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Chapter 1 Introduction: Wetting, Powder Coatings 

and Pigments 

1. Wetting and dewetting 

When a liquid drop is placed on a flat solid surface, it may show two types of 

equilibrium situations: partial wetting or complete wetting. Partial wetting refers to 

the situation where droplets with a finite contact angle are present on the surface, and 

at complete wetting the droplet spreads and there is, in equilibrium, a thin film of 

liquid present on the surface. A metastable film of a polymer liquid can be formed on a 

non-wettable surface by spin coating1"3. At low temperatures, such a film is solid-like 

and therefore does not change. However, it will relax towards its equilibrium when 

annealed above the glass transition temperature (Tg) of the polymer. When partial 

wetting occurs, the initially flat film will eventually break up into droplets with a 

specific contact angle. The breakup process of metastable films has been studied 

extensively experimentally4,5"" and theoretically12"'5, and is reasonably well 

understood. This process is obviously very relevant to applications in paint, 

adhesives and biomedical devices. 

We consider one example in more detail. Smooth polystyrene films of varying 

thickness can be deposited by spin coating on oxidised silicon wafers. In figure 1.1 we 

show some optical microscope images of the dewetting process observed for such 

films. First, circular holes are formed in the polystyrene film which are found to grow 

as a function of the annealing time. If two holes touch, the liquid between thins to a 

ribbon; when there are many holes, this leads to a polygon network of such ribbons. 

The ribbons are unstable and break up into droplets, so that one gets a polygonal 

structure of polymer droplets on the surface (figure l.l)3. 



Figure 1.1. Optical micrographs of a polystyrene (Mn=9000 g/mole) film (12 nm) onto 

Si02 after annealing for 5 (A), 15 (B), 60 (C) and 210 (D) minutes at 170°C, some 70 

degrees above Tg. The length of the images is 0.15 mm 

A series of polystyrene samples with varying molecular weight was annealed at 170 

°C and the rate of hole growth was determined. A linear growth is observed in all 

cases, indicating a constant dewetting velocity. In figure 1.2, the average radii of the 

holes are plotted as a function of the annealing time. As expected, the dewetting 

velocity (given by the slope of the curves) is found to decrease with increasing molar 

mass, because of increasing viscosity. 
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Figure 1.2. Radii of holes in a polystyrene film versus time annealed at 170 °C for 

various molecular weights. The numbers are given in kg/mole. 

Theoretical descriptions of the dewetting process starts from a small fluctuation of the 

film thickness16'21. The stability is than controlled by the development of the 

structures. Unstable fluctuations (non wettable surface) develop into holes which 

grow in size. Stable fluctuations do not result in an amplification of the disturbance 

and the liquid film on the surface is stable. Polymer liquids can be more complicated 

than normal liquids due to the entanglements of the chains. The flow behaviour and the 

kinetics of hole growth can be different for both types of liquids. Entangled polymers 

can slip on smooth surfaces22,23. The kinetics of hole formation is characterised by the 

radius d of the dry patch and increases in time (?) as a power law d(t) °= t". For 

Poisseuille flow (normal liquids) the exponent n = 1 and for liquids with slip n = 

2/320'24. The polymers used in figure 1.2 have no slip and n = 1. 

The wetting behaviour of a polymer melt onto a surface can be modified by grafting 

suitable polymers to the substrate25"28. For example, it has been found that a partially 



wettable surface can be made completely wettable by means of grafting a polymer that 

is compatible with the melt onto the surface. One would be tempted to conclude that 

grafting always leads to improved wetting. However, theoretical studies and 

experiments show that very densely grafted polymers (so-called brushes) may have 

the opposite effect ' ' " . This may even happen if the free polymer melt and the 

brush are of identical chemical structure26'27'33"35. This is referred to as 'autophobicity'. 

Apparently, the grafting density is a crucial variable. A systematic study of these 

effects is highly desirable. 

2. Tethered chains: mushrooms and brushes 

By attaching polymer chains on a solid surface at low grafting densities such that the 

distance between the grafted points is larger than the radius of gyration of the chain, 

one essentially obtain isolated coils without interaction. Such chains are now 

commonly called 'mushrooms' (fig. 1.3a). In a good solvent these mushrooms are 

swollen, whereas in a non-solvent they are collapsed. As the grafting density 

increases, the coils will interact and stretch. This situation is called a 'brush' (fig. 

1.3b). 

a b 

Figure 1.3. Surface covered with mushrooms (a) and brushes (b). 

One way to prepare polymer brushes is by adsorption of block copolymers on a 

surface, where one block has a high affinity for the surface and the other block has no 

or a relatively low affinity for the surface. The block which adsorbs onto the surface is 

called the anchor block and the other block is called the buoy block of the polymer. 

The adsorbed amount of the block copolymer is a function of the composition of the 

block copolymer, solvent quality and the type of surface25'28'36. 



Another way to prepare polymer brushes is by chemical grafting from a surface with 

reaction initiators present on the surface and monomers present in solution is often 

used37"39. Another chemical grafting technique is grafting to the surface. Reactive (end) 

groups, which will react with surface groups are used to form a brush. In this way 

very dense monodisperse brushes can be prepared27'40. Also used is spreading and 

compressing the surface area with a langmuir through. Passing the sample through the 

interface will transfer the brush from the air/water interface onto the substrate7. 

3. Powder Coatings 

Coatings are thin (solid) films applied on substrates to protect or decorate the 

underlying material. Thin films are important in many cases, e.g., life employs thin 

films (e.g. in lungs for breathing and on feathers of water birds). Man-made coatings 

are usually based on polymeric systems which form a permanent network on the 

substrate. In order to process coatings, solvents can be used which evaporate during 

film formation. Organic solvents were used frequently in the past but nowadays 

environmental regulations require that coatings contain less of such solvents. Powder 

coatings are one kind of solvent-free coatings. Film formation in these materials occurs 

by annealing the substrate. Powder coatings are composed of pigment particles 

dispersed in a resin. The polymer resin is the actual film forming coating material, and 

the pigment particles serve to protect the substrate and provide colour. To coat a 

metal surface, the dry powder particles are first electrostatically deposited on the 

substrate. Upon heating (annealing above the glass transition temperature) the powder 

particles melt into droplets. The droplets coalesce and after some time a smooth and 

homogeneous film is formed. After cooling down, the coating has been established. 

