime the width of the intermediate region (between
the depletion zone and the loaded periphery of the brush) decreases with increasing V2,
i.e. upon approach of the boundary vi —VjC^)- At vi < v{(y2) the brush is in the
two-phase regime, with a sharp boundary between proximal (dense) and peripherical
(extended) regions. The major contribution to hrms is provided by the region where the
majority of polymer monomers is distributed, i.e. by the proximal region of the brush.
In contrast, h is determined by the span of the most extended chains in the distal region.

7.5 Discussion and Conclusions

With increasing grafting density the dominant effect is the enrichment of the proximal
region by unloaded, weakly extended chains. This results in an effective decrease in hrms,
whereas the total thickness of the brush, determined by a minority of strongly extended
and loaded chains, continuously grows as a increases. At even higher grafting density the
contribution of the distal region to hrms is negligible. The increase in both hrms and h is
determined by the monomer-monomer repulsive interaction in the proximal region, just
as in conventional bare brushes. This results in the convergence of the plots in Figure
7.13 for various sets of excluded-volume parameters at high values of a.

7.5.

DISCUSSION AND CONCLUSIONS

Grafted polymers in contact with a solution containing adsorbate particles (surfactants
forming micellar aggregates, proteins, etc.) are described using a model for a polymer
brush with annealed excluded-volume interactions. The overall structure of the grafted
layer is determined by a balance between the gain in adsorption energy of aggregates on
the one hand, and the osmotic interactions and the conformational entropy penalty for
the stretching of loaded chains counteracting adsorption on the other.
The adsorption of aggregates enhances the repulsive osmotic interactions in the brush
and therefore induces additional stretching of the grafted chains. Due to this adsorption
the excluded-volume parameter becomes non-uniform (annealed) throughout the brush
at high grafting densities. It follows from our analysis that the distribution of adsorbed
aggregates (micelles) is inhomogeneous in dense brushes. Such brushes are therefore
intrinsically more inhomogeneous than conventional ("bare") polymer brushes in a good
solvent.
With increasing grafting density the steric repulsion between grafted chains loaded
with adsorbed aggregates becomes stronger. As a result, the equilibrium degree of loading in the proximal region decreases strongly and the inhomogeneity of the brush is
more pronounced. At high grafting densities the brush as a whole effectively consists of
two regions. In the dilute periphery the chains are highly loaded by adsorbed micelles,
whereas in the proximal interior of the brush depletion of micelles occurs and the unperturbed "parabolic" structure is retained. The boundary between the loaded periphery
and the depletion region is diffuse if the micelle-micelle repulsion is strong {v\ > v\ (u 2 ),
see Figure 6.3). For a lower value of v\ the polymer density as well as the degree of
loading and the density profile of adsorbed micelles may exhibit a discontinuity at a
certain distance from the grafting surface, indicating phase separation inside the brush.
This phase separation is also reflected in a bimodal distribution of the end-monomers.
In the proximal region, which is depleted of micelles, a maximum in this distribution
occurs, corresponding to weakly extended and "bare" chains. The distal maximum of
the distribution of end-monomers represents the strongly extended and highly loaded
chains that form a sparse and extended phase at the edge of the brush.
We remark that a similar microphase segregation into a proximal (dense) phase and
strongly extended peripheric phase has been described earlier for a polymer brush formed
by weakly charged polyelectrolyte chains under poor solvent conditions, where binary
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short-range attractive interactions between non-charged monomers compete with the
Coulomb repulsion between charged ones. [166] Another example of such internal segregation is a polymer brush in a good solvent with repulsive binary monomer-monomer
interactions and attractive higher-order osmotic interactions between monomers. The
latter case corresponds to the so-called "n-cluster" model of phase separation in the
polymer solutions as introduced by de Gennes. [152] This model has been applied to
polymer brushes in refs. 167 and 168. In both cases microphase separation is induced
by an 'inverse' order of repulsive and attractive interactions between monomers (lowerorder repulsion, higher-order attraction). In contrast to a polyelectrolyte brush in a
poor solvent and a brush capable of n-cluster association, however, our model of a brush
with annealed excluded-volume interactions demonstrates intrinsic phase separation in
the absence of any attractive interactions between monomers.
It is instructive to compare the results of the present aSCF approach to our earlier
analysis of a polymer brush with annealed excluded volume based on the Alexanderde Gennes box-model. 3 [17,18] In the framework of the latter model the chains in the
brush are assumed to be stretched uniformly and equally: a delta-function for the endmonomer distribution is pre-assumed, and hence the brush as a whole is forced to be
in a one-phase regime. If the monomer-micelle excluded-volume parameter V2is large
enough the box-like model predicts an abrupt variation of the overall brush height and of
the degree of loading with variation of the grafting density or adsorption strength. This
behaviour is reminiscent of a first-order phase transition. The release of the constraint
of equal stretching of the chains changes the situation qualitatively: instead of a firstorder phase transition with an abrupt variation of the brush height and of the adsorbed
amount, co-existence of a dense and sparse,extended phase within the brush is predicted.
Correspondingly, the variation of the overall properties of the brush with increasing
grafting density or adsorption energy occurs smoothly, due to gradual re-partitioning of
the chains between the dense and extended phase.
Two large-scale (global) properties of the brush, viz. the overall adsorbed amount T
of micelles per unit area and the root-mean-square brush thickness hrms, are predicted
to exhibit non-monotonic behaviour as a function of the grafting density a. A maximum
is found in T(a), whereas hrms(a) is an increasing function of a at low and high grafting
density but may decrease in the intermediate range. The physical reason of such nonmonotonic behaviour of both quantities is the expulsion of adsorbed aggregates from the
brush with increasing grafting density. Because of the competition between adsorption
energy and osmotic repulsion, the position and the height of the local maxima in Y(a)
and hTms (a) depend on the adsorption strength and on the strength ofthe micelle-micelle
and monomer-micelle osmotic interactions.
The major limitations of our aSCF model are related to its mean-field nature. The
obvious requirement for the applicability of our arguments is Rm <C c - 1 / 2 , i.e. the
size of a micelle must be smaller than the average distance between grafted chains (the
3

T h i s box-like approach was applied in our first paper on polymer-surfactant association, but is not
presented in this thesis. [141]

7.5 Discussion and Conclusions

'mesh'size), as the correlation length of density fluctuations inside the brush is proportional to the mesh size. [17,18] Moreover, an even stronger condition must be satisfied in
order to justify the mean-field approach based on the renormalisation of the excludedvolume parameters, namely the number of micelles immobilised in a correlation volume
~ a~3'2 must be sufficiently large. As wehave demonstrated in Chapter 5,the mean-field
approximation works reasonably well in the coil regime, i.e. at low monomer densities.
Also, the experiments in Chapter 2and 3demonstrate good agreement between the theoretical predictions of aSCF models for "bare" polymer brushes and experimental results
for long PEO chains. Therefore, we expect that our mean-field approach utilised in the
aSCF model for brushes with annealed excluded-volume interactions provides a qualitatively correct description both for the relatively sparse and fairly uniformly loaded distal
region and the relatively bare and dense proximal region.
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CHAPTER 8

Interactions of P E O Brushes with BSA
ABSTRACT

The interaction between PEO brushes andnanocolloids (inthiscaseBSAproteins) isinvestigated experimentally. The adsorption ofBSAonahydrophobic
substrate with grafted PEOchains ismeasured with reflectometry. Forshort
grafted chains the adsorbed amount T of BSA decreases continuously with
increasing a. In the case of long PEO chains, however, T is found to have
a maximum as a function of a. Qualitatively, the experimental dependence
of T on a agrees with theresults of our analytical SCFmodel. PEO chains
show no affinity for BSAin the bulk, whereas in a grafted conformation an
effective attraction is observed. Some comments are made on the natureof
this affinity, which isnotyetfully understood.

8.1.

INTRODUCTION

The prevention of protein adsorption on surfaces in contact with blood is a challenge, both from a medical and a chemical-physical point of view. Protein adsorption
can result in coagulation of adsorbed blood proteins and subsequent surface-induced
thrombosis. [169]Grafting or irreversible adsorption of water-soluble polymers onto the
surface isawell-established method toreduce protein adsorption. [170-175] The decrease
in the adsorbed amount is generally attributed to steric repulsion between the grafted
hydrophilic polymer and the solvated proteins.
Due to its hydrophilicity PEO is widely used as stabilising agent; a review on the
properties of PEO and its biomedical applications is given by Lee et al. [170]PEO is
usually end-tethered to the surface through irreversible adsorption ofdiblock or triblock
copolymers. When a hydrophilic block like PEO is chemically bound to a hydrophobic
block, such as polypropylene-oxide (PPO) or an alkyl chain, the polymer density at the
surface isenhanced, asthe hydrophobic block isprone to adsorb strongly ona hydrophobic surface. Moreover, as desorption of the hydrophobic block from the hydrophobic
surface is unfavourable, the surface density remains essentially constant, in contrast to
hydrophilic homopolymer that can desorb.
In recent studies the adsorption of several proteins on a hydrophobic surface was
measured as a function of PEO-PPO-PEO triblock copolymer surface density. [171,172]
It was shown that an increase in surface density results in a continuous decrease in
protein adsorption. It wasconcluded that the surface density predominantly determines
the decrease in protein adsorption; the chain length wasfound to have little effect. [171]
In a study ofPrime et al. PEOwaschemically bound to an alkyl chain andan increasing
PEO length wasfound to strongly reduce the protein adsorption. [175]The PEO chain
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length used by McPherson et al. [171] and by Schroen et al. [172] was 128or less, and in
the work of Prime et al. it was as low as 17 monomers. [175]
Prom a theoretical point of view the interaction between hydrophilic chains grafted
onto a surface and nanocolloids, such as proteins, is extremely interesting. Jeon et al.
suggested a simple model for the interaction between a substrate with terminally attached
hydrophilic chains and solvated proteins. [176,177] In this model the proteins are assumed
to compress the grafted layer, thus enhancing the excluded-volume interactions in the
brush-like layer. The van der Waals attraction between proteins and the substrate is
compared to the induced steric repulsion of the chains. An important conclusion of
this model is that longer chains are more effective in suppressing the adsorption, as the
van der Waals interactions between particles and the substrate decrease strongly with
increasing separation distance (increasing brush height). McPherson et al. compared
their experimental results for PEO-PPO-PEO triblock copolymers and various adsorbing
proteins with results of a numerical SCF model. [171] In the nSCF model the particles
are prone to adsorb on the surface and the excluded-volume interactions between the
grafted chains and particles are repulsive. They conclude that the blocking of adsorption
sites by grafted chains is the main mechanism for reducing protein adsorption, i.e. a is
the main parameter that controls the amount of adsorption. The influence of the chain
length is reported to be marginal, in contrast to the model of Jeon et al. [176,177]
In the previous chapter an aSCF model for grafted chains with annealed excludedvolume interactions was presented. This model mimics the behaviour of long and densely
grafted chains that can form complexes with nanocolloids. The overall adsorption per
unit area in this model has a maximum as a function of a and increases linearly withTV.
In contrast to the above mentioned models, our aSCF model explicitly assumes attractive
interactions between the grafted chains and the complexing nanocolloids.
Although the reduction of the adsorbed amount per unit area T by grafting PEO
chains was investigated experimentally in previous studies, the chains lengths used were
relatively short. [171,175] In this chapter we investigate adsorption of bovine serum
albumin (BSA), a blood protein, on PS substrates with grafted PEO chains of length
148, 445 and 700 monomers. According to the conclusions of Prime et al. and the model
of Jeon et al, the considerable length of the PEO chains should be a formidable barrier
to protein adsorption. On the other hand, the work of McPherson et al. suggests a to
be the main factor in determining T.[171] Therefore, measurement of the adsorption of
BSA on PS surfaces grafted with PEO chains of varying length and surface density is
necessary to check the theoretical predictions of Jeon et al. and McPherson et al.

