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Stellingen 

I 
De vlokking van harige deeltjes in aanwezigheid van niet-adsorberend 
polymeer wordt behalve door depletie van dit polymeer (zoals bij kale 
deeltjes) ook veroorzaakt door een verhoging van de entropie van de 
harige lagen ten opzichte van de toestand dat de deeltjes zich op 
oneindige afstand van elkaar bevinden. 
Dit proefschrift, hoofdstuk 4 

II 
Een homodispers AB-statistisch copolymeer met een bepaalde AB-
verhouding adsorbeert nooit sterker dan een homodispers diblok-
copolymeer met een even groot molecuulgewicht en een identieke 
AB-verhouding onder dezelfde omstandigheden. 
Dit proefschrift, hoofdstuk 3 

III 
Het toepassen van het Rotational-Isomeric-State (RIS) model van 
Leermakers en Scheutjens op de systemen die in dit proefschrift be
schreven worden zal geen veranderingen in de kwalitatieve trends te 
zien geven. 
Leermakers F.A.M. and Scheutjens J.M.H.M., J. Chem. Phys. (1988), £2, 3264 

IV 

Bij de berekening van het volumefractieprofiel van eindstandig ver
ankerde ketens op bolvormige deeltjes vergeten Baskir, Hatton en 
Suter de eindjes aan elkaar te knopen. 
Baskir J.N.. Hatton T.A., and Suter U.W. J. Phys. Chem. (1989), 22, 969 



V 
Een heterogeen oppervlak, een oppervlak met verschillende soorten 
adsorptleplaatsen, kan de vorm van de adsorptie-isothermen van co-
polymeren zeer sterk beïnvloeden. 
Katlnka van der Linden, Doctoraalverslag, Landbouwuniversiteit Wageningen (1989) 

VI 
De nationalistische houding van vele Nederlanders zal er toe leiden 
dat het openstellen van de grenzen in 1992 nauwelijks invloed zal 
hebben op het gaan werken van Nederlanders in andere EEG landen. 

VII 
Niet de juist afgestudeerden maar de net gepromoveerden zijn mo
menteel de verloren generatie aan de universiteiten in Nederland. 

VIII 
In tegenstelling tot een erkend garagebedrijf moet Beun de Haas het 
alleen hebben van zijn goede naam. 

IX 
Tijdens 1 dag op de boerderij kan men meer over het boerenbedrijf 
leren dan in 9 jaar Landbouwuniversiteit 
Uzendljke, augustus 1989 

proefschrift Boudewijn van Lent 
Molecular Structure and Interfacial Behaviour of Polymers 
Wageningen, 7 november 1989 
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Chapter 1 

Introduction 

General 

In this thesis new models for several systems containing polymers 
at interfaces will be developed. Especially the influence of the 
molecular structure of the polymer (e.g., copolymers, grafted poly
mers) on its interfacial behaviour will be studied. The models are 
based on the self-consistent field theory of Scheutjens and Fleer' 1>2) 
for the adsorption of homopolymers. 

Polymers near interfaces play an important role in many industrial 
processes and in biological systems. For instance, polymers are used 
in coatings for magnetic tapes and disks, as stabilizing agents for 
paint pigments, in food, in adhesives, and in pharmaceutical prod
ucts. A long list of applications in which polymers are used is com
piled in an article by Eirich.'3) 

The structure of the molecules is very important in obtaining the 
desired effects in these applications. Therefore, one should have a 
good insight in the influence of the molecular structure on the inter-
facial behaviour of polymers. Ergo, theoretical models must be able to 
account for specific molecular properties. The theories used in this 
thesis are based on a statistical thermodynamic method in which it is 
possible to account for the structure of these molecules as well as for 
specific interactions between them. So far, no other theories have 
been able to do this for the investigated systems without introducing 
(more) severe simplifications. 

Polymer Adsorption and Depletion 

A polymer is defined as a macromolecule, which is composed of a 
large number of repeating units. These units, or segments, can be 
identical (homopolymer), chemically different (copolymer) and/or 



charged (polyelectrolyte). Two phenomena of polymers near a solid-
liquid interface can be distinguished: adsorption and depletion. 

In the case of adsorption, the polymer segments in contact with 
the surface have gained energy upon adsorption from the bulk solu
tion. This causes segments to accumulate on the surface. The re
mainder of the chains, connected to these segments, is pulled to
wards the surface. In this way, a concentration gradient develops: a 
high concentration of segments is present on the surface, decaying 
with distance from the surface towards a constant concentration in 
the bulk solution (Figure la). 

a 
a 
2 

o 
p. 

o u 

o 

distance from surface distance from surface 

Figure 1. Schematic concentration profiles of (a) adsorbed polymer 
and (b) depleted polymer. 

In the last decade, the understanding of the adsorption behaviour 
of polymers (in particular homopolymers) has increased considerably. 
Within an adsorbed chain one can distinguish trains, loops and tails. A 
train is a number of consecutive segments (>1) which are in contact 
with the surface. Loops and tails protrude into the solution. Loops 
have both ends attached to train ends, whereas tails have one end 
free. If a small number of chains is adsorbed, homopolymers assume a 
very flat conformation with many segments in trains and only few in 
loops and tails. On the other hand, when the adsorbed amount is 
high, homopolymers have a large fraction of segments in loops and 
tails and relatively less in trains. The adsorption energy per segment 
is not necessarily high in order to find large adsorbed amounts. A 



substantial fraction of segments of the same chain are in contact with 
the surface, and hence the gain in adsorption energy per molecule 
can be considerable, even if the contribution per segment is small. 

Adsorption takes only place if the adsorption energy is higher than 
a certain critical value. In the vicinity of the surface the possible 
number of arrangements of a macromolecule, and hence its confor
mational entropy, is smaller than in the bulk solution. If the adsorp
tion energy is not large enough to overcome the loss in conforma
tional entropy, the polymers are depleted from the surface so that 
the concentration near the surface is lower than in the bulk solution 
(see Figure lb). Depletion is a special case of the general phe
nomenon known as negative adsorption. 

Polymers and Colloidal Stability 

Due to London-v.d Waals forces, colloidal particles attract each 
other. Therefore, if no repulsive force is present, they will flocculate, 
i.e., form large aggregates which precipitate from the solution. A 
thick adsorbed polymer layer can form a steric barrier which opposes 
flocculation (Figure 2a). However, if only a small number of molecules 
is in contact with the surface, the chains can form bridges, i.e., ad
sorb on both surfaces when two particles come close (Figure 2b). 
Consequently, colloids covered by polymer, but below saturation, 
show enhanced flocculation. 

Figure 2. (a) Sterically (b) Bridging 
stabilized particles flocculation 



Homopolymer solutions are known to phase separate under poor 
solvency conditions. In that case, one phase has a high concentration 
of polymer and the other a high solvent concentration. The solvent 
quality can decrease by changing the temperature, or by adding a 
nonsolvent for the polymer. In a similar way, instability of particles 
stabilized with homopolymers can be induced by decreasing the sol
vency for the adsorbed chains. 

When two particles approach each other in a solution of nonad-
sorbing polymer, the polymer avoids the region between the two 
particles. At small separation, the polymer would be squeezed, 
causing a large reduction of the conformational entropy. The confor
mational entropy loss drives the polymer out of the gap, so that only 
pure solvent remains between the particles. Hence a concentration 
difference and, consequently, an osmotic pressure between the bulk 
solution and this interparticle zone arises which can force the parti
cles to flocculate. 

Specific Polymers and their Properties 

The structure, composition and molecular weight of a polymer de
termines strongly its adsorption and solution properties. In the sec
ond section of this chapter a distinction was made between ho
mopolymers, copolymers and polyelectrolytes. A homopolymer can be 
linear, branched or ring shaped. In copolymers the distribution of the 
different segments along the chain can be arranged in different ways: 

1 ) Block copolymers: the segment types are grouped in sequential 
blocks. For example, AB diblock copolymers have two different 
blocks in the chain: an A block and a B block. 

2) Random copolymers: the segment types are randomly dis
tributed along the chain. In this case the various molecules in 
the system do, as a rule, not have the same fraction of the dif
ferent segment types. The composition per molecule shows a 
certain distribution around its average. 

3) Copolymers with a given sequence: the segment types are dis
tributed in the same order in all chains, like in proteins. 
Hence, all molecules are identical. 



4) Alternating copolymers: there are only bonds between two dif
ferent segment types. 

Block copolymers can show unusual solution behaviour. Above a 
certain critical concentration, block copolymers can form (soluble) 
aggregates if one of the blocks is insoluble in the solvent. The core of 
such an aggregate consists of insoluble blocks which are shielded 
from the (selective) solvent by the soluble blocks. The aggregate can 
assume different shapes, e.g., they may have a spherical (micelle), 
cylindrical, or lamellar (membrane) geometry. For random and alter
nating copolymers this behaviour is not so often observed, because 
they cannot separate their different segments so easily. 

The adsorption behaviour of block copolymers can be quite differ
ent from that of homopolymers. The adsorbing blocks form a dense 
layer near the surface, whereas the nonadsorbing blocks give rise to 
long dangling tails which protrude into the solution. In this way a 
thick adsorbed layer is formed. Because the tails are not attracted by 
the surface, bridging flocculation is less conceivable. Hence a very 
effective barrier against flocculation is obtained. The stabilization of 
colloidal suspensions by block copolymers is less sensitive to varia
tions in the dispersion medium than in the case of homopolymers. 

Grafted polymers are a special category of molecules, because they 
are chemically bonded to a solid surface with one or more of their 
segments. By grafting the polymer, extremely high surface densities 
of the molecules can be obtained, much higher than with only physi
cally adsorbing polymer. Therefore, grafted layers can be very effec
tive in stabilizing colloidal particles. 

