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Stellingen

Een goede indicatie voor de mate van sterische stabilisatie van een
colloidale disparsie kan doorgaans verkregen worden door de
geadsorbeerde hoeveelheid polymeer te meten.

Dit proetschrift: hoofdstuk 6

Voor de sterische stabilisatie van colioidale dispersies zijn adsorberende
diblokcopolymeren geen wondemniddel.

Dit proetschrift: hoofdstuk 3 en &

Da kinetiek van polymeeradsorptie krijgt wetenschappelijk gezien nog relatief
weinig aandacht terwijl het in industridle toepassingen juist een zeer
belangrijke rol spesit.

Gongalves da Silva et al. verklaren de hysterese in opperviaktedruk bij
compressie en decompressie van een polystyreen-polysthyleenoxide
monolaag met conformatieveranderingen en verstrengeling van de
polyethyleenoxide ketens. De onomkeerbaarheid van de hysterese is echter
beter te verklaran met verlies van ketans uit de monolaag.

A.M. Gongalves da Sitva et al., Langmuir, 1996, 12, 65647
Dit proefschrift hootdstuk 2

De soms zeer tegenstrijdige beoordelingsrapporten die geschreven worden
over een arikel dat voor publicatie is aangeboden, geven aan dat de
acceptatie van een manuscript vaak ook in belangrijke mate een kwestie van
smaak is.
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Dat het promotisregelement van verschillende universiteiten ten aanzien van
de stellingen niet hetzelfde is, is 0p z'n minst jarsnmer te noemen.

De managementkwaliteiten die in veel personeelsadvertenties voor
universitaire wetenschappers van de sollicitant verlangd worden, kunnen een
verammning van de wetenschap betekenen omdat de wetenschappelijke
kwaliteit hierdoor relatief minder zwaar weegt.

Het aan de industrie verplicht opleggen van milieu-eisen stimuleert het
industricel en wetenschappelijk onderzoek naar aftematieve produkten en
produktiemethoden.

Het uitspreken van de Engelse taal zou een stuk eenvoudiger zijh wanneer
de letters die toch niet uitgesproken hoeven worden, ook niet opgeschreven
zouden zijn.

Dat wasmiddelen al zo vaak vernieuwd en verbeterd zijn suggereert ten
onrechte dat ze nu toch wel perfect zullen zijn.

Stellingen behorend bij het proefschrift: "Copelymer adsorption and the effect on
colloidal stability" van Henri D. Bijsterbosch, Landbouwunivarsiteit Wageningen,
6 februari 1998.
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Copolymer adsorption and the effect on colloidal
stability

Chapter 1 - Introduction

Colloidal dispersions

Before introducing the subject of this thesis we give an example to illustrate the practical
relevance. Our example is paint. The process of paint-making and its application involves
a number of consecutive steps. The most frequently used pigment particles in paint are
solid titanium oxide (titania) particles, often covered with a surface layer of silicium oxide
(silica} or aluminium oxide. In the first step of paint-making grinding of the pigment powder
consisting of dry agglomerates occurs in the presence of a liquid. The particles must be
wetted by and stabilised in the solvent. This is achieved by adding long molecutes that
adsorb onto the surface and prevent the pigment particles from aggregating: a so-called
sterically stabilised colloidal dispersion is obtained; what this means and how this can be
achieved will be explained further on in this introduction. The second step in paint-making
involves the addition of binders, cross-linkers and other additives. Then the dispersion is
mixed with other paint dispersions, in order to make paints with a variety of features like
colour, gloss and durability. The paint is then stored, during which it must remain stable,
and is applied to a substrate for protection and decoration. After application of the wet
paint, the solvent evaporates and the binder should form a strong film which keeps the
pigment paricles tcgether.1 The subject of this thesis is mainly relevant for the first step
described above, dispersing the oxide pigment particles, but the choice of materials has
also consequences for the following processes. Below we give a brief introduction to the
most important terms encountered in the underlying science.

A paint with finely dispersed particles in a liquid is an example of a colloidal system. The
varigty of colloidal systems in nature and in industrial applications is enormous, but the
common feature is the presence of (at least) two components, one of which has at least
in one directicn a dimension of roughly 1 nm to 1 um.z A direct consequence of this
small particle size is that the interface between the components is very large. One of the
components forms a continuous phase in which the othaer component is dispersed. With
these characteristics in mind, we may recognise many other colioidal systems in the
world surrounding us. Classical examples are ink, milk, clouds, surfactant solutions, foanﬁ
and smoke. Colloidal phenomena play a very impertant role in the living world as
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well. The presence of particles in body fluids like bloed and lymph, the membranes that
surround the-cells, proteins that regulate the processes in the body, and also DNA, which
stores our genstic information, are all colloidal in nature. The components in these
examples are either solid, liquid, or gas. In the following we will mainly consider colloidal
dispersions of solid particles in a liquid continuous dispersion medium,.

Solid particles in a colloidal dispersion attract each other by Van der Waals forces which,
if these forces were the only ones acting, would result in aggregation of the particles. In
order to prevent this aggregation the particles must also have some repulsive force that
has a longer range than the attractive Van der Waals force. If no aggregation occurs the
colloidal dispersion is stable. The repulsive force necessary for colloidal stability can be
achieved in two ways: electrostatically and sierically. A schematic representation of
electrostatic and steric stabilisation is given in Figure 1,

5]
e®® @ e@ @ @
D

®g e
® ®®
e
@ @ O
® o P @
@
e @
o @& @ 9@
@ g (Be@
a® ®
@ ® S
& @(_B@(-B
@

Figure 1. Electrostatically (a) and sterically (b) stabilised particles.

Electrostatic stabilisation can be obtained if the particles carry a surface charge.3 In
water, this is frequently the case. The presence of a charged surface layer leads to the
formation of a diffuse layer of counter-charge in solution which ensures electronsutrality.
Upon the approach of two charged particles the diffuse layers start to overlap which
results in an electrostatic repulsive force. If the extension of the repulsive force is larger
than the range of the Van der Waals attraction, the dispersion will be stable. The spatial
extension of the electrostatic repulsion depends on the concentration of ions in solution.
Increase of the ion concentration causes the diffuse layer to become thinner and makes
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the stabilisation less effective. This phenomenon plays an important role in, for example,
the settling of clay in a river-mouth when river water containing electrostatically stabilised
clay particles mixes with salt water from the sea.