8.2.

M A T E R I A L S AND M E T H O D S

The hydrophobic substrates were made from silicon wafers with a natural silica layer
of approximately 2 nm, as determined by ellipsometry. On this surface a layer of polyvinylpyridine-polystyrene (PVP-PS) block copolymer (molar mass 21400/20700, Polymer
Source Inc.) was adsorbed from a 100 ppm chloroform solution. After adsorption the
wafers were rinsed for 10 sec. in chloroform to wash away excess polymer, and dried

8.3 Results

under nitrogen. The PVP-PS layer thus formed was approximately 3 nm thick and acts
as a stabiliser for the PS layer spincoated on top. The PS layer (molar mass 184K) was
spincoated from a 0.1% solution in chloroform at 3000 m i n - 1 . The thickness of the PS
layer, including the PVP-PS layer, was approximately 8 nm. Reflectometry showed the
bare PS layers to be stable in water.
For dynamic light-scattering experiments a PEO homopolymer (molar mass 445K,
Pol.Lab.LTD, UK) was used. The protein used for adsorption measurements is Bovine
Serum Albumin (BSA), from Sigma Chem.Co. The molar mass of BSA is approximately
66K, its iso-electric point 4.8. BSA is reported to be sigar shaped, with a radius of 3 nm
and a length of 14 nm. [178]
Monolayers of PS-PEO block copolymers were prepared in a Langmuir trough in the
same fashion as described in Chapter 4 and ref. 69. The Si-PS wafers were dipped
through the interface (air -» water) in the usual fashion of LB-preparation. [116] The
deposition on the wafer proceeded readily, a transfer ratio of 1 was usually obtained.
After retraction, the LB sample was washed with water in order to remove any PEO
polymer not taken up in the brush. In this manner we obtained a single PS-PEO layer
adsorbed on PS. Continuous washing with water did not desorb the PS-PEO monolayer,
as indicated by the stable base line in the reflectometer.

8.3.

RESULTS

The interaction between PEO and BSA in the bulk has been extensively studied. [170,
179] The current opinion is that no attractive interactions between PEO and proteins are
present, which facilitates, for instance, the use of PEO as a protein excluder. Abbott et
al. concluded that the effective interaction between PEO and BSA is repulsive, although
the repulsion is less than expected. [179]The hydrodynamic radius of PEO homopolymer
in salt-free BSA solutions ranging from 0 to 500 ppm was measured with dynamic light
scattering. No significant change in the PEO radius of gyration with respect to that
in pure water was observed, indicating that in a dilute bulk solution the interactions
between PEO and BSA are either repulsive or very weakly attractive of nature.
In Figure 8.1 the adsorbed amount of BSA is shown as a function of cr, for the three
PEO block lengths. Curves are drawn through the data points to guide the eye. The
amount of BSA adsorbed on bare PS is approximately 0.5 mg/m 2 . In the case of grafted
PEO chains of 148 monomers, the adsorbed amount drops continuously with increasing
grafting density. However, if long PEO chains (445 and 700 monomers) are grafted, the
adsorbed amount first increases at low cr, and then it decreases again at high a. The
maximum adsorbed amount Tmax seems to increase with increasing chain length. Note
that for all chain lengths T remains finite at very high a.
It is instructive to renormalise the results for the BSA adsorption on LB-films of short
PEO chains (148 monomers) with respect to the adsorbed amount on bare PS, r/ToThese data are plotted in Figure 8.2 together with same renormalised amount as found
for the adsorption of lysosome on PEO-PPO-PEO triblock copolymers by McPherson et
al. [171] The PEO chain length of the triblock copolymer of McPherson is 128 monomers,
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thus comparable to our short block. A dashed curve is drawn through the data points
to guide the eye. It is clear that the decrease in protein adsorption with increasing a
is approximately equivalent in both studies. Our results for the short chains thus agree
with previously reported results. The results with long chains are qualitatively different
though, and at variance with currently held opinions.
It is interesting to compare the maximum in the adsorbed amount of BSA (Figure 8.1)
with the maximum predicted by our model for grafted chains interacting with nanocolloidal particles (seeFigures 7.12 and 7.13). (Werefer the reader to Chapters 5, 6and 7for
details on the model parameters.) Qualitatively, the adsorption isotherms show the same
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trend. One feature present in the experimental PEO-BSA system but not considered in
our aSCF model, however, is adsorption of particles on the hydrophobic substrate. As
argued by McPherson et al., the main mechanism for the decrease of adsorption with
increasing a is the decrease of accessible substrate surface. We can implement this in
a crude way in our model by assuming a linear relationship between adsorption on the
substrate Ts and the grafting density.

(8.1)

•{

r 0 (l - aa)
0

for
for

aa < 1
aa > 1

where r 0 is the amount adsorbed on the bare hydrophobic substrate and the prefactor
o is a measure for the size of the adsorbing particles. If the area cr_1 per grafted chain
is equal to a then no adsorption takes place on the substrate. The total adsorption T
now is the sum of the substrate adsorption Ts and adsorption Ft within the brush. In
Figure 8.3 the experimental data for BSA adsorption for the longest PEO chains (dots)
are plotted together with Ts+ Tb as calculated theoretically (dashed curve). We stress
that the inserted values of the excluded-volume parameters and adsorption strength have
no direct quantitative meaning. It is evident, however, that both the experimental and
the calculated adsorption follow the same trend.
8.4.

DISCUSSION AND CONCLUSIONS

In this chapter we have investigated the adsorption of BSA on a hydrophobic substrate with grafted PEO chains. It is observed that there is a continuous decrease in T
with increasing a for short chains, but a distinct maximum in T for long chains. The
latter feature is a novel result: so far, all experimental studies of protein adsorption on
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surfaces with grafted PEO have used chain lengths of at most 128 monomers, and only
a continuous decrease of T with increasing a is reported. Theoretical models for such
systems have emphasised the repulsive nature of protein-PEO interactions, so that they
cannot cope with the maximum as found in this study.
Our aSCF model for brushes with annealed excluded-volume interactions, presented
in Chapter 7, provides an interpretation for the maximum in T as experimentally found
for long, grafted PEO chains. Our model explicitly accounts for an effective attraction
between the grafted chains and the adsorbing nanocolloid. The fact that experimentally
such a maximum also occurs, brings us to the conclusion that there is indeed some
attraction between grafted PEO and BSA.
The idea that grafted PEO chains may have affinity for proteins is confirmed by
analysing the results for the short grafted chains, both ours and those of McPherson et
al. (see Figure 8.2). In the case that the PEO-protein interaction is solely repulsive, the
net protein adsorption is expected to be zero at high a, as the steric hindrance of the
grafted chains is too high a barrier for the proteins to reach the substrate. This conclusion is validated by Single-Chain Mean-Field-Theory calculations. [171] Experimentally,
however, a considerable residual adsorption is found at high a. McPherson et al. attribute the adsorption at high grafting densities to inhomogeneities in the coverage of
the substrate by polymer, and dismiss any attractive interactions between PEO and the
proteins. [171] However, the existence of such inhomogeneities is not substantiated. In
addition, the maximum in T in the case of long chains clearly contradicts the notion that
the interaction between the grafted chains and proteins solely consists of steric repulsion.
One may wonder what the nature is of these attractive interactions between grafted
PEO and BSA. Dynamic light-scattering experiments suggest that there are no attractive interactions between PEO and BSA in a dilute solution of free chains, but grafted
chains appear to bind BSA. The surface of BSA consists of hydrophobic and hydrophilic
(charged) areas, similar to that of a micelle. [178] It is therefore reasonable to suggest
that the same enthalpic interactions are present between PEO and BSA as in the case
of PEO-SDS complexes, stemming from a (weak) attractive hydrophobic interaction between PEO and the micellar surface. In a bulk solution this attractive interaction must
be compared to the loss in conformational entropy of the polymer upon adsorption: this
loss could be too large for appreciable adsorption to occur. However, if the PEO chains
are grafted the conformational entropy of a chain is significantly reduced by the presence
of the grafting substrate and neighbouring chains. Therefore, complex formation might
be favourable for such restricted chains, resulting in a maximum in T as a function of a.
This hypothesis is supported by recent force-distance profiles of (short) PEO-brushes
and proteins. [180] In these measurements attractive interactions between PEO and proteins are observed under high compression. In another study BSA proteins were found
to diffuse spontaneously into a close-packed bilayer of C^EOg. [181] Again, this suggests
that confined PEO-chains exhibit attractive interactions with BSA.
A different explanation for the maximum in T, without assuming attractive interactions between PEO and BSA, is that the proteins are kinetically 'trapped' in the grafted
PEO chains. Such entrapment may occur in the case of long grafted PEO chains, but
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is unlikely to occur in short PEO chains. This would explain the length dependence in
Figure 8.1. Also, since the proteins are less prone to diffuse into a densely grafted layer
this argument also explains the maximum in T(a). However, it is unprobable that the
BSA proteins should spontaneously diffuse into a grafted PEO layer when the PEO-BSA
interactions are purely repulsive. Moreover, if the proteins are kinetically trapped within
the layer, then the adsorbed amount should decrease in time during washing with pure
solvent. This was checked by adsorbing BSA at a grafting density near the maximum
and washing the cell with pure water. The reflectivity signal, and thus adsorbed amount,
remained constant during washing for several hours. This suggests that the interactions
between grafted PEO and BSA are indeed attractive in nature, and that the proteins are
not kinetically trapped in the PEO brush.
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CHAPTER 9

Complexation of Polyelectrolytes with Nanocolloids
ABSTRACT

Inthischapter ouranalysisofpolymerscomplexingwithseveralparticles isextended to complexation ofquenched polyelectrolytes with oppositely charged
nanocolloids. Inourmodel complexation isdetermined byabalance between
the loss of conformational entropy of the adsorbed strand and a decrease in
electrostatic energy, both ofthe particle andthe chain. Generally speaking,
complexation is induced by a decrease in ionic strength. The nature ofthe
transition from a bare to a fully complexed chain (first-order or continuous)
andtheconformation ofthe latter (globular orswollen) depends mainlyonthe
ratio ofthe charge density <JOofthe particle andthecharge density a ofthe
polyelectrolyte (defined ascharge per unit area or unit length, respectively).
If a/(To ~ 1,afirst-order phase transition with decreasing ionic strength from
a bare and swollen coil to an insoluble globule is predicted. In contrast, if
<a/co ^" 1,thetransition from aswollen coiltoasoluble complex ispredicted
to be continuous. Experimental data, inwhich both kinds oftransitions are
reported, support ournumerical results.

9.1.