Self-Consistent Field Theory 

In 1979, Scheutjens and Fleer'1' introduced a self-consistent field 
theory, which was able to describe the adsorption properties of ho
mopolymers rather well. The theory is based on relatively simple 
Boltzmann-statistics. The space is divided into discrete layers parallel 
to the surface. In the first layer, the polymer segments gain adsorp
tion energy with respect to the segments in the other layers. In every 
layer, a Boltzmann factor can be defined, which depends on the po-



tential in this layer. This potential is a function of the adsorption en
ergy, the concentration of other segments and solvent molecules in 
the same layer, and the interaction energies between the different 
components in the system. (This is to some extent comparable to the 
gravitational field, where the Boltzmann factor is determined by the 
mass of the particles, the height, and the gravitational constant. A 
difference is that the Boltzmann factor is independent of the local 
concentration.) To find the Boltzmann factor of a certain conforma
tion of a polymer chain, it is assumed that the potential of the chain 
is the sum of the potentials of its segments. In this lattice theory, a 
conformation is defined as the sequence of layers in which the suc
cessive segments of a chain are situated. Assume we have a trimer 
with segment 1 in layer 1, and segments 2 and 3 in layer 2. The po
tential of this conformation is equal to the segment potential in layer 
1 plus twice the segment potential in layer 2. With the Boltzmann 
factors of all the different conformations, the concentration profile 
can be calculated. For a polymer, the number of possible conforma
tions becomes very large. Using a clever matrix method developed by 
DiMarzio and Rubine4 ' the computing time for the potentials of the 
different conformations is relatively short. The computer is not only 
needed to enumerate these potentials. The concentrations are de
termined by the potentials in the layers (the field) which on their 
turn depend on the local concentrations. Using a numerical iteration 
method, it is possible to find this self-consistent field and corre
sponding concentration profile. 

This theory has turned out to be very useful to describe the be
haviour of various systems containing polymers or surfactant-like 
molecules near interfaces. In a second paper Scheutjens and Fleert2) 
showed how it is possible to calculate the size distribution and the 
fraction of segments in trains, loops, and tails. A detailed picture of 
the adsorbed layer was obtained. The interaction between two sur
faces coated with adsorbed polymer was calculated in a third paper.'5 ' 
Depletion interaction between two surfaces has also been worked 
out. '6 ' Cosgrove et al.'7) showed how the configuration of terminally 
attached chains can be modelled. Employing conformation statistics 
in three dimensions, Van Lent et aU8 ' enumerated the adsorption of 
ring polymers. Leermakers et al.'9 ' adapted the theory to describe the 



formation of lamellar membranes of lipid molecules. This work was 
extended to take into account the difference in energy between trans 
and gauche bonds ' 1 0 ' (using the Rotational Isomeric State (RIS) 
scheme), and to incorporate the so called anisotropic molecular field 
in a membrane.'11 ' In two other papers,' 12>13 ' it was shown how mi
celle and vesicle formation can be calculated. Theodorou'14 ' used the 
basis of the theory to calculate surface tensions of polymer liquids. 
The adsorption of block copolymers and the interaction between two 
surfaces coated with block copolymers has recently been worked out 
by Evers et a l . '15 ' Using a multi sternlayer model Böhmer et a l . '1 6 ' 
have extended the theory to describe polyelectrolyte adsorption. 

Outline of this Study 

In this study the self-consistent field theory will be extended to 
several systems which are known to be of importance in practical ap
plications. Much attention will be paid to systems in which the struc
ture of the polymer molecules largely affects the adsorption and/or 
has specific contributions to the interaction between two surfaces. 

In chapter 2, the adsorption of block copolymers, which can form 
micelles in the bulk solution, will be considered. Adsorption as well 
as micelle formation are calculated. Obviously, this theory can also be 
used for the adsorption of surfactants (being small block copolymers). 

In chapter 3, the adsorption of random copolymers is treated, 
taking properly into account all possible sequences of the segments 
in the chains. The difference in adsorption properties between ran
dom copolymers, block copolymers, and homopolymers is evaluated. 

The destabilization of particles coated with terminally attached 
chains (so called hairy particles) in solutions of free polymer is not 
fully understood, see for example ref. (17). In chapter 4, the deple
tion interaction between hairy surfaces in the presence of nonad-
sorbing polymer is calculated. A detailed picture of the changes in 
the conformations of the grafted and free polymer is given. The ex
planation of the interaction in these systems turns out to be much 
more complex than that for the interaction between hard 
(uncovered) surfaces in a solution of nonadsorbing polymer. 



Computational Aspects. 

All programs were written in Simula. One of the main problems is 
to find a set of sufficiently linear equations so that the segment po
tentials converge iteratively to the equilibrium self-consistent field. A 
detailed description of the numerical analysis can be found in the 
PhD thesis of O.A. Evers.'15 'A numerical routine, called NEWTON, 
written by J.M.H.M. Scheutjens, was used to solve the equations. 
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Chapter 2 

Influence of Association on Adsorption 
Properties of Block. Copolymers 

Abstract 

The self-consistent field theory of Scheutjens and Fleer for the ad
sorption of homopolymers has been modified to study the adsorption 
of block copolymers from a selective solvent. With this extension it is 
possible to calculate the critical micelle concentration (cmc; for 
spherical or planar associates) and to show the influence of the self-
aggregation of block copolymers on their adsorption behaviour. The 
statistical weight of all possible conformations in the lattice is taken 
into account. Lateral interactions are calculated with a mean field ap
proximation within each layer. For planar structures parallel lattice 
layers are used; for modelling micelles a spherical lattice is intro
duced. The cmc is determined from a small system thermodynamics 
argument of Hall and Pethica. For molecules with a long lyophobic 
block extremely low cmc values are found. The adsorption of these 
block copolymers on lyophobic surfaces increases sharply just below 
the cmc and is essentially constant at higher concentrations of poly
mer. Thick adsorption layers are formed. The effect of the interac
tion parameters is shown. 

I Introduction 

Recently, the self consistent-field theory (SCF) of Scheutjens and 
Fleer'1-2) for homopolymer adsorption at the solid-liquid interface has 
been extended to the case of block copolymers.<3' This theory as
sumes equilibrium between adsorbed polymers and a homogeneous 
bulk solution. For homopolymers this assumption is reasonable for 
quite a large concentration range. Block copolymers, however, can 
form association structures like micelles and lamellar membranes. In 
that case the critical micelle (or membrane) concentration, the cmc, 
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will limit the chemical potential of the polymer and, hence, the ad
sorption. When the cmc has been reached, polymer added to the so
lution will mainly aggregate and thus hardly affect the adsorption. For 
surfactants this has already been found experimentally, see for exam
ple ref (4 and 5). 

Leermakers et al.(ß) have derived equations to model chains in 
spherical and cylindrical lattices. Using these types of lattices, they 
have extended the SCF theory to calculate the equilibrium association 
structures for small surfactants. We will apply this method to investi
gate the association of block copolymers in solution and limit our
selves to spherical (micelle) and planar (membrane) lattices. The as
sociation structure with the lowest concentration of free polymer in 
solution and thus the lowest chemical potential is chosen as the 
equilibrium state. This concentration of free polymer is the maximum 
concentration for which calculation of the adsorption is relevant. 

In this article the theories for the adsorption of block copoly-
m e r s ^ and the association of surfactants'6 ' are combined. In section 
II we describe the SCF theory for block copolymers in associates of 
planar geometry. We shortly review the model for spherical micelles 
in section III. In section IV the calculation of the cmc is explained. 
The influence of chain length and structure of the block copolymers 
on the cmc are shown in section V. We also examine the influence of 
the different interaction parameters. Finally, the adsorption be
haviour of these associating block copolymers is analyzed in some de
tail. Adsorption isotherms on lyophilic and lyophobic surfaces are 
shown. (We use the generic terms lyophilic and lyophobic for solvent-
liking and solvent-disliking, respectively, to avoid less general terms 
like polar, apolar, hydrophilic and hydrophobic.) The effects of chain 
length, block sizes, solvency, and adsorption energy on the adsorp
tion are examined. 

n Self-Consistent Field Theory 

In this section we explain the theory for a lattice of planar geome
try. In case of adsorption at the solid-liquid interface the first lattice 
layer is assumed to be adjacent to the surface. For membranes the 
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first layer is in the centre of the bilayer, where a reflecting boundary 
is assumed. The layers are numbered z = 1 to M. Each layer has L 
sites. A lattice site has Z neighbours of which a fraction Xi is in the 
next, a fraction XQ in the same, and a fraction X-i in the previous 
layer. For a hexagonal lattice X.\ = Xi = 0.25 and XQ = 0.5. A polymer 
or a solvent molecule of type i ( i = 1,2, ...) has a volume fraction <(>i(z} 
in layer z of which a volume fraction <|)xi(z) are segments of type x (x 
= A, B, ...). Similarly, <t>x(z) is the total volume fraction of x segments 
in layer z. So (|>x(z) is the summation of <|)xi(z) over all i, the total con
tribution from all molecules having segments of type x. 

We neglect inhomogeneities within each layer z. Only the density 
profile perpendicular to the lattice layers will be considered. The SCF 
theory calculates the most probable set of conformations, where the 
system is at its minimum free energy. A conformation is defined as 
the sequence of layers in which the successive segments of a chain 
are situated. 