Steric stabilisation can be brought about by polymers attached to the surface of the
particles.4 These polymers are long macromelecules built from a large number of
repeating units. The overlap of polymer layers up the approach of two particles resuits in
a strong repulsion. If the polymer layers are thick enough they can prevent the particles
from aggregation by the Van der Waals forces. The phenomenon of steric stabilisation
was already used by the Egyptians in ancient times, although they probably did not
realise. They prepared ink by dispersing carbon soot in a solution of naturally occurring
palymers like gum arabic. The gum provided the steric stabilisation of the colloidal carbon
particles.

As stated above, a polymer is built from a large number of repeating units, so-called
monomers or sagments. The properties of a polymer hardly change upon addition or
remaval of a few units. If the monomers are all of the same type the polymer is a
homopolymer. |f different types of monomers accur in the same macromolecule such a
polymer is referred to as a copolymer. We can distinguish different types of copolymers
with a different distribution of monomers in the molecule (see Figure 2). Two classes of
copolymers are used in the studies described in this thesis: block copolymers and graft
copolymers. In linear block copolymers the different types of segments are separated in
long homopolymer blocks. Thus, in a diblock copolymer a homopolymeric bleck consisting
of one type of monomers is connected with another block in which the monomers are of a
different type than in the first block. Graft copolymers, also called comb polymers, on the
other hand, consist of a long homopolymer main chain to which side chains (grafts or
"teeth") consisting of another type of segments are grafted.

Figure 2. Schematic representation of different polymer types: homopolymer (a), diblock copolymer
(b), graft or comb copolymer {¢)
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The segments of a polymer can be charged, in which case the polymer is called a
polyeiectrolyte. When polyelectrolytes are used for the stabilisation of charged colloidal
particles, both steric and electrostatic contributions are involved. The slectrostatic
repulsion may then originate from both the particle surface and from the
polyelectro!yte.5'6 In this thesis we only consider uncharged polymers.

Polymer adsorption

As discussed before a colloidal dispersion has a large interfacial area. Such an interface
has a high amount of surface Gibbs energy, which is (loosely) defined as the excess of
the Gibbs energy of an interface between two unlike materials as compared to the bulk.
The fact that an interface has a higher Gibbs energy than the bulk implies that, roughly
speaking, the various kinds of molecules prefer to be surrounded by their own kind. The
existence of an interface forces some molecules to be in contact with another type of
molecules, which is unfavourable. A colloidal system therefore tends to decrease its
Gibbs energy, hence its interfacial area. In a liquid-in-liquid or in a liquid-in-gas calloidal
dispersion decreasa of the interfacial area can be achieved by coalescence of many small
droplets into fewer large droplets: a dispersion with big droplets has a lower surface area
than one with small droplets (if the total amount of dispersed phase is kept constant). For
solid-in-liquid dispersions coalescence is not possible as the solid particles can not easily
change their shape. However, also aggregation of particles, which may be seen as
particles clumping together without changing their individual shape, decreases the
amount of solid-liquid interface as part of the surfaces of different particles make close
contact in an aggregate.

Even without aggregation it is possible to decrease the surface Gibbs energy. When the
dispersion contains another component which has affinity for the surface, the Gibbs
energy may be decreased by the accumulation of these molecules at the interface. The
molecules must then have some affinity for both the solid phase and the dispersion
medium. For example, if the liquid is polar and the particles are apolar then we expect
that a molecule with an intermediate polarity will decrease the surface Gibbs energy by
accumulating at the interface. This accumulation of material at an interface is referred to
as adsorption. Adsorption of molecules is very cammon in colloidal systems and is, for
aexample, important when we clean our dishes. Apolar greasy substances on dishes are
not soluble in {polar) water. Yet, we can remove the greasy material by using surfactants.
Surfactants are bipolar: they have an apolar moiety and a polar head group which often
carries a charge. When added to the dish-water the surfactants prefer the interface
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between water and greasy material because they can adopt an orientation in which the
polar head group is directed towards the water, whereas the apolar part is in contact with
the oil. As a result the surface Gibbs energy is decreased and greasy substances become
dispersed in water. The charge of the polar group provides these greasy colloidal particles
with a stabilising diffuse electrical layer.

As discussed above adsorption is driven by a decrease of the surface Gibbs energy.
Adsorption is, however, opposed by a decrease of translational entropy of the adsorbed
molecules. |n solution the molecules have considerable freedom to move, At the interface
this freedom is restricted, which gives rise to a decrease of the translational entropy of the
system. The balance between the decrease of surface Gibbs energy and the increase of
entropy, which gives the total Gibbs energy of the system, determines whether adsorption
will occur. If the total Gibbs energy decreases adsorption is likely to happen. The
translational entropy per segment in a polymer chain is considerably lower than that of a
small molecule of the same chemical type. This is caused by the fact that the monomer
units in a polymer molecule have already lost much of their freedom to move through the
solution because they are chemically linked to each other. The gain in surface Gibbs
energy upon adsorption, on the other hand, is roughly equal for polymers and small
molecules of the same chemical type. Consequently, adsorption of polymer molecules is
more likely to oceur than that of small molecules.”

Besides the translational entropy another kind of entropy plays an important role for the
behaviour of polymers: configurational entropy. Although the translational entropy of
polymers is relatively low, they have a considerable amount of configurational entropy: the
freedom to vary the relative positions of the segrnents.8 in solution the polymer molecules
continuously change their conformation. The average overall conformation is a more or
less spherical random coil. If a polymer chain adsorbs it will have part of its segments in
contact with the surface. However, the adsorbed poiymer layer does not form a rigid
structure: the chains retain a large degree of their configurational freedom by also here
changing the relative position of their segments. Consequently, the adsorbed layer is a
dynamic state in which the segments that are in contact with the surface (trains),
continuously change position with non-adsorbed segments (loops and tails). When two
surfaces covered with an adsorbed polymer layer approach each other, the polymer
chains become confined between the surfaces. As the polymer wants to keep its entropy
as high as possible, the chains do not want to overlap or change their shape towards a
flat and dense conformation. The adseorbed layers thus provide a repulsive force which
keeps the surfaces separated, which is the principle of steric stabilisation.
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Polymer layer thickness

A colloidal dispersion of particles covered with an adsorbed polymer layer is only stable if
the range of the repulsive forces is larger than that of the attractive Van der Waals forces.
As we have seen above the steric repulsion is a consequence of the decrease in entropy
upon "squeezing’ the polymer layers. The range of the repulsive force is more or less
proportional to the thickness of the polymer layer, which must therefore be large enough
to impart colloidal stability. If this thickness is smaller than the range of the attractive
forces and no other repulsive forces are present, we may encounter a situation where the
dispersion is not stable but the aggregation between the particles is slowed down
compared to the aggregation rate of bare particles without any form of protection.