INTRODUCTION

Complexation ofsolvated polyelectrolytes with charged nanocolloids, such as proteins,
micelles or liposomes, can have serious consequences for the stability of such solutions.
If the interactions between twopolyelectrolyte chains or between a polyelectrolyte chain
and particle areattractive, coacervation canresult ininsoluble complexes and subsequent
phase separation. [182] Solutions containing polyelectrolytes and charged particles are
widely used infood products, drugs [183]andapplied forisolation ofspecific proteins from
solution via coacervation. [16]Insight in the physics underlying complex coacervation is
therefore not only valuable from an academic point of view, but is also of interest for
various practical applications.
Complex coacervation ofa strongly charged polycation (PDMDAAC) with mixedmicelles (consisting ofanionic SDS anda neutral triton surfactant) wasinvestigated experimentally by Dubin et al. [187,188] Phase separation of complexed polyelectrolytes and
micelles was observed in certain regimes of micellar charge density and ionic strength
of the solution, whereas in other charge density regimes the coacervate remained soluble. [187]The results suggested that, as the micellar charge density approaches a value
critical forcomplex coacervation, thepolyelectrolyte iscontinuously loaded with micelles,
and the coil radius decreases. In a recent paper, however, Miura et al. report an abrupt
transition from a bare chain toanon-soluble coacervate. [204]Thecharge density a ofthe
mixed micelle at which complexation occurred wasfound to scale with thesquare rootof
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the ionic strength / by several authors. [187,188,204] Such a dependence is characteristic
for coacervation processes in which electrostatic interactions are the driving force.
Complex coacervation is a powerful tool to separate specific proteins from a solution
containing various protein species in a controlled manner via precipitation. In a recent
paper Mattison et al. investigated complexation of PDMDAAC and bovine serum albumine (BSA) as a function of the pH and ionic strength. [16] As BSA is amphoteric,
its charge density is pH dependent. A phase diagram was obtained in which the ionic
strength at which soluble and non-soluble complexes form is plotted as a function of
pH, or equivalently, of the overall charge density on BSA. A remarkable result is that
complexation may occur when the overall net charge on the BSA is positive, that is, has
the same sign as that of PDMDAAC. In the regime of like (overall) charges the i"1/2
dependence for the onset of complexation was also observed. This power dependence
suggests that, although complexation seems to be predominantly determined by electrostatic interactions, it is not necessarily the net charge on the particle that determines
the outcome; local charge effects may also play an important role.
The formation ofpolyelectrolyte-particle complexes has been investigated theoretically
with several models. One of the earliest theoretical studies is that of Tainaka, who
presented a model for the complexation of a polycation and polyanion with identical
charge densities, with or without counterions. [189,190] It was concluded that in the
absence of counterions coacervation readily takes place, but the presence of counterions
strongly suppresses coacervation. It must be remarked that Tainaka's model is valid for
two flexible polyions and does not consider the complexation of a polyion with several
small particles. The binding of a flexible, weakly charged polycation to a rodlike, highly
charged polyanion was examined analytically by Odijk. [191] Collapse of the polycation
onto the polyanion was found to depend strongly on the ionic strength: a slight decrease
in ionic strength results in a strong decrease in thickness of the adsorbed layer, which
indicates complexation. Although elegant, Odijk's model has the disadvantage that it
does not predict the onset of complexation of a long polyelectrolyte with small spherical
particles, nor the overall conformation of such a complex.
Recently Haronska et al. considered the adsorption of a polyelectrolyte on an oppositely charged spherical particle using a nSCF model. [192] In their model the monomer
density distribution as a function of the distance to the particle surface is determined
for a given ionic strength. Comparison of the predicted results with experimental data
shows that the dependence of the ionic strength at complexation on the charge density
of the chain is too weak. As the adsorption of chains on a single particle is examined,
this model is not suitable to predict the conformation of a polyelectrolyte with several
complexed particles. Moreover, the numerical calculations do not facilitate a clear and
intuitive understanding of the process of complexation. The same holds for Monte Carlo
studies on the interactions between polyelectrolytes and micelles. [193-195]
In the previous chapters we presented a mean-field model for neutral polymers subject
to annealed excluded-volume interactions. At low monomer densities our model mimics
the behaviour of single polymer chains complexed with charged nanocolloids in a dilute
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bulk phase, at (locally) high monomer densities it mimics the interactions between polymers and nanocolloids in semi-dilute solutions, bad solvents or in polymer brushes. In this
chapter we extend our model to polyelectrolyte chains with annealed excluded-volume
interactions. This models the complexation of polyelectrolytes and oppositely charged
particles. We analyse the phase behaviour of such solutions as a function of the charge
density of the particle, that of the chain, and the ionic strength. The validity of our
approach is evaluated by comparing our numerical predictions for the predicted onset
of complexation and overall conformation with experimental data for polyelectrolyteprotein, polyelectrolyte-micelle and polyelectrolyte-dendrimer coacervation found in the
literature.

9.2.

MODEL

We consider a solution of quasi-infinitely long and flexible polyelectrolyte chains consisting of N monomers of length I, which is again taken as the unit length, and density
p. The polyelectrolyte is quenched; the charge density a is constant and denned as the
fraction of dissociated monomers, distributed uniformly along the chain. All energies
are expressed in unit ksT, all charge densities in the number of unit charges e per unit
length (for a chain) or unit area (for a particle). The solvent is considered to be good
for both charged and neutral monomers. We again employ the volume approximation as
described in section 6.2, in which the coil conformation under good solvent conditions is
characterised by p ~ 0. The chains are immersed in a solution of ionic strength I, characterised by the Debye length K _ 1 . As the ionic strength in most experimental applications
is moderate to high, we limit ourselves to the regime in which the bare polyelectrolyte
has a coil conformation. This prerequisite implies that the electrostatic interactions between charged monomers may effectively be modelled by osmotic interactions, similar to
the SB-regime discussed in Chapter 4. The rod-like limit for vanishing ionic strength
and high charge density is therefore not considered. [196,197] This entails that the average distance between two adjacent charges on the chain a - 1 is at least of order of the
screening length K - 1 . Consequently, it must be checked whether aJK < 1in the regime
in which complexation occurs. We remark that the charge density on the chain cannot
increase indefinitely, but is limited by the process of charge condensation. [198,199] Accordingly, it follows that a"1 > IB/1, where IB denotes the Bjerrum length (7 Ain water
at 298 °K).
Besides polyelectrolyte chains and inert salt, the solution also contains nanocolloids
that are oppositely charged to the polyelectrolytes. As in previous chapters, we use
a grand canonical approach; the polyelectrolyte chains are in contact with an infinite
reservoir of particles. Effects resulting from bridging or incomplete coverage, due to
unfavourable mixing ratio's, are therefore not considered. The equilibrium conformation
of a particle, be it a protein, micelle or liposome, is spherical and its charge density
is quenched. The size of a particle is small compared to the overall coil size and large
compared to that of a monomer. Westress that the spherical conformation of the particle
is stable; we do not consider the possibility of denaturation of a protein or collapse of a
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liposome as a result ofinteractions with polyelectrolytes. [183]Experimental data relating
to the conservation of enzymatic activity of proteins upon complexation show this to be
a reasonable assumption. [184-186]
When complexation between a long polyelectrolyte chain and oppositely charged particles occurs, a necklace-like structure is the result, in which the intrinsic properties of
the "beads" (complexes) differ from those of the chain (monomers). In the volume approximation the same expression for the free energy density can be used as in Chapter
6, i.e. Eq.(6.3). We express Eq.(6.3), however, in terms of r = 1- 6, instead of 6. In
other words, we consider the fraction of uncomplexed monomers r instead of the fraction
of complexed monomers 8. The reason for this is clarified further in this section. The
equivalent expression in terms of r is

(9.1)

f(P,r) = —\np-

ps(r) + pru +

fos(p,r)

where u now denotes the effective change in free energy upon 'unloading' of a monomer.
We again neglect the first term, which accounts for the translational entropy of the
polyelectrolyte as a whole. The second term, the translational entropy S(T), given by to
Eq.(5.8), provided 1— r is inserted for 9.
The third term is the effective gain in free energy as a monomer changes its conformation from loaded to bare. In the case of complexation of a polyelectrolyte strand with
an oppositely charged particle this term is assumed to consist effectively of three contributions: (i) the change in the (mean-field) electrostatic energy as a strand of length
Nad with NadOL charges adsorbs on a particle of radius Rv with q charges; (it) the loss of
translational entropy of a complexed particle; and (Hi)the loss of conformational entropy
of Nad adsorbed monomers. We do not take any other possible interactions into account,
such as hydrophobic interactions between the adsorbed monomers and the particle.
Westart with the first contribution to u. The complexation process effectively amounts
to the loss of Nada charges on a flexible strand of length Nad and the loss of q charges
on a sphere of radius Rp. However, depending on the charge density ratio, the resulting
complex is either neutral or has an excess charge. Therefore, the cost of placing qex =
Nada-q charges on a sphere of radius Rp must alsobe taken into account. 1 Furthermore,
when two charged particles form a complex with an effectively lower charge density, the
counterions in the double layers are (partially) released into the bulk solution. This
counterion release, however, does not change the free energy of the system. This can
be understood if we imagine that two charged particles with equal charge densities of
opposite sign are formed from two identical neutral particles in a bulk solution of constant
ionic strength. According to the Poisson-Boltzmann expression, the loss in entropy due
to localisation of counterions in both double layers is balanced by the gain in electrostatic
energy. [201] The effective change in electrostatic free energy in the system is entirely due
to formation of the charge densities on both particles. Therefore, if we want to evaluate
J

We neglect the effective increase in the radius of a complexed particle, i.e. Ar fa

(Naii/AnB^).
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the overall electrostatic contribution to u, only the effective changes in surface charge
densities have to be considered.
To simplify matters, we assume that the charging of a polyelectrolyte strand is similar
to the charging of a rod of length Na(t, with a diameter equal to unity and charge density
a/ir. As the overall monomer density in the volume approximation is approximately zero
in the coil conformation, intramolecular overlap of double layers is negligible. We also
neglect any dependence of the electrostatic energy on the curvature of the chain; this
is reasonable, provided the Debye length K _ 1 does not significantly exceed the distance
a - 1 between charges on the chain.
The simple Gouy-Chapman model is used for the dependence between surface charge
and potential.
(9.2)

Fe = nNad /

Mo'oWo

=

Jo

Nada2
2TTCK

where we have used the Debye-Huckel expression for planar surfaces for the surface
potential, i.e. ^ ( o o ) = ao/eK. We remark that the exact solution of the PoissonBoltzmann expression for cylindrical symmetry results in a numerical correction of the
above expression, which lowers Fe. [201] As expected, in this simple approach the energy
involved in charging a polyelectrolyte strand scales linearly with its length, quadratically
with the charge density and inversely with K.
The surface charge density of solvated particles of charge q and radius Rp is simply
(T0 = q/4irRp. Weestimate the electrostatic energy necessary for formation of this charge
density using the same approach. This gives us
(9.3)

Fe = \-KR\ /

*0(ffo)d*o =
Jo

q2
87rei?2K

where again the Debye-Huckel expression is applied. Upon complex formation charges
on the particle are (partially) neutralised by charges on the polyelectrolyte. The total
change in electrostatic energy upon complexation per monomer is therefore

(9 4)

'

A/e =

WeRlKNad ~ w )

Upon unloading, the change in electrostatic energy is evidently —A / e .
The second contribution to u is the gain in translational entropy of the complexed
particles upon unloading. We express the chemical potential of the particles in the bulk
asUp= /ip+ln pp, as counterion condensation isnot taken into account. As p,® is expected
to remain constant upon complexation, the gain in translational entropy, expressed per
monomer, is simply N~dl lnpp.
The third contribution to u isthe entropic cost involved inlocalisation oiNad monomers
on a particle surface. Provided the particle is large compared to a monomer, this cost
is similar to the cost of adsorption of a polymer on a planar surface. It is well known
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that adsorption of a strand of length Nad requires a critical adsorption energy of order NadkBT.2 We thus find for the effective change in free energy per monomer upon
unloading
(95)

u- (

q2 q2ex

~

I "2 ^ IlnPp

c

where the critical adsorption energy per monomer is denoted by ecri, introduced in
Eq.(5.5) in Chapter 5. According to Eq.(9.5), the adsorption energy per monomer is
a balance between the entropic cost of localising a polyelectrolyte strand on a particle,
and the electrostatic gain of such a localisation. Roughly speaking, for a given polyelectrolyte such a localisation isfavourable in the case ofsmall and highly charged particles at
low ionic strength and high particle density, whereas it is unfavourable for lowly charged,
large particles at high ionic strength and low particle density.
We remark that the above expression for u is only valid in the regime of a ~ 1. If
a < 1, the formation of a complex may result in a corona of loops around the particle,
formed by neutral monomers. The repulsive steric interactions between such loops may
significantly alter Eq.(9.5). As such interactions are not taken into account, we restrict
ourselves t o a ~ 1.
We now turn towards the last term in Eq.(9.1), / o s (p, r ) . This osmotic contribution is
again a sum over the particle densities and the concurrent virial coefficients, as expressed
in Eq.(6.5). As was shown in the previous chapters, the interplay of the osmotic and the
adsorption term in Eq.(9.1) determines the phase behaviour of the system in the case
that the monomer density is (locally) high. Therefore, care must be taken to ensure that
the osmotic interactions are treated correctly in the case of complexes of polyelectrolytes
and charged particles.
We must first realise that the effective charge density of the polyelectrolytes decreases
upon complexation, or equivalently, increases with increasing T, as
(9.6)

ateff(T)

