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Stellingen

behorend bij het proefschrift
‘Brushes and Soap’ van Edwin Currie

1. In tegenstelling tot de conclusies van vele onderzoeken volgen neutrale borstels in een
goed oplosmiddel de voorspelde gemiddeld-veld schalingswetten, mits de ketenlengte enkele
honderden monomeren beslaat en mogelijke oppervlakteactiviteit in beschouwing worat
genomen. Dit proefichrift, hoofdstuk 2.

2. De afwijkende theoretische resultaten van Carignano & Szleifer voor de oppperviaktedruk
van verankerde ketens zijn het gevolg van een foute uitdrukking voor de oppervlaktedruk
van verankerde polymeren in een roostermodel, Carignano, M.A.; Szleifler, I | Chem. Phys.
1994, 100, 3210,

3. De dikte van zwak-zure borstels vertoont experimenteel een maximum als functie van de
ionensterkte, zoals theoretisch voorspeld. fsradls, R. er al., Macromolecules 1994, 27, 3087;
Zbulina, E.B. et al,, Macromolecules 1995, 28, 1431 en Lyatskaya Y.V. et al., Macromolecules
1995, 28, 3562.

4, De orde van de keren-complex fase-overgang in polymeeroplossingen met complexerende
nanokolloiden wordt voornamelijk bepaald door de osmotische interacties in het systeem.

Dir proefschrift, hoofdstuk 6 en 3.

5. De geadsorbeerde hoeveelheid nanokolloiden per oppervlakte-eenheid op oppervlakres
bekleed met polymeer borstels kan een maximum vertonen als functie van de
verankeringsdichtheid, in tegenstelling tot vele conclusies in de literatuur. Dit proefschrift,
boofdstuk 7 en 8,

6. Er is een groot verschil tussen co-auteurs en mede-auteurs van een artikel,

7. Hardlopen loopt niet hard.

8. Her feit dat de fractie ‘gamma’-studenten in Nederland spontaan toeneemt ten opzichte
van de fractie ‘beta’studenten impliceert volgens de thermodynamica dat gamma-studenten
minder arbeid verrichten.

9. De opkomst van particuliere beveiligingsdiensten kan samengevat worden als ‘je betaalt je
blauw’.

10. Het afgelopen eeuw zijn we van een credo- naar ¢en credit-maatschappij gegaan.
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CHAPTER 1

Introduction

ABSTRACT
In this chapter a general introduction is given to grafted polymers and inter-

actions between small colloidal particles and polymers. To start with, some
genera] aspects of such systems are reviewed, with the emphasis placed upon
practical applications. We contintue 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, cur 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
is cellulose, the polymer responsible for the tensile strength of plant 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 sur-
round us in our daily life. Plastic bags are made of polyethylene, 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 our-
selves 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 stabilisa-
tion. 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 mill, pigment particles
in paint, proteins in blood, but also mist. (3]
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FiGURE 1.1. Colloidal stabilisation through polymer adserption

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 (DILV( 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, s-casein, which
prevent aggregation. Upon adding a particular enzym (chymosin) the enzyme cuts the
r-casein hairs 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 drush. The thickness of the brush depends on the chain length and
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FIGURE 1.2. Prevention of adsorption of a) particles on o 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 so-
lution 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]

So far, we did not pay explicit attention to brushes consisting of polymers 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 con-
sists 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 con-
centration the range of the electrostatic interactions between charged monomers lessens,
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FIGURE 1.3. Grafted polyacids in a pore at low pH, ond high 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 tech-
nology, 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 size of the polymers.
We refer to such particles as ‘nanocolloids’, as their size is in the range of a few nanome-
ters. 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 hydraphilic, 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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FIGURE 1.4. A ‘necklace’

The interactions between neutral polymers and micelles, however, are weak 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 polyelec-
trolyte and small, oppositely charged particles is formed, the resulting complex may be
electrostatically neutral or close to neutral. As mentioned, colloidal solutions are sta-
blised against aggregation by the charges on the colloidal particles. Therefore, upon
complexation a separate aggregated phase of collapsed polyelectrolyte chains with com-
plexed particles may form. This process depends sensitively on the salt concentration of
the solution, as this determines the strength of the (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 concentra-
tion 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 by increasing the salt concentration and dissolving 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. Two important classes of brush models are dis-
cussed, namely scaling theories and analytical self-consistent-field models. In the final
section we comment upon the experimental preparation of brushes.
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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-like conformations. In 1980 de Gennes
modelled such end-adsorbed polymers using a blob or scaling model. [18] At low graf-
ting densities the conformation of the grafted polymer is a coil conformation (for non-
adsorbing 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 boz-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 kgT', where kg is the Boltzmann constant and T the
temperature. The size £ of blobs in a brush is equal to the spacing between two adjacent
grafted chains 0~1/2, where ¢ 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 & (£/1)%/3, with
the monomer length denoted by { 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 ~ Ngl/3p5/3