For each segment s of molecule i we can write an end segment-
distribution function Gi(z.sll). It describes the average weight of 
walks along molecule i, starting at segment 1 in an arbitrary layer in 
the system and ending after s - 1 steps in layer z. Gi(z,s 11) is related 
to the end-segment distribution function of a walk of s - 2 steps (s - 1 
segments): 

GJz.sl 1) = GJz.s) Pl.jGjlz - l ,s - II1) 

+ A.0G1(z,s- l l l )+Jl1G1(z+ l , s - I I 1)} (1) 

Gi(z,s) is the statistical weight of a free segment s in layer z. If seg
ment s is of type x then Gi(z.s) equals the segment weighting factor 
Gx(z). This is a Boltzmann factor, which gives the relative preference 
of segment type x to be in layer z rather than in the homogeneous 
bulk solution. In the bulk solution Gx(z) = 1. For every segment type 
one can define such a factor. The expression for these factors will be 
given later. Note that for copolymers each segment can be of a differ
ent type. Equation (1) is a recurrence relation. Starting with segment 
1 and ending at segment rj, we calculate all end segment distribution 
functions of chains of lengths between 1 and r( segments. For exam
ple, if segment 1 is of type A we have Gi(z, 111) = GA(Z). When we 
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consider adsorption, we set Gx(z) = 0 for z < 0. For membranes, how
ever, we set Gx(-z+l) = Gx(z). This has the effect of placing a mirror 
between layers 0 and 1. 

We want to know the distribution function Gi(z,sl l;r) of segment s 
of a chain of ri segments. We start a walk at segment 1 and another 
walk at segment ri and stop both walks at segment s. Gi(z,sl l;r) is a 
combination of end-segment distribution functions of the two walks: 

G.(z,sll)G.(z,slr) 
G l ( z , s l i : r ) = G ^ s ) (2) 

We divide by Gi(z,s), because this factor is included in both walks. In 
this way we are able to calculate all the distribution functions of all 
segments. The sum of these functions gives the volume fraction <|>i(z) 
of molecules of given type i in layer z: 

lX GJz .s lDGJz.sIr) 
• | M - C | S Gfz.s) W 

s=l l 

One can find <))AI(Z) by performing the summation in equation (3) only 
over those segments which are of type A. The quantity Ci is a nor
malization factor. We can derive this factor from the volume fraction 
<t>j in the bulk solution, where all the end-segment distribution func
tions are unity. If we substitute this into equation (3) we see that: 

C = — (4) 

We can also express Q in the total amount 0 = £ <|> (z) of polymer 
segments in the system (in equivalent monolayers). The average of 
the end segment distribution function of a chain of ri segments is 
X G (z.rl 1)/M. The average volume fraction equals 6j/M. Hence 
2=1 * 

c,=—sH '5> 
^XGjtz.rl l) 

z=l 
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As said before, to use equation (1), we need an expression for 
GA(Z), GB(Z), etc. The molecules will distribute themselves according 
to the effective potential field they are feeling. The energy of a cer
tain conformation is the sum of the potentials u(z) of the different 
segments. A molecule of three segments with segment A in layer 1 
and two B segments in layer 2 would have an energy level of UA(1) + 
2 U B ( 2 ) . The weighting factor for this conformation would be 
XiA.oExp((-uA(l) - 2uB(2))/kT). This should be equal to ^A, G A Gg. 
The segmental weighting factor Gx(z) is now defined as: 

-Uxlz) 

G x (z)=e k T (6) 

The expression for ux(z) has been derived from statistical thermody

namics.'3' 

ux(z) = u , ( z )+kT^x x y (<<t> y ( z )>-*y) (7) 
y 

The subscripts x and y can refer to any segment in the system (A, B, 
....). The site volume fraction, «t>x(z)>, is defined as: 

< <|>x(z) > = X_^x(z - 1) + XQ (|>x(z) + X^x[z + 1 ) (8) 

In equation (7), the first term, u'(z), is a potential that accounts for 
the hard core interaction in layer z relative to the bulk solution and is 
independent of the segment type. It is essentially a Lagrange multi
plier, which arises in the free energy minimization'3) because of the 
boundary condition x<t> (z) = 1. Physically, with increasing segment 
density, the hard-core potential (with respect to the bulk solution) is 
assumed to switch from -°° to +<» at the moment that £(|>.(z) passes 1. 
The equilibrium values of u'(z) depend strongly on the system under 
consideration and are of the order of 1 kT or less. Unfortunately, no 
explicit expression for u'(z) is available. The values are obtained by 
numerically adjusting u'(z) so that x<t>.(z) (obtained from eq. (3)) is 

i 1 

unity for each layer z. 
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The second part of equation (7) expresses the specific interaction 
term, in which %xy is the familiar Flory-Huggins parameter for the 
interaction between monomers of types x and y.^7' For z large 0x(z) = 
<t>x. ux(z) = 0, and Gx(z) = 1. In the summation over y, we have also 
included the interaction energy between a segment and the surface 
(x = S). The volume fraction of the solid is 1 in layer 0 and 0 for z > 0. 
As we can see from equation (7) the interaction between segments A 
and the surface S equals kTxASA.i. 

With equations (3), (6) and (7) and the condition that jftAz) = 1 for 
each layer z, we are in principle able to calculate numerically the ad
sorption profile or the profile of a membrane for a given amount of 
polymer or a given bulk concentration.'1-3' 

in Spherical Lattices 

By comparing calculated free energies of membranes and micelles, 
we can analyze which structure is preferred. For the modeling of mi
celles we have to modify the structure of the lattice. Figure (1) shows 
a cross section through the centre of a spherical lattice. The layers 
are numbered sequentially, starting at the centre of the lattice. For 
the spherical lattice the following conditions must hold: 

Figure 1. Block copolymers in a spherical lattice. 
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1. All lattice sites have equal volume. 
2. All lattice layers are equidistant. 
3. The coordination number Z is constant for each lattice site. 

These conditions have certain consequences. Sites in different lay
ers have different shapes. The total number of lattice sites L(z) in 
layer z is no longer an integer. The position of neighbouring sites is 
variable. The volume V(z) in number of lattice sites of a spherical lat
tice equal: 

V(z) = (4/3)TCZ3 (9) 

Differentiating equation (9) with respect to z gives the surface area: 

S(Z) = 4JIZ2 (10) 

The number of sites in layer z is the difference in volume between 
V(z) and V(z-l): 

L(z) = V ( z ) - V ( z - l ) (11) 

In the spherical lattice Xo, Xi and X-i are a function of z. The following 
relation must still hold: 

X_lb) + X0(z)+X1W=l (12) 

If we generate a particular conformation of a molecule and calculate 
its statistical weight, it should not make any difference at which end 
of the molecule we have started our walk. Therefore 

ZA._1(z)L(z) = ZA,1(z-l)L(z-1) (13) 

The transition factors X-i and X\ are proportional to the surface area 
per site in contact with the adjacent layer. Thus, the final equations 
are given by 

y z ) = ^S(z) /L(z) X_x(z) = X^S(z - 1)/L(z) (14) 



1 8 

where X and X are the values of the transition factors for the 
equivalent planar lattice, i.e., at z -> °°. For micelles the X's in equa
tions (1) and (8) have to be substituted by those of equations (12) and 
(14). In equation (5), 0i has to be replaced by n^i which equals 
M M 

I L(z)<)> (z) and the denominator changes into r x L(z)G.(z,rl 1). 

IV The Cmc 

The theory for association structures as outlined in sections II and 
III gives us the equilibrium structure of a single micelle or membrane 
in equilibrium with a homogeneous bulk solution. What we do want to 
know is the critical micelle or (membrane) concentration of a solu
tion of block copolymers, where an unknown number of micelles is 
being formed. In this section the equilibrium condition for a micellar 
solution is explained and the implementation of this condition into 
our model is described. 

We can apply small system thermodynamics to our micellar solu
tion.'8 ' The solution is divided into subsystems of a volume Vs, which 
contain one micelle each and have a composition that is determined 
by the overall concentration $ . The excess free energy A^*0 of a 
small system can be defined. It contains a part A m , which describes 
the free energy necessary to create a micelle with fixed centre of 
mass and an entropy term, which contains the translational entropy 
of the micelles.'8' 

Af ° = Ki + kTln(Vm /Vs) ( 15) 

Vm is the volume of a micelle. The expression for Am is equivalent 

with the expression for the surface free energy in ref. (3): 

A c 

—2- - _ V i i*\„<f*\ _ Vr^exc 
kT 

= -£L(z)u'(z)-Xnf 
i 

- J£lJ£Uz)Xxy{^(z) <*y(z) > - <t>x<t>y} (16) 
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Figure 2. (a) Excess free energy of aggregation Am , as a 
function of the excess number of A70B30 molecules per mi
celle, rf?c , in a B solvent, (b) Corresponding composition 
^2 and the equilibrium polymer concentration 0 in the 
same system.The dashed part of the curves represent 
thermodynamically unstable regimes. XAB = 1-

A typical curve for A^ as a function of n ? 0 , the excess number of 
molecules 2 aggregated in a spherical micelle with respect to their 
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equilibrium concentration, is shown in Figure (2a). This figure is cal
culated with the theory as outlined in the previous sections for a sys
tem consisting of A70B30 molecules (component 2) in a B solvent 
(component 1), with %AB = 1. Throughout this paper, the A block is 
lyophobic. With increasing n ^ c , the free energy A^ initially rises, as 
it is unfavourable for the molecules to aggregate in such small num
bers. The interaction energy gained is outweighted by the loss in en
tropy of the individual molecules. Above a certain aggregation num
ber, in this case 18, it becomes energetically more and more 
favourable to associate and Am decreases. In equilibrium^8' 

dA = -SdT-PdV+ £n n + A r ° d N m = 0 (1?) 
i 

where A is the free energy of the whole system of volume V = NmV s 

and Nm is the total number of micelles (or subsystems). To fulfill the 
condition that dA = 0 at constant T, V, and {nj, As has to be zero. 
If As would be negative or positive, A would decrease by forming a 
higher or lower number of micelles, respectively. Applying this to 
equation (15) shows that the extra free energy due to aggregation 
must be balanced by the entropy of the micelles. Moreover, from 
equation (15) we see that Am should be positive, because obviously 
V m <V s . 