= ar +
-

n

qex(l -T)
Nad
g(X ~ T)
Nad

< a

for 0 < T < 1

where we use the definition qex = Nada —q. As electrostatic interactions between
monomers of like charge strongly enhance the osmotic interactions, the effective strength
of osmotic interactions at a given ionic strength is expected to decrease with increasing
2

T h e critical adsorption energy of an ideal chain in a mean-field lattice model is given by — ln(l — Ai),
where Aj" is the coordination number of the lattice. For a cubic lattice the critical adsorption energy
is approximately 0.2 k ^ T , for a tetrahedal lattice 0.3 k g T . There are, however, no exact analytical
expressions for the critical adsorption energy in a 3D continuum model. [136] We remark that additional
interactions to u, such as hydrophobic interactions or chain stiffness, may result in an effective shift in
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loading. This isthe reason that Eq.(9.1) isexpressed interms ofr, the fraction ofunloaded monomers, instead of9, the fraction ofloaded monomers. As it can beexpected
that v'eff(r) > 0for0< r < 1,the same approach may beemployed asin Chapter 6,
where v'eff(9) >0for0<9< 1.
To keep notation simple, wemaintain the convention that VQ denotes the second
virial coefficient oftwo monomers, v\ denotes therenormalised virial coefficient oftwo
complexes andv2 denotes therenormalised cross-term. Thus, theeffective excludedvolume parameter interms ofr is (compare with Eq.(5.13))
(9.7)

Veff(r) = ui(l -

T ) 2 + V0T2 + 2V2T(1

- r)

The monomer-monomer virial coefficient consists oftwo contributions: a bare steric
contribution and anelectrostatic contribution. Ina first approximation we can set the
average electrostatic potential between two monomers equal tozero at distances larger
than K - 1 , and consider the interaction tobeunscreened at distances shorter than K _ 1 .
Inserting the hard-wall repulsion Uhwrand the unscreened electrostatic potential U(r) =
a2/er inEq.(5.19) and expanding the exponent, we can write the mean monomeric virial
coefficient as
(9.8)

^ y (

1

+

^

where the first term is the bare steric contribution andthe second the electrostatic
repulsion. Ifwe set a zero inthe above expression, we retrieve the definition forVQ used
in Chapter 5, i.e. the monomeric virial coefficient for aneutral polymer inagood solvent.
Thus, the solvent isgood forboth neutral and charged monomers.
The renormalised complex-complex virial coefficient v\ is determined bya sumof
interactions. Naturally, at center-to-center distances smaller than 2(RP +6) a hardwall, orBorn repulsion isfound. The parameter 5characterises the range ofthe Born
repulsion, and is of atomic length scale. [200] At larger distances the interaction potential
is a sum oftwo contributions: anattractive van der Waals contribution and a repulsive
electrostatic potential resulting from the excess charge on the complexes.

(9.9)

U(r)=iUhwr
{UvdW(r) +Uet(r)

Xr<RP +6
ifr > Rp + S

To proceed, we first consider the van der Waals interactions for r > Rp +S. The Hamaker
expression fortwo spheres is[202]

(..10)

^ M - ^ ^ +S +jhfi-S))

where AH isthe Hamaker constant for the particles (in units of ksT), which characterises
the strength ofthe van der Waals interactions between the particles. Note that ifS= 0
Uvdw(Rp) = —oo,which isphysically unrealistic. This isthe reason for introducing ofa
small but finite value ofS.
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In the regime nRp < 5anapproximate expression of Verweij and Overbeek for the
electrostatic interaction between the complexes with an excess charge qex is used. [203]

(9.11)

Uel(r) = ^ e - < ' - * >

Insertion ofEqs.(9.10) and (9.11) into (5.19) and multiplication by iV^2 gives vi fora
given set ofRp,AH,qex and K. Itisconvenient todefine r' = r- Rp. The resulting
expression for viis

+

8ir{Rp +S)3

vtr^H

2n f°°

Vi =

2

/

/ 2Rpr' +r

/2'

±tL

where we have defined D = qgX/8TT€K2Rp. Itisuseful further torenormalise r' with
respect to Rp, i.e. f = r'Rp1. If the limit of small f is taken, the integrand reducesto

(9.13)

,*« -Jg-

fl-2f^e^-D)c

2(1+ ^ ) 3 + 1 /
2

h/Rv

v

y

It isclear that if5/Rp -> 0this term becomes highly negative for any value of©, due
to the non-zero value ofAH.3 This implies that, irrespective ofthe excess charge on
the particles and the ionic strength ofthe solution, the second virial coefficient would
be negative, i.e. the particles always attract each other. This contradicts the general
experience that colloidal solutions ofcharged particles arestable with respect to aggregation, provided the charge density oftheparticles isrelatively high andtheionic strength
relatively low.
This paradoxal situation has been resolved around 1940by Deryagin, Landau, Verwey and Overbeek, and forms the heart of the classic DLVO-theory. InFigure 9.1the
potential U(r'), given by Eq.(9.9), isplotted foragiven set of parameters andtwoionic
strengths. Weremind the reader that the distance between the surfaces of the particles
is 2r' = 2(r — Rp). Itisclear that, asr' approaches zero, the potential U(r') becomes
highly negative. However, amaximum Umaxispresent atacertain distance r'max. This
maximum determines whether thethermodynamically stable conformation of aggregated
particles (r' « 0)isreached within areasonable time-limit, which isthecase at high ionic
strength where umax is small or the maximum is absent (e.g. K =0.3in Figure 9.1). In
this case the binary virial coefficient isindeed negative. In the case oflow ionic strength
(K = 0.1inFigure 9.1) or higher charge densities (not shown) the particles are kinetically stabilised against aggregation by the maximum Umaxin the interaction potential,
provided the height ofthis barrier ishigh enough. Theeffective interactions between the
3

T h e negative value ofvi isobvious when the identity ex =5Zn^=o nT ' s u s e < i- The integrand in Eq.(9.12)

then becomes 1— >

(

) f s ~n which diverges asf —• 0.
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FIGURE 9.1.

The interactionpotentialU(r') between twonanocolloids accordingtoEq.(9.9) for twoionic strengths. Parameters: qex =5,AH=2,e=1,
(5 =0 and Rp = 5.

particles in this regime arerepulsive and an effective positive binary virial coefficientis
the result. A negative value for v\ isfound ifUmax < 1, a positive value ifUmax3> 1.
The position and the value of Umaxare determined by setting the derivative ofU with
respect to r' zero. At small distances between the particles wecan approximate Uvciw
in Eq.(9.10) as -AHRp/12r'.
Itfollows that
AHRP

(9.14)

12K©

If weinsert this into the expression for the potential energy, Eq.(9.9), wefind
(9.15)

AHRP

^max — Uv ^

L

• ^'/ ma:

It is clear that if K - 1 = r'max the height ofthe barrier is zero, and aggregation of
complexes can occur readily. When K _ 1 ;§>r'max, Umaxis ofthe order of several ICBT,
and thecomplexes arestabilised kinetically. Following theDLVO theory, a'critical' ionic
strength KC isdefined for a given qex, Rp and AH at which Umax equals zero. Above
this ionic strength the complexes are considered not tobe stabilised kinetically. [203]
Inserting Kcr'max —1into Eq.(9.14), this critical ionic strength is given as

(9.16)

(

H

\2-KeeR?AH

1/3

2/3
Gex

A1/3R1/3

It isdetermined bya balance ofthe excess charge density, the particle size and the
Hamaker constant. Inour model wenowdefine vias

172

Polyelectrolytes and Nanocolloids

r2(l-e-u{r))dr
(9.17)

ifK<Kc

Vl

if K > Kr
where U(r) is given by Eqs.(9.10) and (9.11). Using this approximation v\ jumps from
a positive to a negative value at KC, which is also illustrated in Figure 9.2. This may
appear physically unrealistic, buttheroot ofthe problem liesinthedefinition ofcolloidal
stability, i.e. the relationship between Umax and the effective virial coefficients. For
colloidal solutions with an ionic strength close to nc, thesecond virial coefficient ofthe
particles depends on the time-scale of the performed measurements. On short timescales a solution may appear stable against aggregation, corresponding to a positive
virial coefficient. Onlong time-scales, however, aggregation takes place, which implies a
negative virial coefficient. Thus, thejump inv\ maybeidentified with the experimental
regime in which the virial coefficient is time-dependent.
Wealso remark that inChapters 5,6and7wehaveimplicitly assumed that Umax3>1,
i.e. thethermodynamically stable state (aggregated complexes) isnot considered. This
is reasonable as the complexes are stabilised by their charge, and complexation with
neutral polymers under influence ofhydrophobic interactions does not significantly alter
the charge density on the particles. Roughly speaking, if the particles are stable in
solution, they should alsobestable when complexed with aneutral chain. Inthis chapter,
however, complexation explicitly changes the charge density onthe complexed particle,
and the overall contribution of both electrostatic andvanderWaals interactions tothe
effective virial coefficients must be taken into account.
Finally, we consider the interaction between a monomer and a complex. Again the
interaction potential at r > Rp consists of an attractive van der Waals term, an electrostatic part and a hard-wall contribution. The van der Waals attraction between a
single monomer anda complex, however, issmall andcanbeneglected. Welinearisethe
electrostatic contribution, andtheresult is

A-.RI + 2*_ [~r2 (aq^R,

V2

(9.18)

3Nad
=

4nR3

Nad
JadJRp
JR.