For effective steric stabilisation the polymer must adsorb strongly on the particle surface
and form a thick layer. Diblock copolymers can meet these two requirements. As
described before these polymers contain two homopolymeric blocks of a different type of
segments. When we choose one relatively short block that has a high affinity for the
surface and another long block which prefers the dispersion medium, we expect a thick
adsorbed layer. This situation in which only one of the blocks has affinity for the surface
and the other prefers the dispersion medium may be referred to as surface-selectivity.
Surface-selective adsorption of diblock copolymers has been studied extensively during
the last ten years, theoretically as well as experimentally. We now have a rather complete
picture of the behaviour of diblock copolymers at interfaces.9-14

Upon adsorption of diblock copolymers the adsorbing block will form a relatively thin layer
on the surface. This block is also denoted as the anchor as it anchores the polymer
molecule to the surface. The non-adsorbing blocks form a rather dilute and extended
layer repelled by the surface. The non-adseorbing block is commonly referred to as buoy
as it "floats" into the solution but can not diffuse away as it is anchored to the surface by
the adsorbing block. The relative length of the blocks is of great importance for the
structure of the polymer layer. This can be seen from Figure 3 where we plot the
adsorbed amount as a function of the block copolymer composition and give a schematic
representation of the adsorbed layer for four different block copolymer compositions. The
total length of the diblock copolymer chain is taken to be constant in this examnple.




Introduction

Figure 3. A graph of the adsorbed amount 6 as a function of the fraction of anchor segments in the
block copolymer v, and a sketch of the adsorbed layer for four different block copolymer
compositions,

When the adsorhing anchor block is long, on the right side of the graph in Figure 3, the
adsorption is limited by saturation of the anchoring layer. The adsorbed layer is very
similar to that of an adsorbing homopolymer (situation 1), and only small non-adsorbing
buoy blocks protrude into the solution (situation 2). The lateral repuision between these
buoy hlocks, which criginates from the entropic tendency to preserve the random coil
conformation, is then weak compared to the adsorption energy. When we decrease the
relative length of the anchor block, from right to left in the graph of Figure 3, we see that
the adsorbed amount increases. The total mass of adscrbed anchor segments remains
more or less constant but as the anchor blocks become smaller more chains must be
adsorbed to keep the number of adsorbed segments constant. Therefore not only the
tength but also the number of buoy blocks protruding into the solution increases. The
lateral repulsion between the buoy blocks increases as well but is still weak compared to
the adsorption energy. When the length of the anchor block is further decreased, under a
simultaneous increase of the length of the buoy, we find a maximum in the adsorbed
amount. In this maximum the lateral repulsion between the non-adsorbed chains is very
high and the buoy blocks are forced to adapt a streiched configuration as they are still
attached to the surface by the anchor block (situation 3). This situation with highly
stretched polymers is often referred to as a brush. The conformation and lateral pressure
of such a brush has recelved much attention in literature.

When the length of the anchor block becomes very small and only a few segments are left
to adsorb on the surface, the anchor blocks will no longer be able to fill the surface
completely with an adsorbed layer (situation 4). The number and the length of the buoy
blocks is now very high and the lateral repulsion in the buoy layer becomes more
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important than the gain in adsorption energy; the adsorbed amount decreases
accordingly.

From Figure 3 we see that the amount and the thickness of adsorbed diblock copolymers
can be much higher than that of an adsorbing homopolymer of the same length. The
extension of the repulsive force of an adsorbed diblock copolymer layer is thus also
greater than that of the homopelymer. We therefore expect that diblock copolymers are
gocd steric stabilisers.

A similar graph as in Figure 3 can be obtained with the use of graft copolymers. If we
consider a graft copolymer with an adsorbing backbone and non-adsorbing side chains,
the adsorbed amount as a function of the graft copolymer composition also shows a
maximum at a certain composition. At this composition the relatively long grafts protrude
into the solution in a stretched configuration forming a brush layer with high lateral
prassure, similar to diblock copolymer brushes.

If the backbone of the graft copolymer has ne affinity for the surface but the copolymer
adsorbs with the side chains we also expect a maximum in the adsorbed amount as a
function of the copolymer composition. At this maximum the polymer is firmly attached to
the surface with the grafts and the polymer backbone is expected to form loops between
the anchor points. The adsarbed layer again forms a dense brush although there are in
this case no tails but only loops. A schematic representation of diblock and graft
copolymer brushes is given in Figure 4.

Figure 4. Brushes of diblock copolymers (a), graft copolymers with adsorbing backbone (b}, and graft
copolymers with adsorbing grafts and non-adsarbing backbone (c).

In Figure 4 the ratio of adsorbing to non-adsorbing segments is constant, the graft length
and the graft density of the copolymer is in this case such that a comparison with the ‘
diblock copolymer is possible.The structure of the adsorbed layer of diblock copolymers ‘



Introduction

(Figure 4a) and that of a graft copolymer with an adsorbing backbone (Figure 4b} is very
similar. A difference between the brushes formed by diblock copolymers and by graft
copolymers with a non-adsorbing backbone (Figure 4c¢) is that the backbone loops
prevent that the brush becomes very thick.