We will now derive how the equilibrium concentration <t>2 of poly
mer depends on the composition $2 of the system. The excess num
ber of polymer molecules n ^ c in micelles is related to the small sys
tem volume Vs expressed in number of lattice sites, and the overall 
composition <J>2 by n ^ r . = VS((J> - $ ) . Rewriting this relation 
gives 

n e x c r 
Vs =

 2 \ (18) 

As the volume fraction of polymer in the core of a micelle is virtually 
constant, the volume of a micelle expressed in number of lattice sites 
can be approximated by: 
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monomers $£ 

10 

Figure 3. Equilibrium concentration 0„ and volume 
b fraction of micelles ?2 - tj>2 as a function of composition 

$2 for an A70B30 block copolymer in aB solvent. 

V m = 
<MU - * ' 

(19) 

Combination of equation (15), (18) and (19) gives: 

&,~(<Ml)-<Ue 
-A° / kT 

+ <|>-, (20) 

allowing <]L to be computed from the concentration profile. In Figure 
(2b), $_ and <|)2 are plotted as a function of n ^ c . It can be seen that 
a minimum concentration, the cmc, is necessary to create micelles. 
Note that, in correspondence with the Gibbs adsorption equation, $ 
is at its minimum when A^ is at its maximum. Increasing the com
position beyond the cmc will increase n^c. For the same composi-
tion, 0o at the right hand-side of the minimum, and therefore the 
chemical potential, H2. is lower than the corresponding value at the 
left hand side. Therefore, the dashed portion of the curves in Figure 
(2) represent thermodynamically unstable micelles. In Figure (3), the 
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overall composition $„ is subdivided into the equilibrium concentra-
tion, 0 and the excess volume fraction of aggregated molecules, <J>„ 

b b 

- $2. At the cmc, the equilibrium concentration <)>2 drops because of 
the formation of micelles. The concentration of micelles and hence 
the reduction in equilibrium concentration equals the difference be
tween the two curves at their minimum (around ne*c = 18) in Figure 
(2a). It can be seen that beyond the cmc the equilibrium concentra
tion hardly increases and all additional molecules aggregate, as ex
pected. 

The procedure for calculating the equilibrium concentration for a 
given composition $ is as follows. We start with a certain number ni 
of each molecule in a system of M layers. With the theory, as outlined 
in sections II and III, n?*c and <)> are calculated. Substitution of 
these parameters and the chosen composition into equations (18) 
and (19) gives the small system and micelle volumes. Substituting 
these values and A^ , obtained from equation (16), into equation (15) 
gives As . Now the amount of polymer in the system can be changed 
and the whole procedure can be repeated until A ^ = 0. Obviously, a 
numerical procedure is needed to solve this problem. Note that the 
small system volume may be different from the volume of the M lay
ers under consideration. 

For membranes, L is very large and the entropy term per surface 
site L^lnfVm/Vs) is negligible. We only have to find the equilibrium 
concentration <j> for which Am /L equals zero. 

V Results and Discussion 

In the first part of this section some general trends for micelle and 
membrane formation will be studied. In the second part the influence 
of micellization on the adsorption of block copolymers will be shown. 
For all the calculations X and X have been taken equal to 0.25 
(hexagonal lattice). The choice of lattice slightly affects the numerical 
results but not the general trends, see for example ref (1, 9, and 10). 

In Figure (4), typical segment density profiles are shown of a mi
celle of A70B30 block copolymers in a B solvent. The interaction be
tween A and B segments is repulsive: XAB = 1- In the centre of the 
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micelle a high concentration of A segments is found. This concentra
tion is essentially equal to that in the concentrated phase at the bin
odal, calculated with Flory's equation for phase separation between an 
A70 homopolymer and a B solvent. (7) The core of A segments is sur
rounded by a shell of B segments, where the solvent density is not 
much lower than in the bulk solution. The concentration of solvent in 
the core is far from zero. For higher values of %AB t^ l i s concentration 
decreases strongly. 

l . U 

O.B 

0.6 

0.4 

0.2 

n n 

1 A blocks / 

J<*/\ 1 2 

/ B solvent 

B blocks 

20 40 60 80 

Figure 4. Segment density profiles of a micelle of an 
A70B30 block copolymer in a B solvent. The layers are 
renumbered; z = 40 is the centre of the micelle. %AB = 1. 

In Figure (5), the effect of the number of lyophobic segments on 
the formation of micelles and membranes is shown for an AB block 
copolymer of 100 segments in a B solvent. In this figure %AB = 1.5. 
The concentration where global phase separation between solvent 
and polymer would occur has also been calculated, using the ex
tended Flory-Huggins formulas for the chemical potential \n of 
(randomly mixed) copolymers!3': 
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Ol -nJ)/kT=ln4» + l - r 2 * , / r , 
j J 

log (J)*" 

-30 

+ a/2)r1XI%x y(^ I-<| .x)«»y -<D*yl) (21) 
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Figure 5. Phase behaviour of AB block copolymers of 
chain length r2 = 100 in a B solvent. %AB = 1.5. 
(a) Equilibrium concentration of polymer in the presence of 
micelles (solid curve), membranes (dotted curve), and 
global phase separation (dashed curve) as a function of the 
number of A segments per molecule. 
(b) Phase diagram, in which the regions are indicated 
where micelles, membranes, phase separation and a 
monomeric solution occur. 

Here, \i* is the chemical potential and <[>* = r / r is the volume 
fraction of segments of type x, in amorphous polymer of type i. A 
more detailed analysis of the phase behaviour of random copolymers 
has been made by Koningsveld and Kleintjes.'1 U In Figure (5a), the 
equilibrium concentration for micelles, membranes, and global phase 
separation is shown as a function of TA- AS is known from Figure (2), 
for micelles this concentration varies only slightly with composition. 
For (noninteracting) membranes and phase separation this concen
tration is independent of <(L . If the A blocks are very short, there is 



25 

2 4 0 -

Figure 6. Aggregation number r£xc , of a micelle as a 
fimction of the number of A segments in the polymer of 
Figure (5). 

cmc 

AB 

Figure 7. Critical micelle concentration of an A50B50 di-
block copolymer as a function of XAB- Tne X parameters for 
the segment solvent interactions are: %AO ~ 1-5- and XBO = 0-



26 

no aggregation. Micelles are formed if the length of the A block is 
long enough. The critical micelle concentration is lower than the 
critical membrane concentration, except for high A/B ratios. When 
the B part becomes much smaller than the A part, a transition from 
micellar- to membrane-like structures (with a smaller surface area 
per molecule) is found. Finally, when the polymers consist mainly of 
A segments, the polymer and solvent will phase separate globally, be
cause XAB 1S ^ai8ßT than the critical value for homopolymers of 100 A 
segments. The cmc for block copolymers with a large fraction of A is 
extremely low. This means that these molecules will usually be asso
ciated. Lowering %AB or decreasing the molecular weight will in
crease the cmc, which is mainly a function of r ^ ^ . In Figure (5b), a 
phase diagram is constructed by plotting <j>- instead of <|> „. The areas 
where micelles, membranes, phase separation, and a monomeric so
lution occur are indicated. In this case, the lines form the boundaries 
between the different regions where the various structures exist. On 
the boundary between micelles and membranes both association 
structures coexist, i.e. they have the same equilibrium concentration 
for a certain composition. Here, this transition is rather sharp and 
virtually independent of $„, but in other systems there could be a 
wider range of coexistence. Of course, other structures than spheri
cal or lamellar aggregates are possible, but these examples illustrate 
clearly a well known transition from more spherical to more lamellar 
structures as the A/B ratio increases. 

In Figure (6), the aggregation number n ^ 0 , of micelles of AB di-
block copolymers from Figure (5), is plotted as a function of the 
length of the A block. As expected, the aggregation number increases 
strongly with increasing length of the A block. 

The interaction between A and B segments is usually independent 
of the solvent quality. In Figure (5), the solvent molecules are of the 
same type as the B segments in the polymer. In Figure (7), the inter
action XAB between the two segment types of an A50B50 block 
copolymer is varied, while the interactions between A and B seg
ments and solvent (0) is kept constant (xA0 = 1.5 and XBO = 0). A 
lower XAB appears to decrease the cmc. In the micelle are more con
tacts between A and B blocks than in the homogeneous bulk solution. 
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Figure 8. (a) Adsorption isotherms for three different 
block copolymers: A70B30, A50B50 and A30B70 in a B solvent. 
Segment density profiles calculated in the plateau region of 
the adsorption isotherms. 

62 = 5.4; 

62 = 3.9; 

O 2 = 3.6; 

Interaction parameters: %AB = 1.5,xAs = '4> XBS = Xos = °-

(b) A70B30, <t>2 = 7*10 151 

(c) A50B50, (pb
2 = 26*10-™, 

(b) A30B70, & = 26*10-5, 

Therefore, a higher x ^ is unfavourable for aggregation. At Xj^ = 1.5 
the situation as in Figure (5) at TA = 50 is recovered. 