}

e-K(r-np)dr

\ A-ner

^+E(R2PK-1+RPK-2)

where E = aqex/eRpNad- Iftheexcess andmonomer charge areofopposite sign, E < 0
and thevirial coefficient maychange from a positive tonegative value with decreasing K
or increasing qex. Theionic strength below which theinteraction changes from repulsive
to attractive isK <aqex/eR3 intheregime Rp ^> K _ 1 . Ifthe excessandmonomer charge
are ofthe same sign then the virial coefficient increases with decreasing K or increasing
qex, as expected.
From the above discussion, it canbe deduced that theosmotic interactions in a bare
polyelectrolyte chain are repulsive (VQ> 0, see Eq.(9.8)) and can decrease strongly in
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strength with increasing loading. The value of v\ can even become negative at high
ionic strengths and low excess charge densities, which implies that the binary interactions between complexes are attractive (see Eq.(9.17)). At total loading, therefore, the
polyelectrolyte complex may have a globular conformation. As we have seen in Chapter
6, the density in a globule is determined by a balance between attractive binary and
repulsive ternary interactions. As ternary interactions are only of importance at high
degrees of loading, the only relevant third-order osmotic interaction is that of complexed
monomers. Following Chapter 6 we again denote the third-order virial coefficient by w,
which is set unity by default. All other ternary interactions are neglected.
We have now discussed all relevant parameters in our model except Nad- In previous
chapters Nad was assumed to be a constant and independent of other parameters. This
does not appear to be a reasonable assumption in the case of polyelectrolytes complexing
with oppositely charged, nanocolloidal particles. In this case qex depends explicitely on
Nad, and (partially) determines the strength of the osmotic interactions. We therefore
assume that the number of monomers complexed with a particle is determined by a
minimum in the free energy of formation of a single complex.4 Thus, we estimate Naaby minimising Na<iu with respect to Nad- This results in
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(9.20)

Nad = 4nRl («L +

1

-

^

Using this approach, two asymptotic regimes for Nad appear: if the charge density on
the particle is low, i.e. a^jo. <C 1, then Naa- is independent of oo and scales proportional to Rp. This entails that for a given a the number of complexed monomers is
proportional to the area of the particle. The excess charge density aex in this regime,
aex « 2a/n — ecrien/a, is predominantly determined by a. If, however, a0/a > 1, then
Nad approximately equals q/a and all charges on the particle are effectively neutralised
(aex w 0).
As in our model veft(r)

> 0 and —- < 0 for 0 < r < 1, the same conditions are
or
obeyed as in Chapter 6, that is, r is a single-valued function of p and its equilibrium
value is obtained by minimising / in Eq.(9.1) with respect to T. Using Eq.(6.12) the
monomer density is given as
4

A formally more correct approach would be by minimising f(p,r), i.e. Eq.(9.1), with respect to both T
and Natadi.. This, howev
however, yields several terms proportional to Na£ and iV d 3 . If such terms are neglected,
Eq.(9.19) is obtained.
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(s'(rb)-s'(r))

(9.21)

P= —

where S'(T) = ds(T)/d,T and S'(TI,) is the value of S'(T) in r;,. Here, u is defined as
(9.22)

s'(n)
u ——-—
Nad = - In

.

NadTb

Nadn + (l - n)

+ad
N

i-n
InNadrb + (l - n)

9.3. RESULTS

9.3.1. Separate parameters
We start by examining the behaviour of vi, given by Eq.(9.17), for a fixed excess
charge qex as a function of the ionic strength. We define a reduced parameter vxiTed
by dividing vi, given by Eq.(9.17), by either 87r(i?p + K -1 ) 3 /3N% d for vi > 0 or by
8TrRp/3N^d for v± < 0. In Figure 9.2 i>i,red is shown as a function of K _ 1 for three values
of qex. If ^i,red ~ 1for v\ > 0, the value calculated by Eq.(9.17) corresponds roughly to
the definition used previously, i.e. Eq.(5.22). If v\,red ~ —1for v\ < 0, the value of the
negative virial coefficient is of order of the particle volume. As is clear from Figure 9.2,
the value of qex greatly determines the value of v\ at high ionic strengths, i.e. low K - 1 .
For low values of qex the effective value of v\ is negative (shaded area): in this case the
electrostatic repulsion between two complexed particles is not sufficient to stabilise the
particles kinetically. At lower ionic strengths, or higher excess charges, this electrostatic
repulsion dominates the attractive van der Waals interactions and the effective binary
virial coefficient is positive. We remark that the maximum in v\>Ted results from the
renormalisation, i.e. for fixed qex,RP and AH VI increases continously with increasing
,-i
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FIGURE 9.3. The value of n{q) for whichu(n,q,a) = 0 as afunction ofq
for threevalues of a, seeEq.(9.5). Otherparameters areRp — 5, e = 0.35,
pp = 10 - 4 andten = 0.3.
It is interesting to see in Figure 9.2 that the value of viired converges for the three
values of qex at low ionic strengths. At low ionic strength the range of the electrostatic
interactions, characterised by K _ 1 , is relatively large. As a result, a small value of qex is
sufficient to stabilise the particles. The electrostatic repulsion in this regime is mainly
gouverned by the range of the interactions, the value of the surface charge is relatively
unimportant. Thus, ui, re d converges to a single curve for different values of qex.
In the previous chapters, it was concluded that a good estimation of the onset of
complexation is obtained by setting u zero. For polymer-micelle complexation, where
u is determined by the surfactant concentration, u = 0 defines a certain surfactant
concentration. In a similar manner, for a given solution of polyelectrolytes and oppositely
charged nanocolloids, the ionic strength may be identified as the variable which controls
the value of u. In Figure 9.3 the value of n which corresponds to u = 0 is plotted as
a function of q for three values of a. It is clear that with increasing q or a K(U = 0)
increases, i.e. the ionic strength at which complexation is estimated to occur increases
with increasing charge densities. This is not surprising, as the decrease in electrostatic
free energy upon complexation increases with increasing charge densities, as follows from
Eq.(9.4). Since this decrease is proportional to qjn, K(U = 0) increases proportional with
q, provided all other terms in Eq.(9.5) remain constant.
Using the results from Figure 9.3, we can check whether the condition a/n < 1 is
obeyed. As discussed in the beginning of section 9.2, this condition entails that the average distance between two adjacent charges, a - 1 , is at least of the same order as the
Debye length K _ 1 and therefore the polyelectrolyte has a coil conformation. It follows
from Figure 9.3 that this condition is indeed obeyed in the regime in which complexation is expected to take place, i.e. the assumption that prior to complexation a bare
polyelectrolyte has a coil conformation is reasonable.
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FIGURE 9.4. Thevalueofn(q)for which u(K,q,pp) =0for three valuesof pp,
otherparametersRp = 5, e= 0.35, a = 0.5 andeCTi = 0.3.
In Figure 9.4 K(U = 0) is shown as a function of qfor three values of the bulk density
of particles pv at constant a. It is clear that the onset of complexation is considerably
less sensitive to a change in pp than to a change in q or a. This can be related to
the co-operativity of the complexation process. As discussed in Chapter 5, in the case
of polymer-micelle complexation the loss of translational entropy of surfactants upon
formation of a complex is given by pN~dl\npp, where p is the number of surfactants
in a complex. As p ~ Nad this loss of entropy is a decisive factor in the formation of
complexes. In the case of polyelectrolyte-particle complexation, however, p equals 1.
Therefore, the shift in u with varying pp is small in the case of polyelectrolyte-particle
complexation, due to the denominator Nad- Hence, the onset of complexation in a given
polyelectrolyte-particle solution is predominantly determined by a, q and K.
We now turn towards the behaviour of Nad and the excess charge density aex. As Nad
in our model isalso determined by K (see Eq.(9.20)), it isnecessary to examine Nad in the
regime where complexation is expected to occur, i.e. at K(U — 0). In Figure 9.5 Nad and
aex at this ionic strength are shown as a function of qfor three values of a. As expected,
Nad increases with decreasing a; as complexation generally results in a (nearly) neutral
complex, the charge on the complexed strand Nada isroughly proportional to the charge
on the particle q. A more interesting quantity is the excess charge on the complex and
the colloidal stabilisation resulting from this charge. For a given q the excess charge
increases with increasing a. However, this does not necessary imply that the colloidal
stability is also enhanced with increasing a. As shown in Figure 9.3, K(U = 0) increases
strongly with increasing a. The colloidal stability gained from the excess charge decreases
strongly with increasing K (see Figure 9.2 and Eq.(9.16)). The regime in whichV\ < 0 is
shown with bold dashes in Figure 9.5, and it is clear that this regime is wider for a = 0.7
than for a = 0.3. Thus, the interesting result is found that for a given initial charge
density on the particle the resultant excess charge density is significantly higher for a
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FIGURE 9.5. The parameters Naa (solid curves) and aex (dashed curves) as
a function of q for three values of a at K(U = 0). In the dashed curves the
q-regime in which v\ < 0 is shown with bold dashes. Other parameters as in
Figure 9.4, AH = 2.
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FIGURE 9.6. The free energy per monomer f (p)jp as afunction ofpfor a = 1,
Rp = 3, q = 10, AH = 2, e = 0.7 and ecri = 0.6 (a/(To = 11.4,). The values of
Tbare 0.195, 0.535 and 0.994 with increasing n.

large value of a t h a n for a small one. However, as the ionic strength at which complexes
form increases strongly with increasing a, the colloidal stability gained from the excess
charge density is generally not sufficient for the high values of a, whereas it may suffice
for low a.
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9.3.2. Phase behaviour
In the previous paragraph various parameters that play a role in the complexation of
polyelectrolytes and particles were discussed separately. In the following we consider the
overall conformation of the complexed chain as a function of a, q and K. We remind the
reader that we use the volume approximation, i.e. the chain length is considered to be
large. As discussed in Chapter 6, a useful quantity to investigate the phase behaviour in
the volume approximation is the free energy per monomer, f(p)/p- In Figures 9.6 and
9.7 f(p)/p is plotted as a function of p at various ionic strengths for the charge density
ratio's a/cro 3> 1 (Figure 9.6) and Q/CJO ~ 1 (Figure 9.7).
In the case that the ratio a/ao ^ 1,shown in Figure 9.6, the minimum value of f(p)/p
is consistently found at p — 0, irrespective of the value of K (and thus T&). In the volume
approximation zero monomer density corresponds to a swollen coil conformation. Thus,
during the continuous loading of the polyelectrolyte with decreasing ionic strength, the
polyelectrolyte retains its coil conformation. The continuity ofthe transition from a bare
polyelectrolyte to a fully loaded complex stems from the colloidal stability gained from
the excess charge of the complexes, shown in Figure 9.5. Even though v\ < VQ,V\ and
V2 are positive. As all binary osmotic interactions are repulsive, collapse of the necklace
upon complexation does not occur. Thus, the complexation process at high a/ao is
similar to that of the polymer-micelle loading in a good solvent, as discussed in Chapter
6.
However, in the regime a/ao ~ 1, the excess charge is not sufficient to stabilise the
complexed particles and v\ < 0, see Figures 9.2 and 9.5. In this case the minimum of
f(p)/p is located either at pequals zero (at the high value of Kin Figure 9.7) or at a finite
value of p (at the low value of K in Figure 9.7). The state of zero density corresponds
with a bare, soluble coil conformation, and the state of finite density with a collapsed
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The degree of loading 6 as a function ofpfor the same parameters asFigure9.6 and K 0.9, 1 and1.1.

insoluble globule conformation, see Chapter 6. The transition from the coil conformation
to the globule conformation occurs when f{p)/p\P=o = f(Pgiot)/Pgiob {Pglob equals 0.25
in Figure 9.7). The transition from a bare, swollen polyelectrolyte to a loaded, insoluble
complex is therefore discontinuous for a/ao ~ 1.
An interesting feature of our model is the fact that r is predicted to decrease with
increasing p, i.e. complexation is enhanced in semi-dilute solutions. This in contrast to
polymer-micelle solutions, in which the degree of complexation was found to decrease
with increasing monomer density. Evidently, the same physical mechanism that reduces
complexation in semi-dilute polymer-micelle solutions enhances it in semi-dilute polyelectrolyte-particle solutions, namely the reduction of osmotic interactions. This is illustrated in Figure 9.8, where 9 (the fraction of loadedmonomers, equal to 1 —r) is plotted
as a function of pfor various values of K in the regime a/ao ^ 1. In Figure 9.8 6is seen to
increase with increasing p. We thus reach the general conclusion that the complexation
behaviour of polymers or polyelectrolytes with nanocolloids in semi-dilute solutions is
strongly determined by the relative strength of the osmotic interactions. If v'e^{0) > 0
complexation is reduced with increasing p, whereas if v'efj (6) < 0 it is enhanced.
Finally, it has been shown in Figure 9.6 that in dilute solutions the transition from a
bare to a loaded conformation with decreasing ionic strength is continuous in the case
that a/cr0 3> 1. In semi-dilute solutions, however, phase separation may occur, due
to the large differences in osmotic interactions of bare and complexed chains. This is
demonstrated in Figure 9.9, where with an increasing value of K a van der Waals-loop
is observed in the chemical potential p, per monomer as a function of p (p,is defined as
the derivative of f(r, p) with respect to p, see Eq.(6.13)). This van der Waals-loop is the
same as the van der Waals loop observed in our model for semi-dilute polymer-micelle
solutions, see section 6.3.1. Clearly, when the overall monomer density p in the solution
is high, the solution may phase separate into a relatively dilute phase consisting of almost
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Comparison of experimental datafor the onset ofcomplexation
of SDS-micellesandPDMAAC from McQuiggetal.[188] (opensquares) and
our model (solid curves)for threevalues ofecri, I= 1 nm, a = 1 and pv =
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bare chains anda relatively concentrated phase consisting ofhighly loaded but soluble
complexes, similar to thephase separation ofsemi-dilute polymer-micelle solutions into
a loaded anda bare phase, see section 6.3.1.
9.3.3. Comparison with experiments
Although there exists a considerable amount of literature concerning complexation
of polyelectrolytes andoppositely charged nanocolloids, thenumber of papers in which
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Comparisonof thephase diagram ofBSA andPDMAAG from
Mattison etal. [16] (solidcurves)andourmodel (dashed curves)forecri =0.6,
I= 1 nm, a = 0.9, pv = 10~6 and AH = 2.