So far, we only considered selective adsorption of polymers: only one of the blocks has
affinity for the surface. In real systems, however, often both blocks have affinity for the
surface. The properties of the adsorbed layer for this non-selective adsorption are
determined by the competition for anchoring sites between the two blocks. This aspect
has hardly been addressed in the literature,

Kinetics of adsorption

Above, we only discussed the equilibrium state of an adsorbed polymer layer: the average
canformation at which the system has a minimum Gibbs energy. However, the equilibrium
state may not be obtained on the experimental time-scale, especially in industrial
applications, where the time available for different processes is limited, The kinstics of
adsarption determine how fast the equilibrium is obtained. Again, we use paint-making as
an example, in this case to illustrate that time is a very important parameter. The pigment
particles must be sterically stabilised in the grinding process. This process is immediately
followed by mixing with other dispersions and additives. if the pigment is not yet
completely stabilised in the grinding step, aggregation may occur during the following
steps, leading o bad performance of the paint.1 It is therefore very important that the
grinding time is long enough to assure that the polymers form a thick and stabilising layer
around the pigment particles. The time needed is determined by the adsormption kinetics.
The kinetics of adsorption can give us mere insight in the intermediate structures of the
polymer layer before equilibrium. It may well be possible that a stabilising layer is formed
on a very short time-scale, whereas the time to reach the equilibrium state takes much
longer. On the other hand, we may encounter a situation where the equilibrium state is
the same as in the former example but that the time required for the formation of the
stabilising layer is very long. Knowledge about the adsorption kinetics is therefore
important as it may determine the outcome of a process.

in the adsorption kinetics of polymers we can distinguish three processes: transport of the
polymer from the dispersion medium towards the surface, attachment to the surface, and
reconformation of the adscrbed polymet. For flexible homopolymers the attachment and
reconformation of the molecule are generally very fast and the adsorption rate is
determined by transpon towards the surface. All polymer chains arriving at the surface will
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adsorb until the surface is saturated and a plateau adsorbed amount is found. The
adsorption kinetics of copolymers is more intricate than that of flexible homopolymers.
During the formation of an adsorbed diblock copolymer layer the density in the brush
becomes very high. The dense brush layer forms a barrier which makes it difficult for
newly arriving molecules to bring their anchor block in contact with the surface. The
anchor blocks have to diffuse through this barrier before they can adsorb. This diffusion
process can be very slow and the equilibrium state may only be reached after a long time.

Another aspect which is important for the kinetics of adsorption is the solvent type. A
copolymer can be solubilised in a solvent in which only one of the blocks is soluble
whereas the other block dislikes the solvent. The solvent is then generally referred to as a
selective solvent. A block copolymer dissolved in a selective solvent will form aggregation
structures above a certain concentration of polymer in solution. The non-soluble blocks
are clustered together and are surrounded by a layer of solvated chains. These
structures, commonly denoted micelles, are in equilibrium with the solution which still
contains a very low concentration of single polymeric chains. In Figure 5 we sketch the
conformation of diblock copolymer molecules in a non-selective solvent (a) and in a
selective solvent (b).

Figure 5. Sketch of the conformation of diblock copolymer malecules in a non-selective solvent (a)

and in a selective solvent {b).
If only the non-scluble block has affinity for a surface the adsomption is most likely to

proceed by the attachment of single chains. As the concentration of these polymer chains
is very low the kinetics of adsorption may be very slow. However, there is a continuous

-10-
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exchange of single polymeric chains between micelles and solution. If this exchange is
fast compared to the adsorption process, the micelles can be seen as a reservoir which
supplies new polymer molecules. The exchange kinetics of these micellar systems is
therefore very important for the kinetics of polymer adsorption.

Outline of the thesis

The main aim of the work described in this thesis is to study the effect of different types of
copolymers on the stability of aqueous oxide dispersions. In order to obtain a better
insight in steric stabilisation we first study the relations between the adsorbed amount and
layer thickness, and between the type of polymer and the adsorbed amount. We also pay
attention to the adsorption kinetics.

In Chapter 2 we describe the properties of a diblock copolymer layer spread on a liquid-air
interface. The lateral pressure and the thickness of the buoy layer formed on the surface
is measured as a function of the adsorbed amount, The thickness is determined with help
of neutron reflectivity measurements. The resuits are compared with theoretical
predictions.

In Chapter 3 we present a study on the non-selective adsorption of two series of diblock
copolymers from an aqueocus solution on a macroscopically flat siliciurn oxide surface.
The adsorbed amounts in this study and in that of Chapters 4 and 5, are measurad with
an optical reflectometer. We perform self-consistent field calculations for comparison with
the experimental data.

The kinetics of adsorption of diblock copolymers can be very slow if the polymers form
micelles in solution. This subject is addressed in Chapter 4. We compare the adsorption
rates with the theoretical flux of copolymer molecules towards the surface for a series of
four diblock copolymers with the same block length ratio but different molar masses. In
this way we gain insight in factors that determine the adsorption kinetics.

In Chapter 5 we compare the adsorption of graft copolymers with an adsorbing backbone
and non-adsorbing side chains to the reverse situation of adsorbing side chains and a
non-adsorbing backbone. The results are compared with theoretical predictions from
literature.

The effect of the polymers used in Chapters 3 to 5 on the stability of an aqueous silicium
oxide dispersion is described in Chapter 6. The time-dependent increase of the average
hydrodynamic radius of silicium oxide aggregates in the absence of stabilising forces is

-11-
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measured. The increase of this radius in time is a good indication of the aggregation rate
of the dispersion. The effect of polymer on the stability of the dispersion is studied by
adding polymer to the dispersion and recording the aggregation rate. The stabilising effect
of the polymers is compared with the adsorbed amount, and good correlation is found.
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Tethered adsorbing chains

Chapter 2

Tethered adsorbing chains: neutron reflectivity
and surface pressure of spread diblock
copolymer monolayers

Spread monolayers of diblock copolymers of styrene and ethylene oxide at the air-water
interface were studied by surface pressure measurements and neutron reflectivity, as a function
of coverage a and chain length N. The surface pressure data have three regions, one at low
coverage, where a relatively sharp increase due to increasing intermolecular interaction is found,
a more gently increasing part at intermediate coverage, where the poly(ethylene oxide) block
gradually desorbs to form a brush, and a sharply increasing part at high coverage, where the
brush is compressed. The neutron reflectivity measurements, taken in the intermediate and
high coverage region, confirm the presence of a brush with a thickness scaling, by
approximation as No1/3. These brushes could be compressed by a factor of about 5 without
desorption occurring. The observations are in good agreement with numerical calculations
based on a mean field lattice model for terminally anchored, adsorbing chains. These
calculations predict a gradual change in the average configuration from a flat, adsorbed state to a
brush consisting of stretched chains.
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Introduction

In many natural and technical processes the presence of polymers at surfaces and
interfaces plays a crucial role.1:2 Block copolymers are particularly interesting because
the blocks can be chosen to give the molecule a pronounced amphiphilic character. In
view of this, the properties of interfacial layers formed by block copolymers have received
considerable attention.3 Scaling thearies#® and self-consistent-field (SCF) theories® 7
predict the volume fraction profile of the polymer at the interface, as well as the excess
free energy (surface pressure). At sufficiently high chain densities a brush is formed, the
structure and surface pressure of which have been considered in detail. Several
experimental studies have been carried out to test the theoretical predictions. Most of
these focused on solid-liquid (e.g., mica-solvent® or silica-solvent®:10) interfaces.
Unfortunately, the interfacial chain density, an important parameter in the theory, cannot
be controlled very well for these systems. A better approach is to use liquid-air (or liguid-
liquid) interfaces on which a known guantity of polymer can be spread. The chain density
can then be varied continuously by compression or expansion of the interface. Liquid
interfaces are generally very smooth and therefore ideal for reflectivity studies. In
addition, the surface pressure is experimentally accessible, which is not the case for
solid-liquid interfaces.