Compared to solvent based liquid coatings, powder coatings are more environmentally 

friendly because their application does not lead to the release of polluting organic 

vapours into the air41. 

In the ideal situation, the adhesion to the substrate is strong and the pigment particles 

are dispersed homogeneously throughout the film. In practice, the performance of 

powder coatings is not always so good. Sometimes, the adhesion of the coating to the 



surface is too weak due to poor interaction between the coating and the surface. In 

other cases, the film may be inhomogeneous due to aggregation of the pigment 

particles or segregation of the particles to one of the interfaces. The work described in 

this thesis is motivated by these latter effects. We have investigated a method to 

improve the coating with regard to aggregation and surface segregation (figure 1.4), in 

other words, to stabilise the pigment particles. 

pigment particles 
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Figure 1.4. Aggregation and segregation of pigment particles in a resin. 

4. Stabilisation of pigment particles 

Between any pair of identical particles embedded in a medium, there is a Van der 

Waals interaction. This Van der Waals interaction is always attractive, irrespective of 

the matrix. In order to prevent aggregation, the short-range attraction must be 

counteracted by some repulsion. 

Colloidal particles may be stabilised by electrostatic repulsion with a number of 

charges located at the interface. This can be positive or negative depending on the 

nature of the surface groups. These charges have to be compensated in the solution to 

maintain electroneutrality. Close to the surface there is a different concentration of 

counterions compared to the bulk concentration. The region close to the surface is 

called the electrical double layer and the thickness of this layer is a function of the 

electrolyte concentration and is characterised by the Debye length (1/K) as can be seen 

in figure 1.5. K is important in that it described the fall-off of the potential with 



distance. At low electrolyte concentrations this double layer is relatively large and at 

high electrolyte concentrations this double layer is small. These charges provide a long 

range repulsion and can overcome the attractive Van der Waals interactions. 
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Figure 1.5. Schematic illustration of a negatively charged particle with a double layer. 

Another way to introduce repulsion is by attaching to the particle polymers which are 

sufficiently long and dense to lead to an increase of the minimum distance between the 

particles42"48. The Van der Waals force at this distance of smallest approach will be 

smaller than that for bare particles (figure 1.6). If the increase of the distance is large 

enough, stabilisation of the particles is achieved. Analytical theories of steric 

stabilisation have been developed for low grafting densities49,50 and for high grafting 

densities and analysed as function of the solvent quality, stiffness of the chains, 

grafting density and the temperature51"54. 
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Figure 1.6. The minimum distance between two bare particles P (a) is smaller than 

steric stabilised particles (b). The Van der Waals forces are therefore smaller for the 

sterically stabilised particles. 



The use of polymers as stabilisers can also improve the wettability of the pigment 

particles. If the wettability of the pigment is not complete, two things may happen: 

the particles may migrate to the resin/air surface and be exposed there (fig. 1.7 a,b), or 

small gass bubbles may stick to the particles (fig. 1.7c). 

air 
air 

a b e 

Figure 1.7. Pigment particle which is completely wetted by a liquid (a), a particle 

which is partially wetted (b), and a gass bubble between two particles (c). 

5. Aim of the present investigation 

The main issue of this thesis is to get a better understanding of how grafted chains 

influence the wetting behaviour of a polymer melt. In particular, the role of the length 

and the density of the grafted chains, as well as that of the length of the chains in the 

melt will be investigated. Eventually, this should help us to know how we can 

improve particles in a polymer matrix. A suitable approach is to study wetting and 

dewetting behaviour of thin films on substrates. As a model, we selected silicon 

(oxide) wafers modified by tethered polystyrene (PS) with free polystyrene as the 

liquid homopolymer. 

6. Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a versatile method for the characterisation of 

polymer surfaces and has developed into a technique suitable for scales ranging from 

microns to nanometers. The surface is scanned with a probe consisting of a sharp tip 

mounted on a cantilever. The bending of the cantilever is monitored with a laser and a 

photodetector. The laser beam is focused on the cantilever and the light is reflected 

into the detector. The sample is moved under the tip by a piezo in a horizontal plane 



and the vertical motion is controlled by a feedback mechanism. In the contact mode 

this feedback mechanism moves the sample in the vertical direction in such a way that 

the deflection is at a constant value. The tip is in this mode constant in contact with 

the surface. For soft surfaces this can result in a modification of the surface by the tip. 

In the tapping mode the cantilever is oscillated. This oscillation changes when the 

there is an interaction between the tip and the sample. The feedback mechanism 

adjusts the vertical motion the oscillation has against the set point value. In this mode 

the tip has no contact with the surface and this method is therefore very suitable for 

soft surfaces55'56. 

7. Outline of the thesis 

The adsorption of PVP/PS block copolymers consisting of a poly-4-vinylpyridine 

anchor block and a polystyrene buoy block onto silicon oxide surfaces is discussed in 

chapter 2. The adsorption kinetics as well as the composition of the block copolymer 

is discussed and different adsorption methods are discussed and compared to 

theoretical scaling laws. 

In chapter 3 we describe a chemical grafting technique for the preparation of brushes. 

We have used a polystyrene with a functional end group which can react both with 

hydrogen-terminated silicon and with silicon oxide. 

The wetting behaviour of a PS film onto brushes is discussed in chapter 4. As a 

function of the grafting density, two wetting transitions were found: non-wetting to 

wetting at low coverage and wetting to non-wetting at a high brush density. Scaling 

laws for the two wetting transitions are derived and compared with the experimental 

results. The experimental data are also compared with numerical self-consistent-field 

calculations and a good agreement is found. 

In chapter 5 we focus on the two special patterns which occur around the wetting 

transitions. These patterns occur in narrow bands and are present at both transitions. 



We have experimentally measured a macroscopic droplet coexisting in equilibrium with 

two film thicknesses. The coexistence of these thicknesses in equilibrium suggest a 

double minimum in the free energy. Self consistent field calculations applied to this 

problem shows indeed a double minimum, confirming our experimental results. 

The temperature dependence of a droplet on dense brushes is described in chapter 6. 

Using optical microscopy we investigated the wetting behaviour of a droplet on a 

brush as a function of the temperature and the grafting density of the brush. We also 

discuss in this chapter the wetting of PS layer on bimodal brushes, consisting of hairs 

of two different lengths. 