the phase diagrams of such solutions are investigated quantitatively is limited. We compare our numerical results with the experimental data of three such papers: the first is
by McQuigg et al., and concerns the complexation of poly(dimethylammoniumchloride)
(PDMAAC, a polycation), and mixed micelles consisting of SDS and non-ionic surfactants (Ci2E 6 ). [188] The second paper, by Mattison et al, investigates the complexation of PDMAAC and BSA. [16] Finally, Miura et al. examined the complexation of
PDMAAC with oppositely charged dendrimers. [204]
By mixing anionic SDS and non-ionic Ci2E 6 surfactants McQuigg et al. obtained
micelles with a varying surface charge density and radius. The ionic strength at which
the onset of complexation of such micelles with highly charged PDMAAC occurred was
determined viaturbidimetric titration. In Figure9.10 the experimental results are shown,
together with the ionic strength of complexation of our model K(U = 0). The monomer
length of PDMAAC is estimated to be 1 nm and a is set unity. Three curves are
drawn in Figure 9.10, corresponding to three values of ecri. The experimental increase
of K with increasing UQis is found to be larger than that of the model. It must be
remarked that the experimental determination of er0 and Rp is difficult and to some
extent ambiguous. [188] Nevertheless, insertion of the estimated physical parameters in
our model yields a reasonable agreement between the observed critical ionic strength and
that predicted by our model.
The complexation of BSA and PDMAAC was studied as a function of the pH and ionic
strength by Mattison et al. [16]BSA isan ampholyte, the surface charge density therefore
varies with varying pH. As is the case for PDMAAC and mixed micelles, at a certain pH,
i.e. certain charge density on the protein, PDMAAC and BSA form complexes below a
critical ionic strength. Mattison et al. distinguish two critical ionic strengths for a given
charge density of the BSA: the first characterises the onset of complexation, the second
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FIGURE

the formation of non-soluble complexes. In Figure 9.11these critical ionic strengths are
shown as a function of q. The upper solid curve, denoted by 1, is the experimental value
of K at the onset of complexation, the lower, denoted by 2, the formation of the nonsoluble complex. Experimentally, it is observed that for q < 7 the resultant complexes
are soluble.
The phase behaviour predicted by our model is also shown in Figure 9.11 with dashed
curves. At low values of q the complexation is predicted to be continuous and we find
two phase lines: the first, denoted by 1', gives the onset of complexation (denned as
9 = 0.1); the second, denoted by 2', gives the ionic strength at which a soluble, fully
loaded complex is formed (defined as 6 = 0.9). At a critical value of q, however, the
loading transition changes from continuous to abrupt. Above this value of q, only one
phase line is predicted, namely the ionic strength n(q) at which the coil-globule transition
abruptly occurs. At ionic strengths below this critical ionic strength our model predicts
finite values of p, i.e. non-soluble globules, above it p equals zero, i.e. soluble, bare
chains. This critical ionic strength depends, amongst others, on the value ofthe Hamaker
constant of the complexed particles.
It must be remarked that the upper phase line of Mattison et al. extends to overall negative values of q, i.e. complexation between similar charged polyelectrolytes and
proteins (not shown in Figure 9.11). As our model has a mean-field character, it cannot
cope with local electrostatic interactions, and it predicts that no complexation occurs.
Therefore, comparison of the experimental BSA/PDMAAC phase lines and the theoretical ones demonstrates not only the applicability of our model but also some of its
limitations.
In a recent paper Miura et al. presented data for complexation of PDADMAC
(poly(diallyldimethylammoniumchloride)) with an oppositely charged dendrimer, whose
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charge density is pH-dependent. [204]In this paper an abrupt transition from a bare coil
to a non-soluble complex is reported. In Figure 9.12 some of the experimental data are
presented in a phase diagram, together with the calculated phase diagram. According to
Miura et al, the PDADMAC is highly charged. We havetherefore inserted a charge density equal to the inverse Bjerrum length. The radius of the dendrimer is not reported by
Miura et al., an estimated value of 4 nm was used in the calculations. A higher or lower
value merely shifts the phase line somewhat. In Figure 9.12 both the experimental (filled
circles) and the numerical phase lines (open squares), corresponding to the ionic strength
at which the swollen coils abruptly form globular complexes, are shown. Although the
excess charge density is non-zero in our model, due to the high initial surface charge
densities the complexation takes place at high values of K. The stabilisation gained from
electrostatic repulsion of the excess charge on the complexes is insufficient to overcome
the attractive van der Waals interactions between the same complexes. An insoluble,
globular conformation is the result.

9.4.

DISCUSSION AND CONCLUSIONS

In this chapter complexation of quenched polyelectrolytes and oppositely charged
nanocolloids has been examined using an analytical mean-field model for polyelectrolytes
with annealed excluded-volume interactions. We apply the so-called volume approximation, in which the chain length is close to infinity. In our model an effective adsorption
energy per complexing monomer is calculated, which isthe sum ofthe decrease in electrostatic free energy upon complexation and the entropic cost of localising the complexing
monomers upon the particle surface. The complex-complex virial coefficient is shown
to reflect a balance of attractive van der Waals interactions and repulsive electrostatic
interactions, arising from an excess charge density on the complex. Its value is determined using a DLVO-likeapproach. Effectively, this excess charge density islowwhen the
charge densities ofthe polyelectrolyte and the particle areofthe same order of magnitude,
and relatively high when the charge densities differ greatly. Therefore, the conformation
of the complexed chain is either globular (dominant van der Waals interactions) or a
swollen coil (dominant electrostatic interactions), depending on the ratio of the initial
charge densities. The transition from a bare coil to a soluble complex is predicted to
be continuous, whereas the transition from a bare coil to a globular conformation is
predicted to be abrupt.
Several objections can be raised against the mean-field approach utilised in this chapter. To start with, the use of the Debye-Huckel expressions for planar charged systems
for the surface potential on a sphere or, especially, a polyelectrolyte chain is questionable. Moreover, the stiffness of the polyelectrolyte chain is not taken into account. In
our model, the entropic penalty of complexation per monomer is set equal to e cr j, irrespective of the size of the nanocolloid. As is clear from Figure 9.9 and 9.10, inserting
the literature value for ecri (± 0.3 k#T) in our model yields higher values for the ionic
strength at complexation than are experimentally found. This could result from either
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an overestimation of the decrease in electrostatic free energy or an underestimation the
entropic penalty, or both. [201]
Also, the problem remains of how the combined effect of attractive van der Waals
interactions and repulsive electrostatic interactions should be translated into an overall
virial coefficient. It is well known that the DLVO theory predicts two regimes for interacting particles with an excess charge density: the first is at low ionic strengths, in
which strong electrostatic interactions result in a relatively high potential barrier. As
the particles cannot surpass this barrier within a reasonable time-span, the particles are
kinetically stable, although the aggregated state is the thermodynamic stable one. At
high ionic strength this potential barrier is insufficient to stabilise the particles and, under the influence of van der Waals interactions, an aggregated phase forms. We introduce
an effective complex-complex virial coefficient which, in the spirit of the DLVO theory,
is positive when the potential barrier is relatively high and negative when the barrier is
low. This approach has one major disadvantage: in a formal sense a virial coefficient
is a theromodynamic parameter and according to its definition it has a negative value
when a sum of van der Waals interactions and electrostatic interactions are considered,
regardless of the ionic strength. The complex-complex virial coefficient in our model
should therefore be interpreted as a 'kinetic' virial coefficient.
Nevertheless, the above simplifications have one clear advantage: the insight in the
qualitative effects of the interactions underlying complexation is enhanced by the simple
approach of our model, and it is this insight that may be lost in numerical models that
are formally more correct. Moreover, to our knowledge our model is the first analytical theoretical approach that examines both the microscopic parameters that control
complexation, and the overall phase behaviour of a solution of flexible polyelectrolyte
chains and oppositely charged nanocolloids.
There are both similarities and differences between experimental data in the literature and the predictions of our model. At low values of Co a continuous loading of the
polyelectrolyte with particles with decreasing ionic strength is predicted by our model,
resulting in a soluble complex at total loading. This continuous transition from a bare coil
to a soluble complex is found experimentally by Mattison et al. [16] The ionic strength
at which the onset of complexation occurs is predicted to depend linearly on the charge
density on the particle for a given a. This is corroborated experimentally. Also, a critical
charge density a0 o n the particle, below which the resultant complex is soluble and above
which it is non-soluble, is predicted and found experimentally. Above this critical charge
density the transition from a bare coil to a non-soluble complex with decreasing ionic
strength is predicted to be abrupt in our model. Such an abrupt transition is indeed
found in the case of PDMAC and oppositely charged dendrimers. [204] A continuous
transition, however, is reported in the case of PDMAAC and BSA. [16] This difference
in loading mechanism can possibly be ascribed to experimental conditions. Mattison et
al. state that the titration of the solution containing BSA from pH 3.5 to 8 took place
in approximately one hour. It could be that in the intermittent pH regime, where complexation occurs, meta-stable conformations of partially loaded complexes are formed.
These meta-stable complexes could remain soluble, and a further increase of the pH
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leads to an increased charge density on the BSA and increased loading. As our model
is based upon equilibrium conformations, such meta-stable conformations are not considered. Therefore, our model suggests that titration of PDMAAC-BSA solutions over a
prolonged period of time could result in a different loading mechanism.
Finally, our model suggests that the complexation of polyelectrolytes and nanocolloids
is enhanced in semi-dilute solutions. In such cases, the character of the transition can
change from continuous to abrupt. This may have implications for the complexation behaviour of polyelectrolyte brushes and nanocolloids. These conclusions await theoretical
and experimental verification.
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Summary & Outlook
Layers of polymer chains end-attached to a grafting plane at high densities, so-called
brushes, are a curious state of matter. The (average) monomer density within the brush
is as high as in a semi-dilute polymer solution, resulting in a high osmotic pressure in
the brush. Due to the grafting, however, this isotropic osmotic pressure results in an
anisotropic stretching of the chains normal to the surface. This degree of stretching can
be quite extensive; in this thesis PEO-chains of 700 monomers are considered which are
stretched up to 20 % of their total contour length, i.e. form a brush with a thickness of
50nm, merely by the presence of similar grafted chains. It is evident that such highly extended polymer layers may strongly modify the properties ofthe grafting surface. To this
end brushes are applied as, for instance, adsorption inhibitors or colloidal stabilisators.
In this thesis we first focus on the thermodynamic and structural properties of polymer brushes, both neutral and charged. Following this, a mean-field model is developed
that describes the effect of complexes formed by polymer (or polyelectrolyte) chains and
nanocolloids on the polymer conformation, and the phase behaviour of such systems.
These two modes of investigation converge in the theoretical and experimental investigation of the interactions between neutral brushes and nanocolloids which may form
complexes with the polymer chains in a bulk solution.
A general introduction to brushes and polymer-nanocolloid complexes is presented in
Chapter 1. The concepts underlying scaling and analytical self-consistent-field (aSCF)
models of brushes are briefly discussed, as are a number of technological applications
of grafted polymers. The difficulties encountered in the experimental preparation of a
brush of controlled chain length and grafting density are also considered.
In Chapter 2surface pressure isotherms of neutral, end-grafted chains that can adsorb
to the grafting plane are modelled with the numerical Scheutjens-Fleer self-consistentfield (nSCF) model. These numerical results are compared to experimental isotherms
of PS-PEO diblock copolymers irreversibly adsorbed at the air/water interface. Semiquantitative agreement between the numerical and experimental isotherms is found. It
is shown that in the case of long chains the experimental and numerical isotherms obey
the aSCF power law for the brush surface pressure it as a function of the grafting density
a, i.e. 7r ~ <r5/3. The corresponding power law for the brush thickness H (H ~ cr1/3)
is only obeyed when the experimental surface pressure isotherms also follow the aSCF
power law. The adsorption/desorption transition of grafted polymers upon increasing
grafting density is investigated numerically by considering the chemical potential of the