The surface pressure m of the brush is proportional to the number of blobs per unit
area (No/g) and, as the formation of each blob requires an energy of order kgT, 7 is
proportional to

(1.2) 7~ Ngtl/op/3

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 hermonic oseillator and grafted chains in o 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 pendu-
lum 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 fleld is a
so-called equal-time potential. Effectively, this means that when a pendulum is releaged
from position A4, 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 ’time-
steps’ to reach its chain end, irrespective of its amplitude (the position of the chain end
of the grafted chain, denoted by H;, H: and Hj in Figure 1.5). The general form of an
equal-time potential field is A — Bxz?. [24] Noting that B is equal to 27%/7* according to
classical mechanics, and that the chain length N corresponds to 1/4 of a full period 7,
it follows that B is simply n%/8N%21}

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 maodel
a mean-field approach for good solvent conditions is used, in which only binary asmotic
interactions between monomers are considered. The monaomeric potential field w(z} is
equal to vp p(z), where p(z) is the monomer density. The second virial coefficient vy may
be interpreted as the volume one monomer effectively excludes another from. Therefore,
in a good solvent (repulsive monomer-monomer interactions) vo is approximately the
volume occupied by a monomer, {3, If we combine both expressions for the potential
field u(z), the monomer density is given as

Tn the literature the exact value of the numerical prefactor B varies. In some papers the prefactor
equals 3w2/8N2[2 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 1D abjects. [20]
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19 ple) =i (4 - 7o)

and it is evident that the aSCF model predicts a parabolic density profile in the brush.
The constant A is determined by the normalisation condition No = fUH pl(z)dz (conser-
vation of mass) and equals

Novy, nm2H?
(1.4) A=—g tounwm

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 ~ Ng'/3. The surface pressure in the
aS3CF model is found by integrating the local osmotic pressure in the brush, %vop(a:)z,
over the total height. This gives

Yo

H
T o= = p(z)idx
2 Jo

(1.5) z %N05/3U§/31'2/3

We thus find that the surface pressure of the brush scales as No/3 in the aSCF model.
The power law exponent of 7 as a function of o differs slightly from that of the 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 gocd solvent conditions. If these
conditions are not met the complete viral expansion for the potential field in terms of the
monomer density g{z) 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 thick-
ness 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
is larger and the range of interactions (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 menomers (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 x!) is small compared to the brush height, k=1 « H.
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.(1.1) and
{1.2). The excluded-volume parameter of neutral monomers vg in Egs.(1.3) and (1.4) is
replaced by an effective excluded-volume parameter v, sy, defined as

o?l
(1.6) Veff & Up + Tzq
where a denotes the fraction of charged monomers and lp denotes the Bjerrum length.
[25] For reasonable values of @ and & the contribution of the neutral monomers vy is
negligible with respect to the electrostatic interactions. Thus, the brush height in the
SB-regime scales as
ay 1/3
(1.7) H ~ N{ovggs)* ~ N (i'a—)
Ps
where p, denotes the salt concentration and is proportional to x2. Note that in this model
the brush height again scales as H ~ No'/? and the surface pressure as 7 ~ No®/3,
simnilar to neutral brushes.

In the limit of zero salt concentration the range of electrostatic interactions between
charged monomers is large (s~! ~ 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 (~ Ho/NI?) equals the osmotic pressure of the counterions in the brush
(~ Nao/H), under the condition of local electroneutrality throughout the brush. The
resulting scaling expressions are

(1.8} H ~ Nia



10 Introduction

and
(1.9) 7~ Nog

Note that in the OsB-regime the brush thickness is independent of the grafting density.
Moreover, the surface pressure resulting from the Nao counterions per unit area is ideal,
each counterion contributes an amount of energy of order kgT.

The situation is more complicated in the case of snnealed brushes, as the fraction
of charged monomers & is not constant, but varies with varying conditions. Thus, the
excluded-volume parameter v.¢; 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 ay in the bulk is defined. This is the average degree of
dissociation a monomer would have in the bulk solution:

(1.10) I _ K
G PH+

where K, is the monomer dissociation constant and pj+ the proton concentration in
the bulk solution. Note that oy is fully determined by the pH of the solution and varies
between 0 and 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. p; > py+, 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 « in
Eq.(1.6) replaced by ap.?