The deformation of the adsorbed PVP/PS polymer surfaces by the low tip-to-sample 

forces from the AFM is described in chapter 7. The contact mode AFM experiments 

showed that the AFM tip produces rims oriented perpendicularly to the scanning 

direction. A wide range of molar masses of both blocks was investigated to check if 

there is a dependence of the rim distance of the block copolymers on the size of the 

PVP block copolymer. 

In chapter 8 we present some observations using different systems. The first is a 

polystyrene layer on a brush of a poly-4-vinylpyridine-polystyrene- poly-4-

vinylpyridine triblock copolymer. The second is the film formation and the 

wettability of PS onto a layer of dendrimer functionalised with PS. Finally, the 

adsorption of poly-2-vinylpyridine-polycaprolactone (PVP/PCL) block-copolymers 

onto silicon oxide surfaces is described, as well as the wettability of the homopolymer 

polycaprolactone onto such adsorbed layers. 

10 
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Chapter 2 Physically adsorbed brushes 

Abstract 

The adsorption of PVP/PS block copolymers consisting of a poly-4-vinylpyridine 

anchor block and a polystyrene buoy block onto silicon oxide surfaces is described. We 

have studied the adsorption kinetics from dilute solutions on substrates as a function of 

the composition of the block copolymer using ellipsometry. Adsorption from solution is 

very fast. We have also studied adsorption from the melt. This method generates 

denser brushes due to the fact that the chains are less swollen in the melt than in a 

good solvent. Both preparation techniques are compared to theoretical scaling laws. A 

good agreement for both data sets is found indicating that both preparation methods 

lead to adsorbed amounts which are not too far from equilibrium. 



1. Introduction 

Mono- and multilayer systems of polymers have considerable technological potential 

as a novel class of materials with special properties. A polymer at a surface or an 

interface often shows a behaviour different from that in the bulk. For example, the 

adsorption of homopolymers can be used to stabilise colloidal particles1 and to 

promote adhesion2 One way to improve dispersion stability is to use block 

copolymers as stabilisers, where one block (the anchor) has a high affinity for the 

surface and the other block (the buoy) has no affinity to the surface and sticks into the 

matrix. The total adsorbed amount of block copolymer in a monolayer can be changed 

by varying the block size ratio and the molar mass of the polymer. When a block 

copolymer is adsorbed from a good solvent (non-selective solvent) one gets a swollen 

anchor layer; no micelles are formed. In a selective solvent, one block tends to self-

associate so that the polymer forms micelles in the solution. If the solvent is selective 

for the anchor molecules, the anchor blocks will form a dense layer onto the surface. 

Scaling models for copolymer adsorption from a selective3 and from a non-selective 

solvent4 have been developed and used to explain experimentally observed results5 

2 Scaling theory for polymer adsorption 

To express the asymmetry of a block copolymer, we use the characteristic asymmetry 

ratio P, defined as the ratio of the projected areas of both blocks. The ratio of both 

monomer sizes is assumed to be equal. For a good solvent for both blocks (i.e., non 

selective solvent) P may be defined as3'4 

(2.1) 

Where Rg is the radius of gyration and N the number of monomeric units. The 

subscript a and b is used for respectively anchor and buoy. The block which has no 

affinity (or a relatively low affinity for the surface compared to the other block of the 
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block copolymer), is called the buoy block of the polymer. The block which has a 

relatively high affinity for the surface is called the anchor block and will preferentially 

adsorb to the surface. The cross-over regime between the anchor and buoy dominated 

regimes in the adsorbed layer occurs at (3 = Na. Nearly all the polymers used in this 

chapter form layers in the anchor-dominated regime and therefore we will mainly focus 

on the scaling laws for this regime as formulated by Marques and Joanny (MJ)3'4. For 

the adsorption from a non-selective solvent these authors derived expressions for the 

surface density o in terms of the polymerization index of the anchor and buoy blocks. 

For the anchor regime (/? < Na) the surface density scales as 

a ~ Na~' (2.2) 

The thickness of the film is related to the surface density and the degree of 

polymerization of the adsorbed block. The non adsorbed blocks can have a stretched 

conformation in the direction normal to the surface forming a brush. For a layer of end-

grafted chains with length Nb , the layer thickness d scales as6,7 

d ~ NbG
u3 (2.3) 

where Nb is the degree of polymerization of the buoy block. Combination of (2.2) and 

(2.3) gives the adsorbed layer thickness for a block copolymer in the anchor regime. 

d~NbNa~
in (2.4) 

3. Experimental 

Polystyrene-poly(4-vinylpyridine) (PS/PVP) polymers with different block lengths 

and a overall polydispersity index <1.2 were purchased from Polymer Source Inc. and 

used without further purification. The characteristics of the samples used in this study 

are listed in table 2.1. The numbers in column 1 represent the molar mass of the blocks 

(in kg/mole) and will be used to refer to the various samples. The total number of 
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monomer units is denoted with N (= Ns + NVp) and the given polydispersity is the 

overall polydispersity. 

table 2.1. Characteristics of the PS/PVP block copolymers 

polymer 

PS/PVP 

20/20 

32/13 

33/8 

34/3 

48/21 

194/21 

1.4/22 

Ns 

206 

306 

316 

326 

458 

1865 

13 

NVp 

197 

126 

77 

28 

199 

204 

208 

N 

403 

432 

393 

354 

657 

2069 

221 

fraction VP 

0.49 

0.29 

0.20 

0.08 

0.30 

0.10 

0.94 

Mw/M„ 

1.13 

1.08 

1.06 

1.07 

1.14 

1.13 

1.13 

Silicon wafers with an oxide layer of approximately 80 nm, prepared by thermal 

oxidation, were used as substrate. Two different procedures for preparing thin PS/PVP 

layers were investigated: (i) adsorption from a polymer melt and (ii) adsorption from 

dilute solution (dip coating). Spin coating from solutions is widely used to prepare 

polymer monolayers onto different substrates8"10 We applied spin coating from 

concentrated solutions (10g/l) of PS/PVP into a thick film, followed by annealing at a 

temperature above the T„ of both blocks to adsorb the polymer onto the substrate. 

The adsorption takes place in the melt at elevated temperatures and spin coating a 

solution is only to form a thin polymeric layer. The concentration of the polymer and 

the spinning speed is therefore not important as long as the surface is fully covered 

with the polymer after spin coating. In order to obtain a single adsorbed layer, excess 

material was removed by washing with fresh solvent. For the second method 

(adsorption from dilute solution by dip coating) a piece of silica was dipped into a 

solution (lOOppm). The substrate was kept in the solution for 30 min. Excess material 

was removed by washing with solvent. Finally, the samples were dried with nitrogen. 