187

188

S u m m a r y & Outlook

grafted chains and its derivative with respect to the grafting density. It is shown that
this adsorption/desorption transition is continuous, irrespective of the chain length and
adsorption strength. The behaviour of the chemical potential of the grafted chains at
large adsorption energies is reminiscent to that of a (mean-field) magnetic system approaching its critical point.
The monomer density profiles of monodisperse and bimodal PEO brushes are determined with neutron reflectivity and compared to profiles predicted by the nSCF model
in Chapter 3. The monomer density distribution predicted by aSCF models, namely a
parabolic profile, is only found at a relatively high grafting density. At lower densities the
contribution of a 'tail' region at the edge of the brush to the reflectivity spectra is considerable. In this distal region, which originates from fluctuations of the extended chains,
the density smoothly drops to zero. Good agreement is found between the experimental
and nSCF density profiles. When short and long PEO chains are mixed at relatively
high grafting densities a bimodal brush is formed. This bimodal structure is retrieved
from the neutron reflectivity spectra. The bimodal density distribution is enhanced by
unequal chain length ratio's and mixing ratio's at high grafting densities of such mixed
layers. As expected on the basis of theoretical predictions, the long chains in the bimodal
brush are additionally stretched by the presence of the shorter ones.
In Chapter 4 the properties of annealed polyelectrolyte brushes, consisting of grafted
polyacrylic-acid (PAA) chains in contact with an aqueous solution, are examined with
surface pressure measurements, optical reflectivity and ellipsometry. When the ionic
strength of the subphase is high and the pH relatively low, the predicted power law for
the surface pressure as a function of the grafting density in the salted brush (SB) regime
is found. At low ionic strength and pH, however, the PAA chains are found to adsorb
at the air/water interface. Due to such adsorption the predicted osmotic brush regime
is not observed. A novel manner to prepare brushes on a solid substrate is developed,
namely Langmuir-Blodgett deposition of PS-PAA block copolymers from an air/water
interface on a hydrophobic modified silicon wafer, followed by thermal annealing. Using
this technique the average degree of dissociation of grafted PAA chains as a function
of pH can be measured with reflectometry. It is shown that the dense grafting of the
PAA chains shifts the titration curves significantly to higher pH, as predicted by scaling models and numerical studies. The thickness of the PAA brushes on hydrophobic
modified silicon wafers is measured with ellipsometry as a function of pH, ionic strength
and grafting density. At a pH not far from the monomeric pK a , the brush thickness is
theoretically predicted to initially increase with increasing ionic strength and to decrease
again at high ionic strength. This non-monotonic behaviour of the brush thickness is
indeed observed experimentally. The initial increase in brush thickness with increasing
ionic strength is, however, experimentally less pronounced than that predicted by theory.
An analytical mean-field theory for long polymer chains that form complexes with
nanocolloids is developed in the following chapters. In Chapter 5 the complexation of
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single polymer chains in a good solvent with surfactants in micellar aggregates is considered, using a Flory-like approach. It is shown that the number of complexed micelles
on a polymer chain continuously increases with increasing surfactant concentration, in
agreement with experimental evidence. The size of the coil can monotonously increase,
decrease, or have a maximum as a function of the surfactant concentration. Comparison
with experimental data for PEO-gels complexed with SDS shows a reasonable agreement
between the predicted dependence of the gel volume on the overall ionic strength and
experimental results.
In Chapter 6 semi-dilute solutions of complexed chains are considered. Osmotic interactions are found to strongly influence the degree of complexation in a semi-dilute
solution. The degree of loading of the chains by nanocolloids decreases with increasing
monomer density when the osmotic interactions between complexed particles are strong
compared to those between bare monomers. If, however, the complex-monomer osmotic
interactions are strong compared to both the complex-complex and monomer-monomer,
phase separation into a relatively dilute phase consisting of highly loaded chains and a
relatively dense phase of bare chains may occur. Such phase separation is enhanced as
the solvent quality decreases. If the solution is below the G-temperature of the bare
polymer, a first-order phase transition from a bare, collapsed globule to a swollen coil
with increasing particle density is predicted.
An analytical self-consistent-field theory for polymer brushes in the presence of particles capable of complexation is presented in Chapter 7. As a monomer density gradient
is present, the density of complexed particles is also predicted to vary across the brush.
The complexes are predominantly located in the distal region of the brush, where the
average monomer density is low. In the proximal region ofthe brush, closeto the grafting
plane, the density of complexed particles is predicted to be low. Microphase separation
may occur in the brush under the same conditions at which macroscopic phase separation
occurs in a bulk solution. The overall number of complexed particles per unit area is
predicted to have a maximum as a function of the grafting density. The height of the
brush is found to either increase monotonously with increasing grafting density, or have
a local maximum and minimum.
The adsorption ofthe protein BSA on hydrophobised silicawafers covered with grafted
PEO chains is experimentally examined in Chapter 8. The amount of adsorbed BSA is
measured with reflectometry at several grafting densities for different PEO chain lengths.
Conventional models for the interaction between a brush and adsorbing proteins predict
the adsorbed amount to decrease with increasing grafting density and chain length. However, it isobserved that the adsorbed amount has a maximum as a function of the grafting
density for long chains, whereas it decreases monotonuously in the case of short chains.
This maximum is qualitatively understood with our aSCF model presented in Chapter
7, and indicates that some attraction between grafted PEO chains and BSA may exist.
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Finally, in Chapter 9 our analytical model is extended to complexation of polyelectrolyte chains with oppositely charged nanocolloids. In a given system (fixed particle size
and charge densities of the chain and particle) the ionic strength is the main parameter
which controls complexation. At high ionic strength the attractive electrostatic interactions are suppressed and the degree of complexation is negligible. As the ionic strength
decreases the attractive electrostatic interactions induce complexation. The transition
from a bare polyelectrolyte to a complexed chain is predicted to be either continuous
or abrupt, depending on the ratio of the charge densities and the Hamaker constant of
the particles. In the former case the complex remains soluble, in the latter a non-soluble
coacervate isformed. Both kinds ofloading processes havebeen reported inthe literature.