A few earlier studies have exploited this idea.11-14 Though interesting data on the brush
extension (in a limited range of relative compressions) have been obtained, the use of a
non-soluble block that spreads on the liguid surface made it more difficult to analyse the
surface pressure in terms of behaviour of the soluble block only. Another interesting case
which has not been studied extensively is that of an end-attached chain capable of
adsorbing at the liquid-air interface. In this case, the soluble chains should form a flat
adsorbed layer ("pancake") in the low density limit, whereas they should desorb and form
a stretched configuration (“cigar") at sufficiently high coverage.15 So far, the
development of a brush from initially adsorbed chains has not been studied
experimentally, and this motivates the present work.

For our study we used a series of polystyrene-poly(ethylene oxide) (PS-PEOQ} diblock
copolymers with vérying length of the PEQ block. Since PS is known not to spread on
water, we expect this block to anchor the chain firmly to the interface, yet to contribute
very little to the surface pressure. We should then see essentially the pressure from the
soluble, brush-forming PEO block. Furthermore, PEQ is known to adsorb weakly to the
air-water interface.1® In order to get a complete picture, both structural {neutron
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reflectivity) studies and surface pressure measurements as a function of surface
coverage were cartied out.

Theory of terminally-attached polymers

We first consider the simple system of non-adsorbing polymers, each consisting of N
segments, that are attached by one end to the interface. At low grafting density o
{number of polymer chains per unit area) the polymer chains do not interact laterally, and
each chain forms a coil-like structure stuck to the interface. This is often referred to as a
mushroom. At higher o, lateral repulsion develops, and the chains begin to stretch. In the
strongly stretched state this is called a brush. The height H of the brush and the volume
fraction profile ¢(z) have been predicted theoretically. We summarise here the analytical
self-consistent-field (SCF) theory.8:7 In this treatment, a mean-field approximation is
usually made, which implies that all interactions within a layer parallel to the interface are
averaged. The SCF theory as used here assumes that the chains can be described by a
flexible Kuhn model, i.e. as consisting of segments of length 1. By taking into account all
possible conformations, each weighted with its Boltzmann probability factor, the
equilibrium distribution of a polymer-solvent system at the interface is calculated.
Nearest-neighbour interactions between polymer segments and solvent molecules are
taken into account by the Flory-Huggins parameter .

If the volume fraction of polymer is not too large (< 0.2), ¢(z) can be described by a
parabolic profile®:7

2
3_ zZ
=9 1-"= 1
o(z) 2‘[{ Hz} (1}
where § = 13gN/H is the average volume fraction of the polymer brush which depends
on o, the number of grafted polymer molecules per unit area
B = ne*3e?? )

Here, n = (n2/72pv)13 , p is the stiffness parameter, and v = 1-2y is the excluded volume
parameter. The brush height also depends linearly on the number N of segments in the
chain

H=n_lN€5’30'”3 (3)

-15-




Chapter 2

For the surface pressure of the brush one finds’

n 0003 ) s 3 _

—= + - H{™ = +—

KT [N 5vcp]<p 0(1 SV(pNJ (4)
where k is the Boltzmann constant and T the temperature. This equation only holds for

not too large volume fractions, as does equation (1).

For the description of our experimental system, the above expressions are not enough.
This is because the analytical SCF brush theory assumes that the polymer segments are
repelled by the surface, whereas we have a system where the soluble chain is attracted
by the air-water interface.

One way to study end-attached adsorbing chains is o carry out calculations based on a
numerical version of the SCF lattice theory.17 In these calculations it is possible to
assign an adsorption energy to segments in contact with the interface, so that adsorption
occurs. Typically, the suface pressure and the structure of the interface as a function of ¢
are obtained. It is important to realise that in the SCF approach the coverage is aiways
uniform and lateral inhomogeneities are ignored. In Figure 1 we present results of a set
of such calculations for which we used a cubic lattice.

15 0.4
x (kT ?) { ¢
L 0.3
10
02
5
01
0 L L c . N 1
0 1 2 3 4 5 0 10 20 30 40 50
{Nol ! jayer number 2 (distance to the surface)

Figure 1. Surface pressurs, n(lelg), as a function of the number of segments per unit of area,
{No12y-1, for differant adsorption energies ¢s (a) and the volume fraction profile at four different
coverages of the surface and an adsorption energy g = 5 (b). The polymers are end-attached, N =
250, x = 0.45.
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Inspection of Figure 1a shows that when the polymer chains do not adsorb (ys = 0), the
surface pressure is a continuously increasing function of surface coverage. This is the
osmatic pressure of the brush for which we can write equation (4). For adsorbing chains
the pressure rises more steeply with increasing chain density and we find an inflection
point at a coverage of (N126)-1 = 1. Beyond this point there is a much weaker increase.
At very high compressions, however, the pressure rises very steeply again. At the
inflection point, the coverage (in number of segments per unit of area) appears o be
independent of the chain length. For adsorbing chains the surface pressure is clearly a
build up of two contributing effects. The first contribution is from the adsorption energy of
the c¢hains, this part is increasing until it reaches a pseudo-plateau as the surface layer is
filled with polymer segments. The second contribution is the osmotic pressure of the
brushes. The adsorption part of the pressure at the inflection point is proportional to the
segmental adsorption energy, ys, which is to be expected since this point marks the
onset of desorption.

In Figure 1b the density profile of the adsorbed layer perpendicular to the interface is
given. We observe a gradual thickening of the layer confirming the gradual desorption
upon compression. The brush formation can be seen from the shape of the volume
fraction profiles; at increasing coverage the shape becomes more parabolic, the profile
which is to be expected for real brushes.