Three different solvents were tested: chloroform, tetrahydrofuran (THF) and toluene. 

The best results, in terms of homogeneity and the roughness of the polymer film, were 

obtained with the non-selective solvent chloroform. Dynamic light scattering 

experiments showed that no micelles are formed, as expected. THF and toluene are 

selective for one of the blocks (good solvents for PS). Hence, micelles are formed in 

solution. The thickness of the dry polymer layer was determined by computer-

controlled null ellipsometry (Sentech SE-400). The refractive index for X = 632.8 nm 

was taken as 1.58" 

Adsorption kinetics experiments were performed using a ellipsometer (Multiskop) 

and a home built liquid cell. The arms of the ellipsometer were fixed at 70° with 

respect to the normal. The solvent used in kinetic experiments is methylethylketon 

(MEK) and is a good solvent for both blocks of PS/PVP polymers. Concentrated 

solution of the polymer were added to the liquid cell so that the concentration of the 

polymer in the cell was approximately 1 OOppm. 

The AFM measurements were performed with a Digital Instruments Nanoscope III 

AFM equipped with a scanner capable of scanning an area of 12um . All 

measurements were performed in air at room temperature and a relative humidity level 

of 50-60%. Commercially available Si3N4 tips were used on cantilevers with a spring 

constant of approximately 0.58 N/m. 

4. Results and discussion 

The results obtained from the kinetic experiments are plotted in figure 2.1. In this 

figure the thickness of the solvatated brush is plotted as function of the adsorption 

time. The polymer was added in a very concentrated solution to the liquid cell at 60 

sec. The concentration after injection of the concentrated solution was approximately 

1 OOppm. As can be seen from the figure, an increase of the solvatated brush with 

decreasing the PVP content in the PS/PVP block copolymer is observed at a constant 

total number of monomers. The adsorption of the polymer onto the surface is very 

fast and the surface is fully covered within one minute. 
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Figure 2.1. Adsorption kinetics of PS/PVP from a good solvent (methylethyl keton) 

onto a silicon oxide surface for three polymers. The numbers represent the molar mass 

of the blocks in kg/mole. The thickness of the brush is the solvatated thickness as 

measured in the liquid cell of the ellipsometer. 

Drying the adsorbed layers and measuring the thickness of the collapsed layer showed 

the same trend as can be seen in table 2.2. 

Table 2.2. Thickness of three PS/PVP polymers in solution (MEK) and dried. 

PS/PVP thickness brush thickness brush 

(solvatated) nm (collapsed) nm 

1.4/22 2.64 0.83 

21/22 4.73 1.22 

32/13 7.11 1.58 

The kinetic experiments were performed in MEK due to the higher contrast between 

the different refractive indices of the solvatated brush, the solution and the silicon 

oxide. When using chloroform the refractive indices of the solvatated brush, the 

solution and the silicon oxide are respectively 1.47, 1.45 and 1.46. These values are so 

close that it is practically very difficult to obtain reliable data from the experiments. 
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The adsorption kinetics from chloroform and the layer thickness of the brushes in the 

dry state are comparable with the results obtained from the MEK experiments. This 

indicates that the kinetics in chloroform is also very fast. 

The surface layer topography as captured by the first scan immediately after dip 

coating and solvent evaporation is shown in figure 2.2. These typical images show that 

the surface coverage is homogeneous and smooth for films prepared with chloroform 

(fig.2.2a). The (RMS) roughness of the polymer surface is <0.5nm. The surface 

roughness of films prepared by THF is higher, probably due to micelles adhering to 

the surface so that a less homogeneous film is obtained (fig. 2.2b). Films prepared 

from toluene show large patches where there is no polymer (fig. 2.2c). This may be 

due to traces of water in the solvent. The surface image of the polymer deposited by 

adsorption from a melt resulted in a homogeneous, smooth film with a surface 

roughness comparable to that of the chloroform dip-coating method. 

Figure 2.2. Surface image of dip-coated PS/PVP (20/20) using different solvents, as 

captured by the first scan. Image 10*10 urn2. The height difference is the difference 

between the depressed dark regions and the bright elevated regions, (a) Chloroform, 

height 5 nm (b) THF, height 20 nm (c) Toluene, height 50 nm. 

The coverages T (mg/m2), determined by means of ellipsometry, are presented in figure 

2.3. As can been seen from the figure, F has a maximum around 10% PVP. This 

behaviour is characteristic for selective adsorption of diblock copolymers5'1213 and 
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Figure 2.3. Surface coverage (T) as function of the fraction PVP. Squares refer to spin 

coating (10000 ppm, CHC13, 3000 RPM, annealed for 24 hr. at 145 °C, circles to dip 

coating (100 ppm, CHC13, 30 min.). Open symbols are for polymers in the anchor-

dominated regime and filled symbols for polymers which are in the cross-over towards 

or in the buoy-dominated regime. 

can be qualitatively understood as follows. If NVp » Ns the area covered by the PVP 

onto the surface is so large that it is not necessary for the polystyrene buoy blocks to 

stretch. The PS coils do not overlap and form a swollen chain with a thickness of the 

order of the radius of gyration. The adsorbed amount of the anchor blocks remains 

almost constant as long as the buoy blocks do not overlap. The opposite case, NVp « 

Ns , results in a large overlap between the PS buoys forming highly stretched PS 

brushes and a surface that is not fully covered by the anchor blocks. The amount of 

adsorbed PVP is dictated by the stretched buoy blocks and increasing the size of the 

buoy block at constant NVp will result in a decrease of the number of attached chains 

per unit area and an increase of the layer thickness. In between these two situations, 

the surface coverage is the result of a balance between the adsorption energy of the 
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PVP blocks and the loss of entropy of the PS when forced to stretch, as illustrated in 

figure 2.4. 

> J 1 /J > > ) J y> y» J/J^y I 
C^-j ^Tz^ C>> 

A B 

Figure 2.4. Illustration of the anchor (A)- and buoy dominated regime (B) for adsorbed 

PVP/PS in a non-selective solvent. 