In the limit of zero salt concentration the proton concentration in the brush is sig-
nificantly higher than in the bulk phase, as the exchange of dissociated protons with
indifferent counterions is negligible. As a resuit, 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
(1.11) a ( o pgs + ps))
1- )
2We remark that 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 « is considered. In more detailed models the
variation of & throughout the brush, i.e. a(z), can be taken into account. [35] From the
above expression it follows that for a given pH, i.e. a fixed oy, o decreases with increasing
grafting densities. At high grafting densities & 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 interac-
tions, 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 o, however, demonstrates that in the ()sB—regime the fraction of charged
monomers, and therefore v, sy, decreases with increasing grafting density. If we use the
same expression for the brush height, i.e. Eq.(1.7), and insert Eq.(1.11) into Eq.(1.6),
the following scaling expression for the brush height in the OsB-regime is found:

2/3
) (o + po)*

To conclude, using a simple scaling model the paradoxal result is obtained that the brush
height in the OsB-regime may decrease with 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 & (Eq.(1.11)) is not com-
pensated by the increase in total monomer density with increasing grafting density. The
interplay of the pH, salt concentration and grafting density thus vields interesting theo-
retical predictions for annealed brushes, most of which await experimental verification.

(1.12) H~N (aazp;1)1/3 ~ No~1/3 (ﬁ
—ap

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 stu-
died (25, 28, 28-30, 32, 33, 36-41], they have been examined under various kinds of de-
formation [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 polymeri-
sation 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 uno 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 is even 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 resuits are compared to experi-
mental results for polystyrene-polyethyleneoxide {(PS-PEO) block copolymers irreversibly
adsorbed at the air/water interface. The scaling behaviour of the experimental and nu-
merical surface pressure and the experimental brush height is compared to the predictions
of the aSCF model. The thermodynamic classification of the adsorption/desorption tran-
sition 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-PEQO chains is determined with
neutron reflectivity and compared to the profiles predicted by the nSCF model. The
mixing of two PEQ 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 polystyrene-
polyacrylic acid (PS-PAA), both at the air/water interface and grafted to a solid sub-
strate. The SB- and OsB-regime are investigated via analysis of surface 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 inter-
acting with nanocolloids. A Flory-like approach for the description of single, complexed
chains in a good solvent is presented in Chapter 3, 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 in-
vestigated 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 forma-
tion of polymers in a good solvent is discussed. The behaviour of polymer-nanocolloid
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complexes in solvents that are below the ©-temperature, i.e. bad solvents for the poly-
mer, 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
PEQ-brushes interacting with nanocolloids. The adsorption of bovine serum albumine
(BSA) proteins on a hydrophobic surface with grafted PEQ 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.

We finally extend our model to complex formation between polyelectrolytes and charged
nanocolloids in Chapter 9. The analysis is litnited to the complexation of quenched poly-
electrolytes 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 of the 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 self-

consistent-field madel. The surface pressure of such systems is calculated nu-
merically and semi-quantitative agreement is found with experimental surface
pressure isotherms of PS-PEQ diblock copolymers at the air/water interface.
Scaling relationships of aSCF models for brushes predict the surface pressure
w and the height H of neutral brushes to scale with the grafting density o as
7 ~g"? and H ~ o'/%, respectively. These scaling relationships are corro-
borated experimentally for long PEQ-chains, provided contributions to = aris-
ing from PEQ adsorption at the air/water interface are taken into account.
Analysis of the n(o)-isotherms is shown te be an excellent way of investiga-
ting the scaling behaviour of brushes. In the nSCF model the pancake-brush
transition in a good solvent is found to be continuous, irrespective of the chain
length and adsorption energy. With increasing adsorption energy the pancake-
brush 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 in-
teractions between the monomers, the solvent and the grafting surface. If the monomer-
surface 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. As demonstrated in Chapter 1, the height H of the
brush in the scaling approach of Alexander and de Gennes scales as H ~ No'/3. [17,18]
The same model predicts the surface pressure 7 to scale as 7 ~ Noll/5, Mean-field
aSCF models predict a similar scaling relationship for the brush height, that for = is
7 ~ Ng®/3. [20-23] Under ©-conditions the second-order virial coefficient of monomer-
monomer interactions is zero and the aSCF scaling relationships are H ~ N¢'/? and
7 ~ Na?, respectively.