In Figure (8a), adsorption isotherms are shown for three different 
diblock copolymers, differing in A/B ratio: A70B30, A50B50, and A30B70. 
The A segments adsorb preferentially, %AS = -4, while xB S = 0. The 
interaction parameters between the different monomers are the 
same as in Figure (5). The adsorption isotherms are plotted as a 
function of the overall composition of the solution. For the A30B70 
block copolymers the adsorbed amount increases steadily until the 
cmc at $„ = 26*105 is reached. The adsorption hardly increases any 
further, because the concentration of free polymer in solution re
mains almost constant. The adsorption levels off near the point 
where Am is maximal (see Figure (2)). The A70B30 and A50B50 
molecules show a slightly different behaviour. An S-shaped isotherm 
can be observed: as soon as a few chains adsorb, a cooperative aggre-
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gation effect of A segments on the surface occurs. The adsorbed 
amount of the A70B30 increases until a semi-plateau is reached. Near 

cxc 
the cmc, 6„ rises again very sharply and levels off at the cmc. Ad
sorption isotherms with similar shape have been found for small sur
factant molecules, see for example ref. (4) and (5). The surface acts 
as a condensation nucleus. 

In parts b-d of Figure (8) the segment density profiles of the three 
different polymers at their maximum adsorbed amount are shown. 
The surface is occupied by A segments, whereas the B blocks form 
dangling tails. The longer the B block the further the polymer ex
tends into the solution. Eventually, the densities of A and B segments 
decrease exponentially to their solution concentration. The dip in the 
profile of segments A in Figure (8d) occurs because these segments 
try to avoid the thick unfavourable layer of B segments. 

Figure (9) illustrates the effect of chain length on the adsorbed 
amount and the difference in adsorption between molecules with ad
sorbing A blocks and molecules with adsorbing B blocks. In all the 
graphs of Figure (9), we have used rA / r 2 = 0.7, %AB = XAO = * and XBO 
= 0. In Figure (9a), adsorption isotherms are shown for xi = 100. The 
curve for adsorbing A blocks (/AS = -4) can be compared with the 
A70B30 curve in Figure (8a), where %AB = 1.5 instead of 1. Now the 
adsorption starts at about the same equilibrium concentration, but 
the cooperative effect has disappeared and the cmc is much higher 
for these molecules. The cooperative effect reappears when XBS = ~4 

(adsorbing lyophilic blocks). This is more evident in the inset of Fig
ure (9a). The volume fraction at which adsorption starts is much 
higher in this case, because the B blocks are much shorter than the A 
blocks. In Figure (9b), the excess adsorbed amount, 0^° , at the cmc 
is shown as a function of chain length r2. For the upper curve XBS = " 

4, while xAs = *0S = °< f o r t h e l o w e r c u r v e XAS = " 4 and XBS = *os = 

0. The concomitant cmc values are plotted in Figure (9c). The ad
sorbed amount is about twice as much when B rather than A seg
ments adsorb preferentially. When XBS = "4- a bilayer is formed at the 
surface. This is illustrated in Figure (9d), where a segment density 
profile for r2 = 100 has been drawn. The B segments have a 
maximum in their profile in the layer adjacent to the surface and a 
second smaller maximum about 15 layers away from the surface. The 
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log (cmc) 

Figure 9. Relation (dashed lines) between adsorption 
isotherms ((a) and inset), the adsorption at the cmc (b) and 
the cmc as a function of the chain length (c), both for ad
sorbing A segments (xAS = -4, # B S = 0) and for adsorbing B 
segments (xAS = 0, XBS = ~^- Segment density profiles at 
the points indicated in (b) are given in (d) and (e). rA/r2 = 

0-7, XAB=XAO = 1'XBO = 0-

A segments have a maximum in their profile at z = 8, while the con
centration of solvent is minimal at this distance. In Figure (9e) a pro
file is shown for the case that %AS = -4 and r2 = 100. Here, only a 
monolayer is formed. Although the cmc reduces drastically when r2 is 
increased (Figure (9c)), in both cases the adsorbed amount still rises 
with increasing chain length (Figure (9b)). The dashed lines in Figure 
(9) connect points for the same situation (at the cmc for r2 = 100) 
and have been drawn to show the relation between parte a-c of Figure 
(9). The bottom left quadrant has no physical relevance. 

In Figure (10), the excess adsorbed amount at the cmc is shown as 
a function of the adsorption energy of A blocks, %AS, for A30B70 and 
A50B50 molecules in a B solvent. As in Figure (8), XAB = 1«5 and XBS = 
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0. The adsorbed amount of A30B70 molecules increases strongly when 
XAS becomes more negative than a critical value. This is also well-
known from adsorption of homopolymers.'12-13) The A50B50 molecules 
show an S-shaped curve. This arises from the cooperative adsorption 
of these molecules (see also Figure (8)). The S-shape in Figure (10) 
occurs only if the S-shape in the adsorption isotherm (such as in Fig
ure 8a) is located around the cmc and %AS is near the critical value. 

^AS 

Figure 10. Elxcess adsorbed amount calculated at the cmc 
as a Junction ofxASf

orA30B70 (cmc = 26*105) and A50B50 
(cmc = 26*10~10) molecules in a B solvent. %AB = 1.5 and 
XBS = 0. 

VI Conclusions 

The length of lyophobic (A) blocks in combination with the solvent 
quality (rAxAO) is the leading factor for the critical micelle concen
tration of diblock copolymers. A strong repulsion between A and B 
segments (high XAB) slightly opposes aggregation. Usually the aggre
gates are spherical, but when the lyophobic (A) blocks are much 
longer than the B blocks, a lamellar bilayer (membrane) is the pre
ferred aggregation structure, because of its smaller surface area per 
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molecule. The concentration of solvent in the lyophobic centre of the 

aggregates can be high. 

Aggregation of block copolymers influences the adsorption proper

ties of these molecules strongly. Beyond the cmc the adsorption on a 

solid-liquid interface is a lmost cons tant . When the lyophobic block 

adsorbs preferentially and is much longer t h an the lyophilic block, a 

s t rong increase in the adsorbed amount occurs near the cmc. If the 

solvent quality is extremely poor (high XAQ) . the cmc is very low, an 

S-shaped isotherm can be observed and the adsorbed amoun t in the 

plateau region is high. Clearly, the surface acts a s a condensation nu

cleus. Reducing the length of the A block or increasing the solvent 

quality raises the cmc, and diminishes the S-shape of the isotherm. 

Competition between adsorption and micellization is observed only 

for weakly adsorbing A blocks in a very poor solvent. If the lyophilic 

block adsorbs on a lyophilic surface, a bilayer can be formed on the 

surface. 
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Chapter 3 

Adsorption, of Random. Copolymers from Solution 

Abstract 

In this paper a theory for the adsorption of random copolymers of 
uniform chain length is presented. The self-consistent field model of 
Evers for adsorption of copolymers with a given order of segments 
within the chains is extended so that polymer may consist of a statis
tically determined mixture of molecules which differ in primary 
structure. The sequence distribution of random copolymers is de
termined by the average fraction of each segment type in the polymer 
and by the sequence correlation factors (blockiness). For fully random 
copolymer, i.e., when the correlation in segment order is absent, the 
model reduces to a variation of the two state model of Björling et al. 
for adsorption of PEO, in which the segments assume two energeti
cally different states. For this case, expressions for the average ad
sorption energy and solvent quality are obtained. Results are given for 
random copolymers with two different segment types. Chains with a 
higher than average content of adsorbing segments are preferentially 
adsorbed from the bulk solution. Only in the beginning of the seg
ment density profile, the fraction of adsorbing segments is higher 
than average. In the remainder of the profile the segment composi
tion is the same as in the bulk solution. The adsorption behaviour of 
random copolymers is remarkably different from that of diblock 
copolymers. Much higher adsorbed amounts are found for diblock 
copolymers than for random copolymers with the same average frac
tion of adsorbing segments. The adsorption of random copolymers is 
usually less than that of homopolymer of equal length and consisting 
of the same type of adsorbing segments. Only for very high adsorption 
energies the adsorbed amounts are essentially the same. The influ
ence of blockiness and interaction parameters is studied. 
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Introduction 

In many colloidal dispersions, copolymers are used as stabilizing 
agents. In recent years much attention has been paid to the adsorp
tion behaviour of block copolymers, both experimentally'1"3' and the
oretically. '37 ' In practice copolymers often have a random distribu
tion of different segments along the chain. The primary structure of 
the chain depends on the way these random copolymers are synthe
sized. In general, random copolymers are very heterodisperse, both 
in chain length and in primary structure. Many theories have been 
developed to describe the sequence distribution and degree of poly-
dispersity of random copolymers, see for example ref 8-10. 

Two types of random copolymers can be distinguished. The first 
type are polymers synthesized by means of copolymerization in a 
mixture of two or more different monomer types. The rate constants 
for the reaction between the different monomers are usually unequal 
and these random copolymers will therefore be very polydisperse in 
length. The second type of random copolymers are randomly modi
fied homopolymers. This type is made by randomly modifying a frac
tion of the segments of a homopolymer and thus can be rather 
monodisperse in length. 

Not many studies have been carried out to analyse the adsorption 
properties of random copolymers. The reported results '1 1"1 5 ' con
cern randomly synthesized copolymers with high values of the poly-
dispersity ratio Mw/Mn . 

The heterodispersity of random copolymers makes it difficult to 
describe their adsorption properties theoretically. Marques and 
Joanny' 1 6 ' use a blob model, in which the chains are monodisperse 
and the adsorbing segments are regularly distributed along the chain. 
However, for random copolymer all possible sequences with their 
appropriate statistical weight should be taken into account. In this 
paper we will present a model where the chains are monodisperse in 
length only. All possible sequences are taken into account. A simple 
model is used to calculate the sequence distribution from the fraction 
of each segment type present in the polymer and a blockiness pa
rameter. This sequence distribution is incorporated into the model 
for adsorption of copolymers of a given sequence as described by E-
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vers.'4) The theory of Evers is an extension of the homopolymer ad
sorption model of Scheutjens and Fleer.'17-18' 

In the results section, we study the adsorption of random copoly
mers with different fractions of adsorbing segments. The blockiness 
of the chains is varied. The influence of solvency conditions for the 
different segments and the interaction between the segments and 
the surface is described. The adsorption of random copolymers is 
compared with the adsorption of diblock copolymers and homopoly-
mers. 