Comparison of our experimental results obtained from dip-coating and adsorption 

from a melt with self-consistent-field predictions13 for the adsorbed amount for 

diblock polymers shows that the qualitative agreement between theory and experiment 

is quite good. 

The measured layer thickness of the adsorbed films is compared to the MJ scaling 

predictions for the anchor regime (eq. 2.4). These predictions for the adsorbed 

amounts are derived for adsorption from solution. The question must be asked 

whether it is justified to apply these laws for polymers in the dry state. The polymers 

are adsorbed onto the surface from solution or from a polymer melt (0-solvent). The 

total amount of polymer adsorbed onto the surface will not change upon drying the 

samples. The difference between the thickness of adsorbed block copolymers in 

solution and in the dry state will then only vary in the pre factor. Hence, we try to 

check our experimental results with the MJ scaling law for adsorbed block co 

polymers by plotting d against NbNa'
1/3 according to equation 2.4. It can be seen from 

figure 2.5 that for both methods of preparation the thickness follows the MJ scaling 

model quite well; the points in the anchor regime lie on a straight line. Spin coating 

results in films which are thicker by a factor of two as compared to dip coating, about 

the same factor as for the adsorbed amount (fig. 2.3). 
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Figure 2.5. Layer thickness of dry films obtained after adsorption from chloroform or 

spincoating as a function of N(,Na"
l/3, according to the MJ scaling predictions for the 

anchor regime. Squares refer to adsorption from a melt ( annealing for 24 hr. at 145 °C, 

circles to dip coating (100 ppm, CHC13, 30 min.). 

The excellent agreement between experimental results and scaling predictions for both 

data sets is surprising, as the scaling prediction is based on thermodynamical 

equilibrium, where at fixed chain structure there can only be one V value. Since we find 

two different T values for the two preparation methods, at least one of those must 

correspond to non-equilibrium. We suggest that adsorption from dilute solutions is 

undersaturated and, hence, not in equilibrium because of the following reasons. The 

polymers following the MJ scaling predictions are all in the anchor-dominated regime, 

which means that the surface is almost fully covered by the anchor blocks. When the 

adsorption from solution has reached a steady state (i.e., when the adsorbed amounts 

no longer change in time) a PS/PVP chain cannot adsorb onto the surface unless 

another polymer chain leaves. Hence, a newly incoming polymer chain cannot adsorb 

because there is no available area on the surface. In addition, the adsorbed buoy blocks 

exert a steric repulsion on incoming chains. Hence, in this method T is kinetically 

trapped in a low value. 
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For the adsorption from a melt case the layer structure is different, with probably an 

excess of material which has not been fully removed in the rinsing step. After 

annealing above the Tg of both blocks the system acquire a domain structure dictated 

by the relative block lengths, it is likely that only parts of the anchor blocks are in 

contact with the surface. 

PS 

s i c ^ ^ ^ ^ ^ ^ y ? ^ ^ ? & f c f c f c f c l 
A B 

Figure 2.6. Schematic representation of adsorbed PS/PVP after washing with fresh 

solvent onto silica by (A) dip coating and (B) adsorption from a melt. 

Washing with solvent will remove non-adsorbed and loosely attached material, but the 

high coverage of the anchors blocks is apparently preserved. Washing with solvent 

would give the possibility for stretched buoy blocks, if any, to decrease unfavourable 

overlap interactions. However, the polymers we have used are almost all in the anchor 

dominated regime and therefore the overlap between the buoy blocks will be 

negligible. We tentatively conclude that in the case of dip coating the adsorbed amount 

is probably below the equilibrium amount, whereas for the films prepared by spin 

coating it is above. A speculative and highly schematic representation of both 

preparation techniques after washing is shown in fig 2.6. 

5. Conclusions 

We have studied the adsorption of PS/PVP block copolymers from a non-selective 

solvent and from a polymer melt on a flat silica surface and examined the films with 

AFM. The adsorbed amounts in both preparation techniques (dip-coating and 

adsorption from a melt) were compared with scaling predictions. Qualitatively, there 

is good agreement for both data sets. However, the adsorbed amounts and the 

thicknesses obtained after adsorption from a melt is higher than after dip-coating by a 

factor of about two. Hence, at least one (and probably both) preparations techniques 
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produces non- equilibrium films. The fact that nevertheless the scaling laws apply is 

an indication that both data sets are not too far from equilibrium. The equilibrium 

adsorption is probably in between the situation obtained after dip-coating and 

adsorption from a polymer melt. 
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Chapter 3 Chemically grafted brushes 

Abstract 

We have grafted end-functionalisedpolystyrene through a covalent bond on hydrogen-

terminated silicon and on silica surfaces. The reaction is carried out from a polymer 

melt. The grafting density of the brushes prepared from the melt is much higher than 

that obtained by reaction in solution. The reaction of the vinyl-terminated polystyrene 

takes place at the surface under very mild conditions. The preparation of brushes is a 

versatile 'one pot'-synthesis involving only the substrate and the vinyl-terminated 

polystyrene. The method also allows to prepare bimodal (mixed) brushes from a 

suitable mixture of precursors. A combined reaction of the polymers on a silica 

substrate which is partially hydrogen-terminated shows that patterns can be prepared 

in a polymer brush 



1 Introduction 

Modification of surfaces has strong academic and industrial interest because of its 

important role in modern technology. Many natural and technological materials such 

as milk and paint are stabilised by special molecules to prevent aggregation. 

Aggregation occurs due to the attractive forces that act between the particles in the 

absence of a stabilising mechanism. Stabilisation can be obtained by electrostatic 

means and by steric interactions or a combination of these effects. Modifying a surface 

by covering it with a polymer brush is often very effective to stabilise the surface in a 

matrix. These polymer brushes are interesting due to their effect on wetting and 

related phenomena1'3. Highly functionalised materials can be prepared in this way, and 

the properties of the surface can be tuned to obtain the desired functionalities. 

One method that is often used for the preparation of brushes is the adsorption of 

block copolymers onto surfaces from solution or polymer melts. If one block has a 

high affinity for the surface and the other block has no affinity for the surface, a brush 

may be formed both in solution and in a melt1'4"5. Brushes prepared in this way using 

monodisperse block copolymers are monodisperse, and the adsorbed amount depends 

on the composition of the block copolymer6"7. 