The pancake-cigar scenaric has also been considered by means of scaling
arguments.3:4.15,18 |t was predicted that when the chains are sufficiently long and the
adsorption not too weak, the polymer layer may undergo a first order phase transition
between the adsorbed and the stretched state. We return to this point in the discussion.

Experimental

Materials

The block copolymers were synthesised in the group of Dr. G. Riess, Mulhouse, France
by sequential anionic polymerisation.19 They were kindly given to us by T. Jensma,
Univ. of Toronto, Canada. All five block copolymers contain a poly(styrene) block of
constant iength of about 38 monomers. The poly(ethylene oxide) part consists of
respectively 90, 148, 250, 445 and 700 monomers. The PEO homopolymer was supplied
by Polymer Laboratories Ltd., UK.
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Table 1. Characteristics of the polymers used

polymer My (PS) Mw (PEO) N (PEO) My/Mn
ZGH-1 4000 3 950 90 1.21
ZGH-2 4000 6 500 148 1.15
ZGH-3 4000 11 000 250 1.20
ZGH-4 4000 19 600 445 117
ZGH-5 4000 30 800 700 1.25
PEO-23 - 23 000 523 1.08

The block copolymers have been characterised by gel permeation chromatography and
H-NMR in Dr. Riess' group.1® The results are shown in Table 1 together with the
characteristics of the PEO homopolymer as provided by the manufacturer. In Table 2 the
neutron scattering parameters of PS and PEQ are given.

Table 2. Scattering parameters of polystyrene (PS) and poly(ethylene oxide) (PEO)

PS PEQ
molar mass monorer with respect to hydrogen, M 104 44
density, p [103 kgm™3] 1.04 1.10
scattering-length density, T[10~3 nm—2} 1.76  0.75
bond length, 1nm) 0.25 0.33

Surface pressure measurements

The surface pressure isotherms were obtained by using a Teflon Langmuir film balance
with a moving barrier. The surface pressure was measured continuously by means of two
separate Wilhelmy plate tensiometers, one with a platinum plate and one with a paper
strip.

The polymers were dissolved in chloroform at a concentration of about 1 gA. After
deposition of the polymer solution with help of a precision microsyringe, the chloroform
was allowed to evaporate for 8 minutes. The (de)compression rate was Kept constant at
30 mm2/s, and the temperature was 295 (£0.5) K.
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Neutron reflectometry

For the neutron reflectivity experiments, polymer was spread on D20 in a Teflon trough of
255 x 105 mm. The polymers were dissolved in chlioroform (0.5 g/l), and required
quantities of this solution were carefully deposited on the surface with help of a precision
microsyringe.

The reflectivity measurements were performed at the neutron reflectometer ROG installed
at IRI, Delit, The Netherlands.29:21 The reflection angle was set to 15.0 mrad. At this
angle the minimum wavelength for total reflection from pure D20 is 1.05 nm. The frame-
overlap mirror was set at —21 mrad, giving a maximum wavelength in the incident beam
of 1.2 nm. Hence, the wavelength region between 1.1 and 1.2 nm could be used to
normalise the reflectivity to unity. The correction factor was typically 0.83. This differs from
1 because the diaphragm in front of the detector was set a little too narrow. The flight
path of the neutrons from chopper to detector was 5355 mm. The chopper frequency was
set at 25 Hz, so that in the wavelength region between 1.2 and 1.5 nm only the
background count rate was recorded, which was found to be 0.015 neutrons/s. Two
diaphragms in the beam were set at 3 and 1 mm, respectively, giving a footprint of 106
mm and an angular resolution of 2% (standard deviation). The measuring time per
experiment was approximately 7 h.

Results

Surface pressure

The surface pressure curves were taken at compression and decompression. All curves
were reproducible except the one taken at first compression. At second and next
compression, the surface pressure isotherms for ZGH-2, ZGH-3, ZGH-4 and ZGH-5 were
shifted to higher coverage with about 15, 15, 20, and 30 % compared to the first
compression, respectively. This shift only concerns the part of the curve before the first
inflection point at a surface pressure of about 10 mN/m. Beyond this inflection paint there
is ho difference between the first and following compressions.

An explanation can be the possible formation of aggregates in the surface at first
compression. The amphiphilic polymers ceould cluster together forming flat surface
micelles with a polystyrene corona and a poly(ethylene oxide) outer layer. We were not
able to check whether such small aggregates are formed. Another more likely
explanation is the presence of free homopolymer PEG in the block copolymer samples.
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As this soluble homopolymer Is not anchored, it is pushed out of the surface layer into the
solution at first compression. The presence of free homopolymer seems to be confirmed
by GPC measurements of the same samples, where a component lacking an UV-
detectable PS content was found.22 From the neutron reflection data, we found a
coverage that was somewhat lower than expected, also a confirmation of the loss of
(homo)polymer. In the results presented here the surface pressure isotherm obtained at
first compression is neglected.

Experimental results for the surface pressure vs surface area per polymer are presented
in Figure 2a. For a better comparison with Figure 1a, the surface pressure vs. surface
area per monomer is plotted in Figure 2b.

15
a
7 {MN/m)
10
5
0 L 1 I\-LI Ll L L l Ll L L I Leder L l_l_l L L L L A, I
0 50 100 150 200 250 300 350

-1
G : surface area (nm¥molecule)

Figure 2a. Surface pressure, i (mN/m}, as a function of the surface area per polymer molecule, o=,

In the figures several regions can be distinguished. At low coverage, the pressure is very
low, as should be expected for an ideal 2D gas of polymers. The surface pressure at low
coverage can simply be seen as a two dimensional osmotic pressure for which a simple
expression is, © = ¢RT. This would give very low surface pressures over the whole
experimental range. Hence, the increase in pressure that is measured experimentally is
entirely due to lateral interaction.
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Figure 2b. Surface pressure, m(mN/m), as a function of the surface area per manomer ethylene oxide,
(Na)~1.

The most conspicuous feature of the curves in Figures 2a and 2b is that they show a
distinct leveling off at a pressure of about 10 mN/m. This (pseudo)pltateau extends over
roughly a factor of 3 in compression. It is worth mentioning that the pressure at the onset
of the plateau is very close to that of a saturated PEO solution.16 With numerical self-
consistent-field calculations we also found the same plateau value for a saturated
solution of adsorbing chains as that for the adsorption energy part of grafted chains.