Theory 

In the first part of this section it is explained how the adsorption 
of copolymer chains, all with the same given sequence, can be calcu
lated using a lattice model. In the second part the extension to ad
sorption of random copolymers is described, taking into account all 
possible sequences. 

The lattice consists of layers parallel to the surface, numbered z = 
1 to M. Layer 1 is adjacent to the surface and layer M is in the bulk 
solution. Each layer has L sites. A lattice site has Z nearest neigh
bours, of which a fraction X0 in the same, X_i in the previous, and X1 

in the next layer. For a hexagonal lattice X\ = X.\ = 0.25 and Xo = 0.5. 
A polymer chain of type i consists of n segments. There are ni chains 
of polymer i in the system. In layer z the polymer has a volume frac
tion <|)i(z), of which (|>xi(z) are due to segments of type x. The segment 
types are denoted by x = A, B The total volume fraction of seg
ments x in layer z equals z<t> .(z)-

i 

All possible conformations of the different chains in the lattice are 
taken into account. In equilibrium, the surface free energy is mini
mal. This means, that the grand canonical partition function has to be 
maximized. Evers'4 ' has formulated the grand canonical partition 
function for a system which contains block copolymers. From the 
maximization of this partition function, he derives the free segment 
weighting factor Gx(z). This is a Boltzmann factor, giving the prefer
ence of a certain segment x to be in layer z rather than in the bulk 
solution: 



G x (z)=e k T 
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ux(z) 

( 1 ) 

ux(z) is the potential which segment x feels in layer z. For ux(z) the 
following equation holds: 

ux(z) = vT (z) + kTXXxy ( < 4>y lz) > - 4>y ) (2) 

The first term, u'(z), in equation (2) is a hard core potential, inde
pendent of x, that reflects the constraint £()>.(z) = 1. The second term 

i 1 

accounts for the interactions of segment x with neighbouring 
segments. It contains / , the Flory-Huggins parameter for the inter-

b action between segments of type x and y, and <|> y the volume fraction 
of segments y in the bulk solution. The contact volume fraction 
«(»y(z)> is a weighted average of the volume fractions in layer z-1, z 
and z+1 : 

<<^y(z)> = X ^y(z-l) +X0<|>y(z)+X1<|>y(z + 1) (3) 

The interaction with the solid surface S is also taken into account 
through equation 2. The interaction parameter between the solid and 
segments x is equal to %xS and the volume fraction of surface sites is 
unity in layer z = 0 and zero for z > 0. Thus the interaction between 
the surface and a segments x in layer 1 is kTA,-ixxs- Note that Gx(z) 
equals 1 in the bulk solution. 

Copolymer adsorption 

With the segment weighting factors, it is possible to obtain the sta
tistical weight of all possible conformations. Consider an AB dimer. 
The end segment distribution function GB(Z,2I 1), giving the weight 
of all conformations with segment B in layer z and, in principle, the 
first segment anywhere in the system (but in this case segment A is 
in one of the layers z-1, z or z+1) equals: 
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GB(z,2l 1) = GB(z) {X_1GA(z - 1.11 1) + ^-0GA(z, II1 ) + ^ G ^ z + 1. II 1)} 

= GB(z) <GA (z , lH)> 

(4) 

GA(Z,1 11) is by definition equal to GA(Z). The end segment distri
bution function for a trimer can be derived from that of a dimer in a 
similar way. Generally, for any type of molecule i, equation (4) can be 
transformed into the following recurrence relation: 

GJz.sl l ) =G 1 ( z , s )<G 1 ( z , s - l l l )> (5) 

For example, Gi(z,s) equals GA(Z) if segment number s is an A seg
ment. It is also possible to enumerate a different end segment distri
bution function, starting at the other end of the chain. (For the dimer 
under consideration this means that we start at segment B.) Equation 
(5) changes into: 

G^z.sl r) = GJz.s) < Gjfz.s + llr) > (6) 

To find the volume fraction <j)i(z), the two types of end segment 
distribution functions (Equations 5 and 6) are combined. This means 
that the two walks, starting at segments 1 and r, respectively, 
somewhere in the system and ending at segment s in layer z, are 
connected and contribute to (|>i(z): 

Ii G.(z,sll)G.(z,slr) 
• . M ^ I ' ' (7a) 

s=l 1 

The volume fractions due to segment x are obtained by: 

Il G ,(z,sll)G .(z.slr) 

•„M-C.S " o,M" <™ 
s= l •*• 
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For a copolymer with a given sequence distribution Gxi(z,sll) = 
Gi(z,sl 1) if segment s is of type x and zero otherwise. The fact that 
Gi(z,s) occurs in the denominator of equation (7) arises because in 
the product of the two end segment distribution functions Gi(z,s) is 
counted twice. The factor Ci is a normalization constant, which is de
termined by the boundary condition that in the bulk solution <[>i(z) has 
to be equal to <)> . Substituting G = 1 into equation (7) for every z and 
s gives: 

With equations (1, 2, 5-8) and the boundary condition x<|>.(z) = 1 
j 1 

the adsorption profile is calculated numerically.!4' 
From the profile, it is possible to obtain 0i = j$ (z), the total num-

z a 
ber of segments of component i per surface site. In order to find 0 , 
the adsorbed amount due to chains with at least one segment on the 
surface, the number of free chains is to be subtracted from 0i. The 
volume fractions of free chains (chains with none of their segments 
in the first layer) can be computed using equations (1, 5-8) under the 
condition that Gx(l) = 0. The excess adsorbed amount, 0^° , is cal-
culated as X(<Mz) ~ <M-

z 1 1 
Random copolymers 

In this section we will present a model where the chains are 
monodisperse in length only. All possible sequences are taken into 
account. As mentioned in the introduction, such polymers may be 
synthesized by modifying a fraction of the monomers of a monodis
perse homopolymer. 

We assume that each segment in polymer i has a probability Vxi to 
be an x segment, independent of its ranking number. Then the aver
age fraction of x segments in polymer i is vxi. We define transition 
coefficients Txyi that give the probability that in the molecules i the 
neighbouring segment of an x segment will be of type y, with 0 < Txyi 
< 1 and £T = 1. For a fully random copolymer i we have Txxi = Tyxi 
= Vxi ana Tyyi = Txyi = vyi, for an alternating copolymer i consisting 
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of two types of segments A and B TAAI = TBBI = 0 and TABI = TBAI = 
1. Other combinations may be expressed in the so-called blocky con
stant Bi, see below. 

The various transition coefficients must obey certain relations. The 
neighbouring segment of a randomly chosen segment in a chain has a 
probability of vyi to be a y segment, so that the following relation 
must hold: 

I V x l T x y i = V y i (9) 

An xy sequence must have the same probability as a yx sequence, 
therefore 

v .T =v .T . MO) 
xi xyi yi yxl H « j 

Note that for a copolymer consisting of two different types of seg
ments, relation (10) can be obtained from relation (9) using £T = 
1. Equation (10) can be rewritten as: 

T . = T ^ T f ( I D 
xyi V x l yxi 

In case of copolymers consisting of two types of segments, A and B, 
four transition factors can be defined: TAAI. TABI. TBAI. and TBBI- For 
instance, the sequence ABBAB has a probability of VAITABITBBI 

TBAITABI- The type of the first segment is not influenced by a previ
ous segment, therefore only the factor VAI is present. The next seg
ment is a B so we multiply with TABI- Continuing like this leads to the 
given probability. Because of the symmetry condition (equation 10) 
this sequence probability equals TBAITBBITABITBAIVBI- AS shown in 
this example, it is possible to describe this sequence probability as a 
product of transition factors from segment 2 to 1, 3 to 2, .... r to r - 1 
and the occurrence probability vxi of the last segment. Taking this 
product of transition factors into account for the calculation of the 
end segment distribution function, equation (5) becomes 
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Gxl(z,sl 1)= G X ( Z ) £ T <G ( z , s - Il 1) > (12) 

The expression for Gxi(z,s I r) can be written as 

G fz,slr) = Gx(z)VT < G ,(z,s + Il r) > (13) 
xi v x y y 

For these "symmetrical" random copolymers, equation (13) is redun
dant, because Gxi(z,slr) = Gxi(z,r-s+l 11). The volume fractions due to 
segment x can now be obtained by: 

Vxl<t>fiGxl(z'Sll ,Gxi(Z'Slr) 

^ ( Z ) = - ^ i G x ( 2 r— (I*) 
The numerical data can be calculated in a similar way as for 

copolymers with a given sequence, see previous section. 

Blacky constant 

For random copolymers consisting of two types of segments we 
define a blocky constant Bj as: 

TD 'T4 'T» 

i ~ AAi BAi (15) 

If Bi equals 1 (TBAI = TABI = 0). we are dealing with a mixture of two 
homopolymers A and B with bulk solution concentrations v. .<|>. and 

V» AI 1 

Vg^j , respectively. If Bi = -1 (TAAI = TBBI = 0) an alternating 
copolymer is considered, whereas for Bi = 0 the primary structure is 
fully random. The sequence distribution of a random copolymer with 
two different segments is completely determined by the parameters 
VAI and Bj. Only for VAI = 0.5, Bi can be any number between -1 and 1. 
In general, the limits for Bi (at a given VAI) are: 

m a x f - r r ^ . - r - ^ - U B . <1 (16) 
v B i A l * 
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These limits are obtained from equations (9) and (15) and the condi
tion 0 STxyi < 1. 