Chemical grafting is another way to prepare brushes. Two different grafting techniques 

are often used. The first is grafting from a surface with reaction initiators present on 

the surface and monomers present in solution. The brushes prepared in this way are 

polydisperse, and the chain length (distribution) and grafting density must be 

determined indirectly afterwards, e.g., by detaching the chains and determining the 

total brush mass. The thickness of the brushes obtained, by this method may be very 

large (microns)8"10. 

The other chemical grafting technique is grafting to the surface. The polymers used in 

this method have a reactive (end) group, which will react with surface groups. Since 

the chain length of the polymers can be well controlled, this provides a way to prepare 

uniform and monodisperse brushes'. The purpose of this chapter is to present two 

new ways of brush preparation via the grafting to technique, namely one on oxide free, 

30 



hydrogen-terminated silicon and one on silica surfaces, using a vinyl group as the 

reactive end group in both cases. Grafting of 1-alkenes on hydrogen-terminated 

crystalline silicon surfaces results in the formation of densely packed monolayers that 

are covalently bound to the Si surface"'13"17. We have investigated whether this 

reaction can also be used to prepare dense layers of end-attached polymers. 

In this chapter we report the preparation of brushes by two different reactions: (1) 

between vinyl-terminated polymers (figure 3.1) and hydrogen-terminated silicon to 

form an alkyl (Si-CH2) bond, and (2) vinyl-terminated polymers and silicon oxide to 

form an ether (Si-O-C) linkage. When low molecular weight alkenes are grafted, the 

reaction requires high reaction temperature (150-200 °C) and preferably a high 

concentration of the 1-alkenel1'13"17. Therefore the reaction is usually carried out in 

pure alkene or in very concentrated solutions, employing solvents with a high boiling 

point. Often this requires refluxing conditions. With polymers, the use of solutions is 

impractical because of the relatively large quantities of precious polymer needed. 

However, volatility is neglible, so that the reaction can be done directly in the melt. An 

important advantage of using polymer melts is also that one can get much denser 

brushes than when polymer brushes are prepared in solution. 

- k c H 2 CH-UcH2—CH2—O—C—^, } CH=CH2 

Figure 3.1. Vinyl-terminated polystyrene 

2 Experimental method section 

2.1 Materials 

Vinyl-terminated polystyrene (PS) of two different molar masses and a 

polydispersity index <1.2 were purchased from Polymer Source Inc. and used without 

further purification. These polymers will be denoted as PS20 and PS200 (2 and 20 

kg/mole, respectively). All solvents were degassed and free of water. The synthesis of 

the brushes was performed in an oxygen- and water-free atmosphere unless otherwise 
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stated. Solvent evaporation was performed under reduced pressure in a nitrogen 

atmosphere. 

2.2 Grafting on hydrogen-terminated silicon 

A piece of silicon was etched for 2 min in HF (2.5%) to remove the native oxide layer, 

blown dry with nitrogen and immediately covered with a solution of the vinyl-

terminated PS in CHC13 (14 g/1). After evaporation of the solvent a film of the 

polymer remained on the surface. We perform the reaction in the melt at elevated 

temperatures and spin coating the chloroform solution is only to form a thin 

polymeric layer on the surface. The system was heated for 24 h at 145 °C in vacuo in 

order for the grafting reaction to occur. Non-grafted excess material was, subsequently 

removed thoroughly by washing three times with fresh solvent. Some samples were 

also prepared by immersing the silicon samples in a mesitylene solution of the reactive 

polymer under refluxing conditions, as described by Sieval et al."'14. A polymer 

concentration of 0.5 g/ml was used in these experiments. 

2.3 Grafting on silicon oxide surfaces 

Silicon wafers with an oxide layer of approximately 80 nm were used as substrate and 

covered, in an inert atmosphere, with a solution of the vinyl-terminated PS in CHCI3 

(14g/l). Again, the solution is only to handle the polymer more easily when covering 

the surface with polymeric material. After evaporation of the solvent, the system was 

annealed in vacuo for 24 h at 145 °C. Excess material was removed by washing with 

fresh solvent and the substrate was subsequently dried in a stream of nitrogen. 

2.4 Bimodal brushes 

A piece of silicon was etched for 2 min in HF (2.5%), blown dry with nitrogen and 

immediately covered with a solution containing a mixture of the two vinyl-terminated 

polystyrenes PS2o and PS2oo in a specific ratio varying from 0 upto 100% PS2oo (w/w) 

in CHCI3. The total concentration of the mixture of polymers was lmg/ml. After 

evaporation of the solvent a film of the polymer remained on the surface. The system 

32 



was annealed for 24 h at 145 °C in vacuo. After annealing, excess material was 

removed thoroughly by washing three times with fresh solvent. 

2.5 Patterns in polymer brushes 

A piece of silicon was etched for 2 min in HF (2.5%) and blown dry with nitrogen. A 

mask was placed on the hydrogen-terminated silicon and the system was exposed to 

UV-light for 5 sec in air. The blocked (non-exposed) areas are still hydrogen 

terminated but the exposed areas are oxidised to silica as shown in the upper part of 

figure 3.2. The substrate is then covered, in an inert atmosphere, with a solution of 

the vinyl-terminated PS in CHC13 (14g/l). After evaporation of the solvent, the 

system was annealed in vacuo for 24 h at 145 °C. Excess material was removed by 

washing with fresh solvent and subsequently the substrate was dried in a stream of 

nitrogen. The exposed areas were hydrolysed by placing the sample in boiling water 

for 30 min. After drying the sample can be covered again with a vinyl terminated 

polystyrene of different chain length. After annealing in vacuo for 24 h at 145 °C a 

brush was formed with the polymer and the hydroxy 1 groups of the silica. In this way 

patterns can be made in a polymer brush. Schematically this is shown in figure 3.2. 

hv 
air (5sec) 

mask 

H F 
HHHHHHHHHH mmTm 

HHHOOOHHHH 

R 

boiling water 

figure 3.2. Reaction schema of vinyl terminated polystyrene with the substrate 
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2.6 Ellipsomctry 

The thickness of the brush after washing was determined by computer-controlled null 

ellipsometry (Sentech SE-400) using a laser (k = 632.8 nm) and an incident angle of 

70°. The ellipsometry software from Sentech was used to calculate the film 

thicknesses. The refractive index for the polymer layer was taken as 1.5812. 