When PEQ is spread on water and subsequently compressed, ong finds a curve which
again levels off at about 10 mN/m. In Figure 2 the surface pressure vs area per monomer
is also given for a PEO homopolymer. Because the PEQO homopolymer is not anchored to
the surface, it does not exhibit the steep rise at high compression. In addition, we found
that the coverage (in units of mass per area} at the onset of the plateau is approximately
constant; at least it does not depend in a systematic way on the PEQO chain length (Figure
2h). From the position of the onset of the plateau, about 0.15 nm2 per monomer, it can be
seen that the segment length 1 is 0.4 nm.

From the low coverage region the excluded volume parameter vfor a 2D chain can be
obtained by plotting the surface pressure against the area per monomer on a double
logarithmic scale.23 This is done in Figure 3.
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Figure 3. Surface pressure, m(mN/m), vs surface coverage, o', plotted on a double-logarithmic scale.

The (initial} slope y of the curves at low coverage is given by: y = 2v/(1 — 2v). For a 2D
self-avoiding walk (SAW), v is theoretically predicted to be 3/4. This would lead 1o a
slope of =3 in the plot. For comparison we indicate this slope in Figure 3. It can be seen
that the SAW model is consistent with the data both for PEO homopolymer and block
copalymers. Hence, PEQ in the surface layer behaves as a 2D chain in a good solvent,
this is in agreement with other experimental results.24

Neutron reflectometry

By way of example, neutron reflectivity curves for pure D-O and from DoO with a layer of
ZGH-5 compressed to a density of 9.1 nm? per molecule are shown in Figure 4. The DO
curve is almost a pure Fresnel curve, but the curve for the polymer film has the expected
pattern with wiggles. We interpret the reflectivity curves as follows.
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Figure 4. Reflectivity, R, as function of the vertical component of the wave vector, q, for D20 (error
hars, full line} and ZGH-5 with 9.1 nme per molecule {error bars, dashed line). The lines represent fits of
the model to the data, with 9 = 0.09 and H = 47 nm.

As the model for the density profile of the PEQ block, in the range of high compression,
where we expect to have a brush, we adopt the parabolic shape now generally accepted
as the one to be theoretically expected.1 This gives:

T(z)=0 z <}
1'(z)=rb-%(rb—re)a(l-zzmz) 0<z<H
[(2)=Tp z>H

where Ty, is the scattering length density of deuterated water and I, that of PEQ. An
example for ¢ = 0.1 and H = 50 nm is shown in Figure 5. The 'gap' produced by the
polymer is not very large, so that very accurate measurements must be performed. The
gap is proportional to the average density  ; hence, it becomes less visible for smaller
values of this parameter. The dashed line represents the actual scattering length density
of the polymer if the PS anchors and some PEQ at the surface are also taken into
account. The solid line is the model where the PS anchors and the PEQO monolayers are
modeled by a roughness at the surface. It is obvious that the difference in detail due to

the neglect of the anchors and adsorbed PEO segments is hardly noticeable. For this
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reason, the neutron reflection experiments can be performed most successfully in the
region of high compression, where the brush is well developed.
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Figure 5. Example of a scattering length profile for ¢ = 0.1 and H = 50 nm: fitted (full line} and actual
profile (dashed ling).

For the purpose of data analysis, the scattering length density profile was discretised in
20 layers of thickness H/20 each, from which the reflectivity was calculated using
recursive relations.2> The reflectivity data were then fitted by varying model parameters.
The parameters that were fitted are I'n, ¥, H, and the roughness at the surface, as. The
fit procedure is discussed by De Haan et al.26 The errors in the parameters are
calculated as the 68.3% confidence intervals. The data could be fitted easily with the
model as discussed above. The correlation between the fit parameters H and § varied
between 0.2 and —1. The smallest (and therefore the best) correlation was obtained at
the highest compression (smallest value of c-'). When & H was less than 0.5 nm
{corresponding to an adsorbed amount of approximately 0.5 mg/m2, (Ns)~' = 0.15 - 0.2),
it was not possible to distinguish between a large $ and a small H or vice versa. In this
case the correlation between these two fit parameters was almost —1. For ZGH-2 only the
measurement at the largest ¢ gave a solution where the correlation between the fit
parameters was less than —0.9. Measurements on ZGH-1 were for similar reasons
omitted. The weighted mean-square deviation of the fits to the data, y2, varied between 1
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and 2 for the various measurements. The roughness at the surface was fitted to be
approximately 1 nm. The fitted average volume fractions and brush heights as a function
of the available surface area per molecule, ¢-1, are shown in Figures 6 and 7,
respectively.
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Figure 6. Average volume fraction, © , as a function of available area per molecule, o=1, for different
polymers: ZGH-2 (asterisks); ZGH-3 (squares); ZGH-4 (triangles); ZGH-5 (plusses). The line

corresponds to equation (2) of the model described in the text.

The § - and H-data were then fitted to equations (2) and (3), using pvand 1 as the
variables. The best fits, with 1 = 0.34 + 0.02 nm and pv=0.08 £ 0.02, are given by the
lines included in Figures 6 and 7. For the full range of segment numbers as used here,
the theory can describe the data quite well. Note that the independence of § on N, the
number of segments, is reproduced remarkably well. The values found for 1 and pv are
in agreement with the literature values for the monomer length of ethylene oxide (0.23
nm) and the x-value for PEQ in water {0.45).1
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Figure 7. Brush hseight, H, as a function of available area per molecule, o1, for different polymers:
ZGH-2 (asterisks); ZGH-3 (squares); ZGH-4 (triangles); ZGH-5 (plusses). The lines correspond to
equation (3) of the model described in the text.

In order to determine the power law dependencies of the average volume fraction and
the brush height on the surface coverage more exactly, we plotted the experimental
results on a double logarithmic scale in Figures 8 and 9. As can be seen from these
figures the dependencies seem to be somewhat higher than theoretically predicted in
equations (2) and (3): 0.80 and 0.41, respectively. Again, the best fits to equations (2)
and (3} are included in the diagrams (dashed lines).