In subsequent theoretical studies the behaviour of the brush thickness in a good 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 MD-
simulations. [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
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pressure as a function of o. In two studies (nSCF and MD) the surface pressure of the
brush was found to deviate from the predicted 5/3 power law. [30, 76] In both studies
higher exponents were reported for narrow regimes with constant scaling behaviour. The
chain lengths used in these studies were between 25 and 200 monomers. Martin and
Wang found a large regime exhibiting the predicted scaling of the surface pressure using
a nSCF model with chains up to 1000 monomers. [28] They concluded that aSCF scaling
relationships, which take only second virial interactions into account, are indeed valid
for long chains, whereas for short chains a more extended virial treatment is necessary.
The good agreement between aSCF scaling relationships and numerical models for the
brush height of short chains is explained by the relatively weak dependence of the brush
thickness on the prafting density. The numerical results therefore indicate that scaling
laws for brushes should be tested experimentally using sufficiently long chains.

A number of experimental studies on brushes have examined the predicted scaling laws.
In particular, the power law for the brush thickness H ~ Ne¢l/3 has been investigated
in several papers. One of 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, and their results compared favourably with
the predicted power law. [77] Poly(t-butylstyrene) brushes in toluene of length N = 30,
120 and 240 were investigated in a similar fashion, and a weaker scaling dependence on
the degree of polymerisation was found, H ~ N®7  although this exponent was found
with only three data points. [37] In another study of PS-brushes in toluene (N = 850
and 2400) it was concluded that the thickness scaled more than linear with N. [58] As
pointed out by Whitmore and Noolandi, the scaling behaviour of the disjoining pressure
as a function of the chain length is not equivalent to the scaling of the 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 as H ~ N, the height estimated from the disjoining pressure was found to
scale approximately as H ~ N2, Moreover, the applied model to analyse the data of
the disjoining pressure contains four adjustable parameters. Therefore, comparison of
surface force results and scaling models for brush height is not straightforward.

The height of a brush layer of diblock copolymers adsorbed on a substrate or at an
air/solvent interface can also be measured by neutron reflectivity (NR) or small-angle
neutron scattering (SANS). In one study polystyrene-polyethylene oxide (PS-PEO} di-
block copolymer was deposited from a toluene bulk solution onto quartz, on which PEQ
strongly adsorbs. [80] The thickness of the PS-layer as a function of N was concluded
to agree with the scaling models. As Baranowski and Whitmore pointed out, this agree-
ment is based upon the assumption that H ~ o!/3, [81] The experimental data yield a
less than linear dependence on N if no assumptions are made a priori. Bijsterbosch et
al. measured the thickness and surface pressure of PS-PEQ diblock copolymers at the
air/water interface for various lengths of the PEO-block. {69] The height of the PEO-
brush averaged over all chain lengths was found to scale as H ~ N%85%4!. Kent et
al. used poly(dimethyl-siloxane)-polystyrene (PDMS-PS) diblock copolymers with ethyl
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benzoate as the solvent. [66-68] In this case the 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 ~ No'/3, but approximately as H ~ N%85022_ [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 V. 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. A problem 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.! 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 com-
plex. 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 so-
lution, 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 first-
order, which is inferred from the observation that the chemical potential u of the grafted
polymer chains is not a monotonically increasing function of ¢. A van der Waals loop
in u(o) 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
a2 Raz.

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 poly-
mers. [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

1We 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 con-
cluded that the conformation transition from a SSAL to a quasi-brush upon increasing
o is first-order under certain conditions. The density at which this transition is found
is higher than the overlap density, i.e. ¢* > 1. The relative coverage o* is defined as
4nR%0, where Rg 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 ¢* > 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. ¢ ~ (NI?)~7!. Scaling relationships are given for several quantities in this continuous
transition as a function of ¢, such as g, 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 PEQO triblock copolymers with a hy-
drophobic center block adsorbed. [84] The transition was concluded to be first-order on
the basis of the occurence of a plateau in the measured hydrodynamic radius of the coated
spheres. However, the nature of a conformational transition is defined 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 7
as o is increased. The surface pressure is inversely proportional to the compressibility of
the grafted polymeric monolayer. Therefore, a plateau of constant surface pressure corre-
sponds 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 con-
densed phase transition.

The nature of the pancake-brush transition can be investigated experimentally by com-
pressing block 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 el. investigated
the properties of diblock PS-PEQ 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 ¢. 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 compres-
sibility 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 el. are re-examined. The scaling behaviour of # and H as
a function of ¢ is investigated both experimentally and numerically. We also consider
the transformation of the layer from an adsorbed to a partially desorbed structure with
increasing ¢ numerically. As phase transitions are characterised by the hehaviour of
thermodynamic quantities, such as the chemical potential p and its derivatives, special
attention is given 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 2 = 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 %, 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 N monomers long and are end-grafted with a grafting
density o, 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 p of the grafted polymer chains is not coupled to a