Fully random copolymer 

In appendix A, it is shown that the adsorption of fully random 
copolymer consisting of two types of segments can be modeled by a 
two state model for homopolymers as proposed by Björling et aU 1 9 ' 
The weighting factor for this "homopolymer", Gi(z), is equal to 

G l ^ = V A l G A ^ + V B i G B ^ (17> 

In combination with equation (1), the following relation for ui(z) is 
obtained: 

( (uR(z)-u.(z))/kT\ 
u1(z) = u B ( z ) -kT ln (v B i + vA Ie

 B A J (18) 

Series expansions of equation (18) and neglecting all terms of an 
order higher than two leads to the following relation for ui(z): 

VAiVBi 2 
U 1 ( Z ) ~ VA1UA(Z) + V B l V z ) - ~ 2 k T ~ ( U A ( z ) ~ V Z ) ) U 9 ) 

From equation (2) and (18) it follows that the adsorption profile <|>i(z) 
of AB random copolymer in solvent 0, with %AB = 0 and A and B seg
ments differing in adsorption energy only, can be enumerated by cal
culating the adsorption of a homopolymer with interaction parameter 

XiO = XBO = ZAO and %1S e ( l u a l t o : 

y =y - X i n f v +v e
Xi,xBS-*AS)>) , = = = 0 ) 

XiS XBS X V Bi A l c J l * i 0 *A0 *B0' *AB U J 

1 
(20) 
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Results and Discussion 

For all our calculations we have used a hexagonal lattice, i.e., Xo = 
0.5, and X-i = X\ = 0.25. We only show results for copolymers con
sisting of two different types of segments: A and B. In all cases A is 
the preferentially adsorbing segment. We denote solvent by i = 1 (ri = 
1) and polymer by i = 2. In the first part of this section we only 
consider fully random copolymers (B2 = 0), for which VA2 = TAA2 = 
TBA2 (see equations 9 and 15). In the second part the influence of 
the blocky constant is considered. 
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Figure 1. Adsorption isotherms for a homopolymer of 
500 segments (dashed curve) and for three AB random 
copolymers of 500 segments with different fractions of A 
segments: VA2 = 0.3, 0.5, and 0.7 (solid curves), in a B sol
vent. B2 = 0,XAB = 0.5, XAS - -4> XBS = °-

In Figure (1) three adsorption isotherms with different fractions of 
A segments are shown for an AB random copolymer of 500 segments 
in a B solvent. The isotherm of a homopolymer (VA2 = 1. dashed 
curve) is also given. The solvent is a theta solvent for the A segments, 
i-e., XAB = 0-5, and the A segments have a preferential interaction 
with the surface S: XAS = -4, whereas %BS = 0. All isotherms are of the 
high affinity type and their shapes are equivalent. The strong increase 
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Figure 2. Segment density profile for the AB random 
copolymer of Figure (1) with VA2 = 0.5 at 02 = 104 (solid 
curve) and the contribution from A segments (dashed 
curve) and B segments (dashed-dotted curve). 

at high bulk volume fractions is due to the fact that at those concen
trations the polymer is pushed towards the surface. The highest frac
tion of A segments leads obviously to the highest adsorbed amount. 
Cosgrove et al. '12 ' find a rounded shape for the adsorption isotherm of 
copolymer of vinyl acetate and ethylene on silica. We were not able to 
obtain a similar shape. Their result might be due to the high degree 
of polydispersity of their samples, which is known to cause a rounded 
adsorption isotherm.'20) 

The volume fraction profiles of the A and the B segments of the 
polymer with VA2 = 0.5 at §2 = 1 0 4 in Figure (1) are given in Figure 
(2). Only in the first few layers near the surface there is a preference 
for A segments. The adsorbed amount for A segments equals 0 „ = 
0.386, while 8g 2 = 0.214. On the surface, the preference for A seg
ments is caused by the higher adsorption energy. At z = 2 the positive 
value of XXB favours A segments as neighbours of A segments on the 
surface. 

This tendency to adsorb chains with a higher than average content 
of A segments is more clearly demonstrated in Figure (3). In Figure 
(3a) the total adsorbed amount, 0^, that of the A segments, 0^ 2 , and 
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the quantity VA2 9 «. the adsorbed amount of A segments if the ad
sorbed molecules had the same average content of A segments as in 
the bulk solution, are plotted for an AB random copolymer of 100 
segments with a volume fraction in the bulk solution of <t>2 = 0.01 in 
B solvent. The interaction parameters are the same as in Figure (1). 
The adsorbed amount becomes larger when the average fraction of A 
segments increases. Comparing the adsorbed amount G . „ of A seg-

a ments with VA2 6 _, we see that except for VA2 = 0 (B homopolymer) 
a a 

and VA2 = 1 (A homopolymer), Q is always higher than VA2 9 „ . This 
preference of chains with a higher A fraction near the surface is es
pecially pronounced for a high solution volume to surface area ratio. 
In our model, the composition of the bulk solution does not change 
when the polymers adsorb, which corresponds to a volume to surface 
area ratio of infinity. However, for a low volume to surface area ratio 
chains with a high number of A segments in the solution would soon 
be exhausted and the preference would appear less pronounced. To 
quantify the preferential adsorption, we define an excess parameter 
v?f as follows 

A l 

In Figure (3b) the parameter v ^ i s shown as a function of VA2- For 
VA2 = 0.52 a maximum in v ^ i s found, whereas v ^ i s equal to zero 
for VA2 = 0 and VA2 = 1- The position of the maximum depends 
strongly on the adsorption energy parameter xAS. For higher adsorp
tion energies the maximum occurs at lower values of VA2-

In Figure (3c) the number distribution in the solution is given for 
VA2 = 0.1, 0.5 and 0.9. These distributions are binomial and can be 
calculated by: 

v(r ) = JJ -v fAVBi (22) r , 

l A l J " r A i ! ( r i - r A l > ! Ï A 1 ' B 1 

This preferential adsorption is demonstrated by experiments of 
Pennings.<15) He has measured the adsorption of a random copolymer 
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Figure 3 . (a) Adsorbed amount of an AB random copolymer (solid 
curve) and the contribution of A segments (dashed curve) in a B sol
vent as a function of the fraction of A segments. The contribution of A 
segments if the fraction of A segments would be the same as in the 
bulk solution, VA2^> is also shown (dashed-dotted curve). 
(b) Preferential adsorption \P£? as a function of VA2-
(c) Distribution of A segments over the polymer chains, v(rA2). for 

three different values of VA2 (indicated). 

Parameters: B2 = 0, r2 = 100, %AB = °-5- XAS = '4> XBs = °- 4% = 10~2-
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of vinyl chloride (87% by weight) and vinyl acetate (13% by weight) 
from different solvents on aluminium. A stronger adsorption energy 
or a decreased solubility of vinyl acetate leads to a higher volume 
fraction directly on the aluminium substrate. For a gold substrate no 
preference is observed. His explanation is that in this case all sol
vents used adsorb more strongly than the vinyl acetate groups. 

A2 

0.10-

0.05 

log( r 2 ) 

Figure 4. (a,b) Adsorbed amount ^ of an AB random 
copolymer as a fiinction of chain length r2 for different val
ues of VA2 (indicated). (c,d) Preferential adsorption, v^*c • as 
a function of chain length for different values of VA2- Param
eters: B2 = 0. XAO = °-5- XAB = 0. XAS = "4> 1>2 = 10~2- Pa
rameters for (a,c) XBO = °-5- XBS = °- for *•#•" XBo = °> XBS 
= -4 
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The adsorbed amount as a function of the chain length of random 
AB copolymers with different fractions of A segments in solvent 0 is 
shown in Figure (4). The adsorption of a homopolymer is represented 
by a dashed line. In Figure (4a) the A and B segments have different 
adsorption energies: %AS = -4 and x B S = 0, but their solvency is the 
same: XAO

 =
 5CBO

 = 0-5 and %AB = 0 (©-solvent). According to equation 
(20), the adsorbed amount for these random copolymers where the A 
segments and B segments only differ in adsorption energy can also be 
obtained exactly by calculating the adsorbed amount for ho-
mopolymers with %20 = 0.5 and %2S = - ( lA i ) ln(vB2 + VA2Ê). In
creasing the fraction of A segments increases the adsorbed amount. 
For all values of VA2 the adsorbed amount 0^ increases essentially 
linearly with log(r2). This is known for homopolymers in a theta sol
vent '1 7) , see the dashed line. The curve for a random copolymer 
shows the same slope. The curves are horizontally shifted to higher 
chain lengths, exactly as for a lower adsorption energy of ho
mopolymers. 

In Figure (4c), the preference for A segments (v.*!:) is shown as a 
function of log(r2). The parameters are the same as in Figure (4a). For 
all values of VA2 the preference decreases as a function of log(r2). The 
relative heterogeneity is for short chains much larger than for long 
chains. For the shown values of VA2. the preference is largest for VA2 
= 0.5 (see also Figure 3b). The initial slope of the curves decreases 
with increasing value of VA2- The average fraction of chains with a 
high A content is reduced more strongly for small VA2 as compared to 
large VA2 values. 

In Figure (4b) the effect of different solvency for the A and B seg
ments is shown. Both types of segments have the same interaction 
with the surface: %AS = %Bs= ~4- The interaction with the solvent is 
XA0 = 0.5, whereas XBO = £AB = 0* F r o m equation (19), it can be seen 
that in first approximation the adsorbed amount for these systems is 
almost equal to that of an homopolymer with %2s

 i s " 4 an<^ ^20 = 

VA2ZAO
 + VB2XBO-

 I n contrast to Figure (4a), changing VA2 now gives a 
different shape of the curve. At VA2 = 0 (B homopolymer in an ather
mal solvent), the curve levels off as a function of log(r2), see bottom 
dashed line. Increasing the fraction of A segments changes the shape 
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of the curve to that observed for a homopolymer (VA2 = 1) In a © sol
vent, see upper dashed line. 