2.7 Atomic Force Microscopy 

The AFM measurements were performed with a Digital Instruments Nanoscope III 

AFM equipped with a scanner capable of scanning an area of 100 (im2. All AFM 

measurements were performed in air at room temperature and a relative humidity level 

of 50-60%. Commercially available tapping mode tips were used on cantilevers with a 

resonance frequency in the range of 350-400 kHz. 

3 Results and discussion 

By spin coating a highly concentrated solution of functionalised PS in chloroform we 

obtain a relatively thick layer (-70 nm) of end-functionalized PS onto the surface. This 

layer consist of non-reacted end-functionalized PS. It is important that the reaction 

takes place in an oxygen free atmosphere (because oxygen will lead to a variety of 

undesired reactions) and above the glass transition temperature of the polymer (in 

order to have sufficient mobility of the reactant). After annealing, the resulting layer 

consists of both covalently attached polymer directly bound to the surface, and 

physically adsorbed polymer on top of this. 

The characteristics of the polymers used for the chemical grafting and the properties 

of the resulting grafted layers after removal of the physically adsorbed polymer are 

listed in table 3.1. The numbers (20 and 200) in column 1 represent the number of 

monomeric units in the polymer and will be used to refer to the various samples. Two 

surfaces were prepared in the melt (145 °C), and two samples were prepared in 

solution (mesitylene, 0.5 g/ml, 165 °C)14. 
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table 3.1 characteristics of the vinyl-terminated PS layers on Si-H. 

polymer 

melt 
PS2o-vinyl 
PS20o-vinyl 

solution 
PS2o-vinyl 
PS20o-vinyl 

thickness 
brush (nm) 

2.7 
19.2 

2.4 
3.7 

r 
mg/m2 

3.0 
21.1 

2.6 
4.1 

a 
nm"2 

0.95 
0.55 

0.81 
0.13 

The grafting density (o) of the PS2o layer prepared in the melt is 0.95 nm"2, which 

means that every chain has almost 1 nm2 available on the surface. At this grafting 

density, the layer thickness equals 2.7 nm, which implies that every chain has on 

average an extension that is about 63 % of the extended all-trans conformation 

(assuming a tetrahedral angle of 109° and a bond length of 0.154 nm, PS2o is 4.3 nm 

long.) For the PS2oo polymer the grafting density is 0.55 nm"2, and the layer thickness 

equals 19.2 nm. These chains are stretched normal to the surface to about 42 % of the 

all-trans conformation, which is more than 2000 times the end-to-end distance in the 

random coil state. 

3.1 Polystyrene brushes on silica 

In the course of this study we found that vinyl-terminated PS also reacts with silica. 

The latter reaction is reversible, so the brushes can be removed by exposing them to 

boiling water or water of high pH. When exposed to boiling water or basic solutions 

the (mono)layer was indeed removed, which indicates that the ether linkage was 

hydrolysed to the alcohol and Si-OH groups. The fact that hydroxyl groups are 

involved in the reaction is supported by the following observation. When a Si-wafer 

was completely dehydroxylated by heating at 500 °C for 4 h, and then covered with 

the vinyl-terminated polystyrene, no reaction took place. After washing with fresh 

solvent no polymer film was present on the surface indicating that hydroxyl groups 

are needed for the reaction. 
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table 3.2 characteristics of the vinyl-terminated PS layers adsorbed from a polymer 

melt on silica 

polymer thickness a 
brush (nm) mg/m2 nm"2 

PS20-vinyl 1.3 1.5 0.47 
PS2C1o-vinyl 9.8 10.9 0.33 

The characteristics of the grafted layers on silica are listed in table 3.2. The grafting 

density for the reaction of PS2o-vinyl and PS2oo-vinyl on silica surfaces is 0.47 and 

0.33 nm"2, respectively, which is lower than that obtained in the case of hydrogen-

terminated silicon. 

The difference in grafting densities for the hydrogen-terminated substrate and the silica 

substrate is probably due to the difference in the number of reactive groups on the 

surface. The number of Si-H groups on Si-H (100) is larger than the number of Si-OH 

groups per unit area on silica18. The surface topography as measured by AFM shows 

that a PS2o brush prepared by adsorption from a polymer melt is homogeneous and 

smooth (figure 3.3). 

! 

Figure 3.3. AFM image of a PS2o brush prepared by adsorption from a polymer melt. 
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table 3.3. Bimodal Brushes. 

PS20(%) 

0 

20 

50 

80 

100 

PS200 

100 

80 

50 

20 

0 

(%) Thickness (nm) 

19.2 

12.1 

7.9 

3.4 

2.7 

The characteristics of the bimodal grafted layers on hydrogen-terminated silicon are 

listed in table 3.3. The numbers in the first 2 columns represent the mol fraction 

(*100%) of the polymer. When a mixture of PS20o and PS2o in chloroform is used to 

cover the surface a bimodal brush can be made. After evaporation of the chloroform in 

an inert atmosphere the surface is fully covered with a polymeric layer in the glassy 

state. After annealing above the glass transition temperature it is likely to assume that 

the brush is formed with a ratio of the two polymers that is approximately equal to 

the ratio of the polymers in the initial chloroform solution. The ratio of the polymers 

near the surface will not change very much compared to the bulk concentration of the 

reactive end groups of both polymers. Increasing the number of grafted PS2o chains 

gives a decrease of the layer thickness, as expected. As can seen from the data, the 

thickness of the polymer film as function of the fraction PS2oo is not linear. This is 

largely due to two effects. First, stretching occurs mainly at high grafting densities, 

resulting in the observation that only 100% PS20o the large thickness (19.2 nm) starts 

to approach the length of an all-trans polymer chain (42 nm). At lower percentages 

PS20o there is relatively more free space available in the top of the layers which will 

yield more extensive disorder and tilting with larger percentages of the smaller PS2o-

Second, the grafting densities decrease when the fraction of PS200 increases. This 

suggests that at lower mole fractions of PS20o relatively more PS2o will be bound at the 

surface. When the reaction with the two different polymers is performed in solution 

the situation becomes even more pronounced. Small molecules can move much faster 

in a liquid, so if these react instantaneously there will be relatively more small 
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molecules on the surface. The layer thickness of a mixture (1:1) of both polymers 

performed in solution resulted in a film of 2.9 ran. 