Recently, the view has been expressed that all great questions in natural sciences have
been answered. [205] Others, however, maintain that several fundamental issues remain
to be resolved. [206] Regardless of the validity of either claim, a large number of issues
in the science of brush interfaces remain to be investigated. Chapters 2, 3 and 4 of this
thesis concern the 'classical' features of brushes, i.e. the thickness and surface pressure of
brushes, the monomer density distribution and the charge density of annealed brushes.
One could say that these quantities are rather well understood by now, both experimentally and theoretically. Chapters 5 to 9, however, concern a novel area of investigation,
namely the interactions of brushes with various kinds of adsorbing or complexing particles. As shown in Chapter 8, the (conventional) notion that the interactions of a PEO
brush with proteins are similar to those of PEO chains in a bulk solution, i.e. consist
solely of repulsive osmotic interactions, is too simple. The nature of polymer-particle
interactions in a confined geometry may differ from that in a bulk solution. We predict that complexation of nanocolloids in brushes may have interesting consequences for
the brush structure; experimental verification of such behaviour is not yet given. Another novel area of research is the wetting behaviour of liquids interacting with a brush
surface. Whereas theoretical analyses have resulted in several theoretical wetting scenarios [207,208], experimental evidence of the various scenarios is scarce. [209] In Chapter
9 we considered the interactions of polyelectrolytes and oppositely charged particles in a
bulk solution. It was shown that the phase behaviour of such solutions strongly depends
on the initial charge densities of the polyelectrolyte and particle. A charged brush may
exhibit even more pronounced phase behaviour, due to the high monomer densities and
electrostatic potential within the brush; the collapse of a charged brush as it complexes
with oppositely charged nanocolloids has not been investigated either experimentally or
theoretically. Evidently, the use of polyelectrolyte brushes in various biotechnological
applications greatly depends on such phase behaviour.
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In all, one may say that it is time to focus on the real purpose of a brush, namely its
interactions with soap and dirt.
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Samenvatting
Borstels roepen bij de meeste mensen associaties op van poetsen, schrobben en boenen.
Een borstel is inderdaad een nuttig huishoudelijk gebruiksapparaat, maar in de ogen
van velen zeker niet interessant genoeg voor een wetenschappelijk onderzoek van vier
jaar. Echter, borstels beslaan vele maten en vormen. In dit boekje is onderzoek naar
polymere nanoborstels met een dikte van tientallen nanometers beschreven. De haren van
dergelijke borstels bestaan uit polymeren die met hun uiteinden aan een oppervlak zijn
verankerd.
De haren van dergelijke nanoborstels zijn ongeveer 10000OOOxkleiner dan de haren
van een bezem. Toch hebben nanoborstels in veel toepassingen grofweg eenzelfde functie als een tandenborstel of bezem, namelijk een oppervlak schoonhouden van allerlei 'viezigheid'. In het geval van nanoborstels is er echter geen mechanische energie
('schrobben') voorhanden om het vuil te verwijderen. Het vermogen van een nanoborstel
om een oppervlak schoon te houden hangt daarom af van zijn structuur en de moleculaire
interacties met 'vuil'deeltjes. Het is om deze reden dat fysisch onderzoek nodig is om
inzicht te krijgen in de grootheden en processen die bepalend zijn voor de structuur van
een polymere borstel en zijn interacties met de omgeving. Het resultaat van dergelijk
onderzoek over de afgelopen vier jaar is in dit boekje gepresenteerd. In de volgende
alinea's worden de verschillende hoofdstukken kort besproken.
In Hoofdstuk 2 wordt de experimentele oppervlaktedruk van neutrale blok copolymeren bestaande uit polystyreen-polyethyleenoxide (PS-PEO) vergeleken met numerieke
berekeningen met het model van Scheutjens en Fleer. Het blijkt dat er heel wat informatie over de structuur van verankerde polymeren uit dergelijke isothermen voor de
oppervlaktedruk te verkrijgen is. Met behulp van deze isothermen wordt aangetoond dat
een 'echte' borstel, namelijk een borstel die aan theoretisch voorspelde schalingswetten
voldoet, pas verkregen wordt wanneer het aantal monomeren in de PEO-ketens meer dan
enkele honderden beslaat. In dit hoofdstuk wordt ook de overgang van platte, geadsorbeerde ketens naar gestrekte ketens met toenemende verankeringsdichtheid numeriek onderzocht. Er wordt geconcludeerd dat deze overgang altijd gelijkmatig verloopt (2e-orde
fase-overgang) en niet abrupt (l e -orde fase-overgang), zoals in de literatuur is voorspeld.
De structuur van ongeladen PEO-borstels is onderzocht met neutronen reflectometrie
en de resultaten zijn gepresenteerd in Hoofdstuk 3. Bij een lage verankeringsdichtheid
hebben monodisperse borstels (borstels bestaande uit polymeren van identieke lengte) een
blokachtig dichtheidsprofiel met aan het uiteinde een overgangsgebied ('staart') waarin
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de dichtheid geleidelijk afneemt naar nul. Bij een hoge verankeringsdichtheid heeft het
dichtheidsprofiel een parabolische vorm. De experimentele profielen komen goed overeen
met die berekend met het Scheutjens-Fleer model. Bimodale borstels (borstels met twee
verschillende keten lengtes) vertonen een duidelijke bimodale structuur, namelijk een
compacte laag met een relatief hoge monomeerdichtheid vlak bij het verankeringsoppervlak en een meer gestrekte laag met een lage monomeerdichtheid naar buiten toe. Zoals
verwacht heeft de aanwezigheid van de kleinere ketens een sterkere strekking van de lange
ketens tot gevolg.
In Hoofdstuk 4 ishet gedrag van verankerde geladen ketens bestaande uit polystyreenpolyacrylzuur (PS-PAA), onderzocht met oppervlaktedrukisothermen, optische reflectometrie en ellipsometrie, beschreven. Net als bij neutrale ketens blijken de oppervlaktedrukisothermen informatie te bevatten over de structuur van de verankerde laag. In
aanwezigheid van veel zout in de waterfase is de schalingswet voor de oppervlaktedruk
van een PAA-borstel als functie van de verankeringsdichtheid vergelijkbaar met die voor
ongeladen ketens. Bij afwezigheid van zout en niet te hoge pH adsorbeert PAA aan het
water/lucht oppervlak. Deze adsorptie hindert de vorming van de theoretisch voorspelde
'osmotisch' borstel. De fractie geladen monomeren in een PAA-borstel is onderzocht
met reflectometrie. Bij een gegeven pH neemt deze fractie af met toenemende verankeringsdichtheid, in overeenstemming met theoretische voorspellingen. De dikte van de
PAA-borstel is gemeten met behulp van ellipsometrie. Zoals theoretisch voorspeld neemt
met toenemende zoutconcentratie en constante pH de dikte eerst toe en vervolgens bij
hoge zoutconcentraties weer af. De initiele toename is echter minder sterk dan de theoretisch voorspelde.
Lange, water-oplosbare polymeren kunnen complexen vormen met verscheidene kleine
deeltjes, zoals micellen of eiwitten. Een dergelijk complex wordt ook wel aangeduid als
een 'kralensnoer'. Een theoretisch model voor het gedrag van een enkele lange keten met
gecomplexeerde deeltjes is beschreven in Hoofdstuk 5. Een gecomplexeerde keten wordt
in dit model gekarakteriseerd door defractie gecomplexeerde monomeren, een gemiddelde
energiewinst per monomeer bij complexatie, en de verschillende osmotische interacties
tussen gecomplexeerde en ongecomplexeerde monomeren. Dit model geeft een kwalitatief
correcte beschrijving van het gedrag van een PEO-gel in contact met een zeepoplossing.
In Hoofdstuk 6wordt het kralensnoermodel uitgewerkt voor semi-verdunde polymeeroplossingen. Er wordt voorspeld dat onder bepaalde omstandigheden scheiding in twee
fasen kan optreden, bestaande uit een relatief ijle fase van gecomplexeerde ketens en een
relatief geconcentreerde fase van kale ketens. In het geval van een slecht oplosmiddel
bestaat deze geconcentreerde fase uit 'globules', ofwel zeer compacte polymeerkluwens.
In het geval van globules in een zeepoplossing wordt met toenemende zeepconcentratie
een abrupte (l e -orde fase-) overgang voorspeld van een compacte kluwen naar een sterk
gezwollen, gecomplexeerde keten. Een dergelijke l e -orde fase-overgang is in de literatuur
experimented bevestigd.
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Polymeerborstels kunnen opgebouwd zijn uit polymeerketens die in oplossing complexen vormen met bijvoorbeeld eiwitten of zeepmicellen. Daarom is in Hoofdstuk 7een
analytische zelf-consistent-veld theorie voor complexerende polymeerborstels ontwikkeld,
die stoelt op concepten die geintroduceerd zijn in Hoofdstukken 5 en 6. Dit model voorspelt een dichtheidsverdeling van gecomplexeerde deeltjes in de borstel. Wanneer de
osmotische interacties tussen deze deeltjes sterk zijn, zijn de deeltjes voornamelijk aan
het uiteinde van de borstel te vinden en is de deeltjesdichtheid bij het verankeringsoppervlak gering. Deze dichtheidsverdeling heeft tot gevolg dat het totaal aantal deeltjes per
oppervlakte-eenheid een maximum vertoont alsfunctie van de verankeringsdichtheid. De
dikte van de borstel kan volgens dit model ofwel toenemen met toenemende verankeringsdichtheid, ofwel een lokaal maximum en minimum hebben.
De resultaten voor de experimenteel bepaalde adsorptie van eiwitten (BSA) op een
hydrofoob oppervlak bekleed met PEO-borstels zijn gepresenteerd in Hoofdstuk 8. Voor
korte PEO-ketens neemt de adsorptie continu af met toenemende verankeringsdichtheid,
zoals voorspeld door bestaande modellen voor interacties tussen verankerde polymeren
en deeltjes. In het geval van lange ketens echter vertoont de adsorptie een maximum als
functie van de verankeringsdichtheid. Dit maximum wordt kwalitatief verklaard met onze
zelf-consistent-veld theorie, gepresenteerd in Hoofdstuk 7, en impliceert de aanwezigheid
van attractieve interacties tussen de PEO-ketens en BSA. Zulke wisselwerkingen kunnen
van belang zijn bij het ontwerpen van oppervlakken die eiwit adsorptie reduceren.
In Hoofdstuk 9tenslotte wordt het model uitgewerkt voor complexen van tegengesteld
geladen deeltjes en polyelectrolyten. Voor een gegeven systeem blijkt de zoutconcentratie
de grootheid te zijn diecomplexvorming bepaalt, aangezien de attractieve electrostatische
wisselwerkingen onderdrukt worden door een hoge zoutconcentratie. Volgens ons model
kan complexvorming zowel geleidelijk als abrupt plaatsvinden met afnemende zoutconcentratie, afhankelijk van de relatieve ladingsdichtheden op de keten en het deeltje. In het
eerste geval is het uiteindelijke complex oplosbaar, in het tweede geval is het onoplosbaar
en scheidt zich af in een aparte fase. De theoretische resultaten kunnen experimentele
waarnemingen uit de literatuur kwalitatief verklaren.
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Glossary

Roman:
AH

AdG
aSCF
CAC
CMC
D,d
G(z)
G(z,z
H,h

s)

I
/
IB

m, m(z)
n
N
Nad

NR
nSCF
OsB, OsB
Q
Q

Qex

2r'
R(q)
Ro
RG
ft-m-) -ftp
S

8(6)

s'(6)
SANS

Hamaker constant
Alexander-de Gennes box model
analytical self-consistent field model
critical association concentration
critical micelle concentration
thickness polymer layer
monomer weighting factor
Green's function, probability of s' = 1in z and s' = s in z'
brush height, absolute and renormalised, respectively
root-mean-square thickness, absolute and renormalised, respectively
total ionic strength
length of a monomeric unit
Bjerrum length
number of complexed micelles per chain, per unit volume
refractive index
chain length
number of complexed monomers per nanocolloid
neutron reflectivity
numerical self-consistent field model
osmotic brush, quenched and annealed, respectively
component of the wavevector perpendicular to the reflection plane (Chapter 3)
bare charge on nanocolloid (Chapter 9)
excess charge on polyelectrolyte-particle complex
distance between surfaces of nanocolloids
reflectivity of neutrons at wavevector q
Gaussian radius of a polymer coil
radius of gyration of a polymer coil
radius of micelle or protein
monomer number
translational entropy per monomer
derivative of s(9) with respect to 6
small angle neutron scattering
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Glossary
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SB
SLD
SSAL
u

u°
u0(z)
u'(z)
Uhwr
Vo

Vl
V2

«1
X

w
z
zo

salted brush
scattering length density
self-similar adsorbed layer
effective change in free energy upon complexation of a monomer
energy gain upon complexation of a monomer
potential energy of the solvent at z' = z
potential energy of a monomer at z' = z
hard wall repulsion potential
monomer-monomer second virial coefficient
critical monomer-monomer coefficient at which coil-globule transition
becomes l s t -order
(renormalised) micelle-micelle second virial coefficient
(renormalised) monomer-micelle second virial coefficient
effective second virial coefficient
derivative of veff(8) with respect to 6
critical vi for non-monotonic fi(p)
distance to grafting plane
third virial coefficient
distance to grafting plane, in monomer length units
distance to grafting plane at which microphase separation occurs

Greek:

P

r
r(z)
s
A
A

€-cri

e
#1,2
acri

9*

e

fraction of charged monomers (Chapter 4 and 9)
expansion coefficient, Ra/Ro (Chapter 6)
bulk dissociation fraction
renormalisation coefficient of coil elasticity
total adsorbed amount per unit area
scattering length density profile
Born length
excess free energy per unit area (Chapter 2)
phase difference upon reflection (Chapter 4)
contact energy monomer-micellar surface (Chapter 5 and 6)
dielectric constant (Chapter 9)
critical monomeric adsorption energy
fraction of complexed monomers
co-existing fractions of complexed monomers
bulk value of6
6babove which no phase separation occurs
degree of loading for which veff (6) = 0
degree of loading at which ngi0b — £*(0)
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0(0)
K_1
KC
Xi
p,
H®
(ip
/J-giob
/i(0)
£
7r
-Kb
•Kpia
p(z)
Pi,2
PH+
pp
ps
a
a*
(To
aex
S
<T6
Sint
r
X
Xsur
X2
TR
$

value of 6 at t h e grafting plane, 6(z = 0)
Debye length
critical inverse Debye length
probability of contact of layer z with layer z +i
chemical potential
chemical potential of a surfactant in the bulk
chemical potential of a surfactant in an aggregate of size p
chemical potential monomer in a collapsed globule
chemical potential monomer in infinitely dilute phase
monomeric conformational susceptibility
surface pressure
surface pressure of the brush
surface pressure in adsorption-desorption plateau
(dimensionless) monomer density at z' —z
co-existing monomer densities
bulk proton concentration
particle density in solution
bulk salt concentration
number of grafted chains per unit area or lattice cell
relative grafting density, a/4nRQ
charge density on nanocolloid
excess charge density on nanocolloid-polymer complex
total grafted amount, aN
block roughness
interface roughness
fraction of uncomplexed monomers
Flory-Huggins parameter
monomer-surface interaction parameter
quality of NR-fit, relative to t h a t of D 2 0
relative strength of 2D fluctuations
ratio of parallel and perpendicular polarised reflectivities
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Chapters 5, 6 and 7 are the result of a very fruitful cooperation with Oleg Borisov.
Oleg, your ideas, criticisms, and comments were absolutely necessary for the development
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aannemen. Ronald, Werner, Clara en Sonja, de gezelligheid in kamer 015 kende geen
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'Gedeelde smart is halve smart' luidt het gezegde en dit is zeker waar bij wetenschappelijk onderzoek. Gelukkig is er op Fysko een grote groep mede-AIO's/OIO's om je een
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hart onder de riem te steken, een wild ideetje mee te bespreken of gewoon een babbel
mee te maken. Ik wens eenieder veel succes en plezier bij zijn/haar eigen onderzoek.
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