For the brush height, divided by o13, we found that the power law dependency on the
number of segments is 0.20, somewhat lower than predicted in theory.
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Figure 8. Average volume fraction, @ , as a function of available area per malecute, o—1, plotied on a
double logarithmic scale. The fitted line has a power exponent of 0.80. The dashed line corresponds
fo equation (2) of the model described in the text.
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Figure 9. Brush height, H, divided by N, as a function of available area per molecule, o1, plotted on a

double logarithmic scale. The fitted line has an exponent of 0.41. The dashed line corresponds to
equation (3) of the model described in the text.
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Discussion

Surface pressure: the transition

The surface pressure data are most likely explained by the scenario that has been
sketched in Figure 10.

Figure 10. Sketch of a diblock copolymer at the air-water surface with, from left to the right, increasing

values of surface coverage ¢.

At low coverage, the PEQ block spreads an the water sutface (forming a ‘pancake’).
Since PS is known not to spread, the PS blocks will form small, compact globules. Upon
compression, the pancakes start to interact, and the pressure goes up. When the
pressure reaches a value of approximately 10 mN/m, the surface density of PEQ has
reached its plateau, and upen further compression the PEQ blocks begin to desorb,
thereby gradually forming a kind of brush or cigar. Eventually, all PEO segments have left
the surface and, only the PS block remains anchored at the surface. From this point on,
the fully developed brush stretches further upon lateral compression.

The formation of the brush can also be seen as a transition between two states: a
pancake-cigar transition.1® As mentioned above, this transition has been considered in
detail, using scaling arguments, by Alexander in his pioneering paper on end-grafted
chains.4 More recent work concerning this subject has been done by Liga:)ure.18 Itis
claimed that under certain conditions the pancake-cigar transition is a first order phase
transition. This would mean that polymer chains in a flat pancake-like structure coexist
with chains stretched normal to the surface ("cigar"). There should then be a concomitant
flat part in the surface pressure vs area curve.

Alexander also gives the condition under which the phase transition is expected to occur.
The adsorbed amount N12¢ should be within the foliowing range:

(Ny8)17 > Nl2g > 1?2 (5)
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For our experimental system we have N = 90 up to 700, 1 = 0.4 and ys can be estimated
from Figure 2: at the onset of the pseudo-plateau the surface pressure is about 10 mN/m.
With 1 = 0.4 this gives an adsorption energy xs= 0.4 per segment. As this is only the
effective part of the adsorption energy, we have to add the critical adsorption energy (0.2)
to get the total adsorption energy. This gives for the total adsorption energy ys = 0.6 per
segment (in units of kT). The calculation of the adsorption energy from the surface
pressure (surface free energy), only holds for infinite sharp interfaces. For interfaces with
a finite width, as in any practical system, there is an extra entropic contribution to the free
energy. The above estimation of yxsis therefore the lower limit, we expect y;to be
somewhat higher.

When we compare the variables of our system to equation (5), we infer that our
experimental data may well include the relevant range.

As can be seen from figure 2, we do find a leveling off of the surface pressure beyond the
inflection point. It is tempting to ascribe this phenomenon to the first order phase
transition predicted theoretically. However, the pressure continues to increase upon
compression, which should not be the case for a true first order phase transition.
Moreover, we studied the compressed surface by Brewster angle microscopy, searching
for domains of coexisting phases. We were unable to detect such domains: the entire
surface had a completely homogeneous appearance on a length scale of a few
micrometers. Hence, it seems that a first order phase transition does not occur in our
experimental system.

We now reconsider the numerical SCF calculations. in these calculations the parameters
¢an be easily chosen in such way that the condition of equation (5) is obeyed. Since the
chain density in these calculations is kept uniform, any unstable situations should show
up as a loap in the pressure-area curve, but this is not found: a first order phase transition
is not predicted. For the calculations, a large range of xsis checked and the number of
segments was varied up to 1000. When the structure of the layer is considered, we
chserve a gradual thickening of the layer (Figure 1b), confirming the gradual desorption
upon compression. The brush formation can be seen from the shape of the volume
fraction profiles; at increasing coverage the shape becomes graduaily more parabolic.

From Figure 2b, it can be noticed that despite the low adsorption energy for the
experimental system (xq~ 1), a clear inflection point is seen. At such a low adsorption
energy, the inflection point as found by numerical SCF calculations is hardly noticeable.
Obviously, the osmotic pressure of the brush is overestimated in the SCF calculations.
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The guestion now arises, why does the SCF theory give results qualitatively different
from the scaling analysis? in a SCF analysis all conformations are considered in a mean
field (lateral fluctuations are neglected). In a scaling analysis, the lateral fluctuations are
included but other types of fluctuations, such as the position of the end points in the
brush, are not. The different types of fluctuations included in the two approaches can
perhaps be the reason of the different outcome of the two theories.

Another explanation can be the evolution of the brush profile adopted by scaling
analysis.18 This appears to be different from the one found with SCF calculations.
Ligoure postulates that the formation of the brush starts at the interface in the proximal
part of the adsorbed layer profile, so that the brush develops outward from the surface; a
self-similar adsorbed layer structure remains present but is gradually '‘consumed' and
pushed outward.

In the SCF calculations we observe that as the brush becomes more dense, the profiie in
the central part of the profile falls off much less steep and becomes parabolic. These
changes occur primarily on the dilute side of the central regime (near the distal part of the
profile). Both the proximal part of the profile and the distal regime remain intact. However,
as in the Ligoure scenario the distal regime shifts gradually to higher z. Hence the initial
and final situations are the same for the two calculations, but the path postulated by
Ligoure is quite different from the one that emerges from our calculations, and apparently
the free energies associated with either path are also different,

Both in experiment as in SCF calculations, the surface pressure results show an
inflection point at No12 = 1. The pseudo-plateau after the inflection has a slope that is
independent of N when the horizontal axis is expressed in unit of area per segment
(Figures 1a and 2b). This means that for very large N, the surface pressure isotherm,
expressed in unit area per molecule, gives an almost fiat pseudo-plateau. In the timit of N
— 0, the pseudo-plateau of the isotherm may then become near horizontal, but a Van
der Waals loop, characteristic for a real first order transition, is then not expected. This
last point cannot be checked numerically because the SCF calculations are limited to
relatively low N.

Neutron Reflectivity: the brush

The neutron reflectivity data give rise to seme discussion. The approximation introduced
through equation (1) may not be valid. For example, the volume-fraction profile may not
be parabolic. In a theta solvent the profile shape changes to o(z) = 4 § /n(1-z2/H2)12 17,

This profile was also used to fit the data, and found to fit equally well and § is the same.
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