4 Patterns in polymer brushes 

The reaction of vinyl-terminated PS with silica forms a chemical bond which can be 

removed by exposing the brush to boiling water or water of high pH. The reaction is 

reversible, so the brushes formed at the exposed areas can be removed and replaced by 

an other polymer by exposing them to boiling water or water of high pH followed by 

the reaction of the vinyl terminated polystyrene. Figure 3.4a is an AFM image of a 

depressed region in a PS2o brush after placing a sample in boiling water. After the 

treatment with HF the sample was partially exposed to UV-light in air for 5 sec. The 

elevated (light) region is the polymeric brush with a thickness of 2.5 nm. The 

depressed (dark) region is silica and is the area which has been exposed to the UV-

light. After covering the sample with a vinyl terminated polystyrene with a different 

molecular weight, the system was annealed in vacuo. After washing and drying the 

sample was examined with AFM. Figure 3.4b shows a elevated (light) region in a PS2o 

brush consisting of PS20o and is the area which has been exposed to the UV-light. The 

PS2oo is bound to the surface via an ether linkage whereas the PS20 is bound to the 

surface via an Si-C bond. In this way patterns can be made in a polymer brush. 

a b 

Figure 3.4. Pattern of silicon oxide in a PS20 brush (a) and a PS200 pattern in a PS20 

brush. Maximum height difference in figure 3.4a 10 nm and in figure 3.4b 30 nm. Dark 

regions are depressed and light areas are elevated. 
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5 Conclusions 

We have grafted end-group functionalised polystyrene on hydrogen-terminated silicon 

and silica surfaces. Brushes prepared on hydrogen-terminated silicon and silica are 

attached via a Si-C bond, and brushes prepared on a silicon oxide surface are bound via 

an ether linkage. The grafting density of the brushes prepared in a polymer melt is 

much higher compared to those obtained by reaction in solution. The method also 

allows to prepare bimodal brushes from a suitable mixture of precursors. By exposing 

parts of the hydrogen terminated silicon to UV-light patterns of silica or other brushes 

can be made in a polymeric brush. 
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Chapter 4 Wetting of brushes by polymer melts 

Abstract 

In this chapter the wetting behaviour of a PS melt on top of a chemically identical 

homodisperse brush is discussed. We report experimental results confirming the 

theoretically predicted surface patterns for thin films on a flat surface. Using a non-

wettable bare surface modified by a polymer brush of varying grafting densities, two 

wetting/dewetting transitions can be found. At low grafting densities of the brush the 

non wettable surface is screened by the brush and the modified surface can be made 

wettable. The second wetting transition occurs at high grafting densities and is a result 

of the incompatibility of the grafted chains or adsorbed and the free chains. Scaling 

laws for both transitions are compared with the experimental results. Self-consistent-

fieId calculations are carried out to calculate the contact angle of a polymer droplet on 

a chemically identical brush. 



1 Introduction 

Wetting phenomena control many processes, not only in technological applications 

such as painting, lubrication, flotation, but also in agricultural and biology (insecticide 

sprays, breathing.) In many of the technological applications the successful design of 

materials requires the modification of thermodynamic properties, such as the 

interfacial tension. A fundamental understanding of these thermodynamic properties is 

therefore required. 

When a liquid is placed on a flat solid surface, it may show two types of equilibrium 

situations: partial wetting or complete wetting. In the case of complete wetting, the 

situation of lowest free energy is a continuous liquid film on the substrate, whereas 

partial wetting implies coexistence between droplets and an (almost) dry state. In the 

latter case, a continuous liquid film is unstable or metastable and will dewet when 

allowed to relax towards its thermodynamic equilibrium. The initially flat film will 

eventually break up into droplets with a specific contact angle. The break-up process 

of metastable films has been studied extensively and is now reasonably well 

understood1"3. Experiments with polymeric liquids have shown that not only droplets 

can be formed but that a variety of surface patterns can appear, ranging from 

macroscopic droplets to holes in equilibrium with droplets4"9. Theoretical models 

describing how these morphologies and patterns develop during dewetting have 

recently become available10"13. These models, and the calculations based on them, 

provide a correlation between the interfacial interactions and the time evolution of 

local film thicknesses. 

The wetting behaviour of a polymer melt onto a surface can be modified by a brush 

attached to the substrate514"15. For example, a partially wet surface can be made 

completely wetting by means of a polymer brush that is compatible with the melt5. It 

is also possible, by an appropriate choice of the brush, to obtain the opposite effect, 

i.e., a transition from complete to partial wetting. In this chapter we discuss the 

special case where the brush and the melt are chemically identical, so that the relevant 

variables are the length of the chains and the number of attached chains per unit area, 

referred to as the grafting density. 
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The consequences of grafting chains on a solid surface were first discussed by 

Alexander and de Gennes16'17. They used a scaling approach in which a constant 

density is assumed throughout the brush: all the brush chains are assumed to be 

equally stretched and to end at a distance from the substrate equal to the thickness of 

the brush. Such a treatment clearly neglects the entropy associated with the spatial 

distribution of chain ends. Some ten years later, a numerical self-consistent-field 

calculation was reported in which the density profile is no longer assumed to be a 

block profile and where the end points of the chains are distributed throughout the 

brush18. Analytical equations based on a similar model were developed by Milner et al. 

and by Zhulina et al.19"21. Since then, polymer brush models have been extended to 

many cases, e.g., polydisperse brushes20,22 and charged brushes23"25. 

In this chapter, we report a complete set of experiments on the wetting behaviour of 

brush surfaces by a polymer melt and we compare the results with theoretical models. 

The brushes used in the experiments were prepared in two ways, either by adsorbing 

block copolymers onto the surface, or by chemical grafting of end-functionalised 

polystyrene on the surface. We focus on the effects of the chain length P of the 

polymer melt and the grafting density o of the brush. We thus obtain a phase diagram 

in the (P, a) plane. The remainder of this chapter is organised as follows. In section 2 

we discuss theoretical results. We first develop some simple scaling relations for two 

wetting transitions, one from partial to complete wetting at low o (section 2.1), and 

one from complete to partial wetting at higher a (section 2.2). In section 2.3 we 

present numerical calculations obtained with an SCF-model. After a short experimental 

part (section 3), we present in section 4 the results, which are interpreted in the light 

of the theoretical predictions. 

2. Theory 

2.1 Scaling law for the first wetting transition 

We consider the situation of a substrate that is initially partially wetted by the 

polymer melt. By attaching chains that can mix with the melt, the wettability is 
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