The preference for A segments as a function of logto) for the cases 
of Figure (4b) is shown in Figure (4d). The preference VA2 is less 
pronounced than in Figure (4c), because both segments gain adsorp
tion energy at the surface. For all values of VA2 a shallow maximum 
can be observed. Longer chains have larger A sequences, giving rise 
to a cooperative mutual attraction on the surface. This on itself would 
lead to a higher value of v ^ with increasing chain length. On the 
other hand, the same argument as given for Figure (4c) holds: the 
relative heterogeneity is smaller for larger chains. These two oppos
ing effects cause this maximum. 
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Figure 5. Effect of the solvent quality for the A segments, 

XAO' &• XAS = - ^ and the adsorption energy, xAS. (b, ZAO = 
0.5) on the adsorbed amount of an AB random copolymer of 
100 segments with VA2 = 0.5, B2 = 0, %AB = 0.5, %BQ = 0, 
XQS = 0, <j>2 = 10'2. In Figure (b) the adsorbed amount due 
to the A segments (dashed curve) and the quantity VA2(% 
are shown as well 

In Figure (5), for an AB random copolymer, the effect of the inter
action parameters between A segments and the solvent and A seg
ments and the surface is shown. The chains have a length of 100 
segments, and VA2 = 0.5. The adsorbed amount is calculated for <|> = 
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0.01. The effect of varying the solvency conditions for the A segments 
is demonstrated in Figure (5a). The interactions between the A and B 
segments and B and solvent 0 are kept constant ( x ^ = 0.5 and %B0 = 
0), whereas %A0 varies. The critical value for XAO where phase separa
tion as predicted by the extended Flory-Huggins equations'4 ' is 1.47. 
As the solvency for the A segments becomes worse (higher %A0). the 
adsorbed amount increases. Near %A0 = 1 the adsorbed amount rises 
sharply. For %A0 > 1.47 phase separation occurs. 

In Figure (5b) the effect of the adsorption energy XAS o n ^ e a(*~ 
sorbed amount is illustrated. The solvent consists of B monomers. 
The interaction between segments A and B is equal to %AB = 0.5. A 
weak attraction between the A segments and the surface (small nega
tive %AS value), is needed to compensate for the loss in conforma
tional entropy when the polymers adsorb. As the attraction increases, 
02 first rises strongly and becomes constant for high negative %AS 

values. A similar shape is observed, both experimentally and theoreti
cally, for the adsorbed amount of homopolymer as a function of 
XAS.(21-22) A more detailed comparison with the adsorption of ho-
mopolymers will be made below. The preference for A segments (the 
difference between the dashed and the dotted curves in Figure 5b) 
increases and becomes almost constant as the interaction between A 
segments and the surface becomes more attractive. 

The adsorption of random copolymers and homopolymers is com
pared in Figure (6). The adsorbed amount, 0„, is plotted as a func
tion of XAS f° r a n AB random copolymer with different values of VA2 
in an athermal B solvent (%AB = 0). Analogous to Figure 4a, the ad
sorbed amount of these random copolymers is the same as for 
homopolymers with x2o

 = ^ a nc* ^2S = " ^ A l ) m(vB2 + VA2e), see 
equation (20). Similarly, the critical adsorption energy for the A seg
ments for a random copolymer with given VA2. VB2. solvencies, and 
JCBS

 = 5Cos = ° c a n b e obtained from ^i %cj[s = ln(vA2) - In(-Vß2 + exp(-
X i x " ) ) . Here jfi? = ( lAi) ln( l - Xi) is the critical adsorption en-
ergy parameter for homopolymers which for a hexagonal lattice is 
equal to -1.15. In the same figure the adsorption of an A homopoly
mer in this B solvent is given. It can be seen that for extremely high 
attractive forces between the A segments and the surface the ad
sorbed amount of the random copolymers is equal to that of the ho-
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^AS 

Figure 6. Adsorbed amount, ét, as aßmction of XAS -for 

AB random copolymers of 100 segments with six different 
values of VA2 (indicated) in a B solvent. The dashed line 
shows the adsorbed amount of an A homopolymer. £?2 = 0, 

XAB = 0, XBS = °' t>2 = 10~2-

mopolymer. This high adsorption energy causes the first layer to be 
fully occupied with A segments. The loss of conformational entropy of 
the B parts is completely overruled by this high tendency of the A 
segments to adsorb. As could be seen in Figure (5b), the preference 
becomes constant. Obviously, for random copolymers with a lower 
value of VA2. a stronger attraction (larger negative XAS) i s n e e ded to 
find the same adsorbed amount as for A homopolymers. 

In Figure (7) a comparison is made between the adsorption from a 
B solvent of an A250B250 diblock copolymer and an AB random 
copolymer with the same chain length and fraction of A segments 
(50%). The volume fraction of polymer in the bulk solution is <)>„ = 
IO-4 (see the full curves at z > 60), and the interaction parameters 
are XAB = 0.5, XAS = ~ ,̂ and xB S = 0. The excess adsorbed amount of 
the block copolymer (8^° = 2.19) is much higher than that of the 

cxc random copolymer (0_ = 0.60). The block copolymer adsorbs with 
the A blocks on the surface and forms long dangling tails of B blocks. 
The random copolymer cannot spatially separate the A and B seg-



51 

Figure 7. Segment density profiles of adsorbed AB ran
dom and A250B250 diblock copolymer in a B solvent (solid 
lines). Dashed lines: contribution due to A segments (A) and 
B segments (B) of block copolymer and of random copoly
mer (A,B). Parameters: XAB = °-5- XAS = '4< %BS = °- #2 = 

lu4, T2 = 500. Random copolymer: VA2 = 0.5, B2 = 0, 6^ = 
0.60. Block copolymer: 0^ =2.19 

ments and therefore many B segments occupy surface sites. This is 
partially compensated for by a preferential adsorption of chains with 
a higher number of A segments. As has been demonstrated in Figure 
(2), only in the first few layers there is a higher volume fraction of A 
segments of the random copolymer compared to B segments. How
ever, on a log scale as in Figure 7 this is hardly noticeable. At larger z, 
the profiles of the A and B segments of the random copolymer 
coincide. 

If the adsorption of A segments is not very strong, random copoly
mers need a higher fraction of A segments to adsorb than block 
copolymers (not shown). For a block copolymer, the critical adsorp
tion energy is almost equal to that of a homopolymer consisting of the 
adsorbing segments, whereas for random copolymers the critical ad
sorption energy is higher than that value, see for example Figure (6). 
This is due to the effect that a block copolymer can form long dan
gling B tails, whereas the random copolymer cannot adsorb without 
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many B segments on the surface. The adsorption of random copoly
mer increases monotonically with VA2 under these conditions. The 
adsorption of block copolymers, however, has a maximum as a func
tion of VA2-'7* For very low values of VA2 the A block is too short to an
chor the polymer. For very high values of VA2 almost all the segments 
in the chains are competing for surface sites. At the maximum, the A 
block can gain enough adsorption energy and the B blocks are long 
enough to contribute significantly to the adsorbed amount. 

With the results given thus far we can speculate on the experimen
tal results of Diaz-Barrios and coworkers^13-14' on randomly synthe
sized copolymers of styrene-vinylferrocene and methylmethacrylate-
vinylferrocene. Diaz-Barrios and Howard^13' find a maximum in the 
adsorbed amount of a random copolymer of styrene and vinylfer-
rocene in CCI4 on silica and titanium dioxide. The samples were very 
heterodisperse, both in composition and in length. The reactivity ra
tios of the two monomers are highly different; for styrene 2.63 and 
for vinylferrocene 0.07. It is very likely that their sample contained 
many chains with a styrene block followed by a vinylferrocene block. 
This would lead to a block copolymer behaviour, i.e., a maximum in 
the adsorption as a function of the fraction of vinylferrocene. When 
they used chloroform as the solvent only a weak increase in the ad
sorbed amount as a function of the vinylferrocene content is ob
served, suggesting a similar kind of solubility and adsorption energy 
for the two types of monomers. Diaz-Barrios and Rengel'14) find a very 
peculiar behaviour for random copolymers of metylmethacrylate and 
vinylferrocene. A few percent of vinylferrocene decreases the ad
sorption. Further increase in the vinylferrocene content shows a sec
ond maximum in the adsorbed amount. This behaviour of the ad
sorbed amount as a function of the vinylferrocene content cannot be 
explained completely with the argument given above for the copoly
mers of styrene and vinylferrocene. The explanation given by Diaz-
Barrios and Rengel is that methylmethacrylate adsorbs stronger than 
vinylferrocene, whereas vinylferrocene is less soluble in chloroform 
than methylmethacrylate. In our opinion this would lead to a mini
mum in the adsorbed amount instead of this second maximum. We 
expect that a few percent of vinylferrocene gives a behaviour of the 
adsorbed amount as in Figure (3a). Vinylferrocene adsorbs less strong 
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than methylmethacrylate and therefore the adsorbed amount de
creases initially. The reactivity ratios are: 0.18 for vinylferrocene, and 
0.67 for methylmethacrylate. This means that methylmethacrylate 
mainly reacts with itself. This would give a substantial amount of 
block copolymers in the mixture leading to this second maximum. 
The first decrease in the adsorbed amount is not observed for the 
styrene vinylferrocene copolymers, because the reactivity ratios differ 
much more than in the case of vinylferrocene methylmethacrylate 
copolymers. This would lead to the formation of a large number of 
styrene vinylferrocene block copolymers, even at low content of 
vinylferrocene. However, on the basis of the available information we 
can not verify this hypothesis for these two copolymers. 
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Figure 8. Adsorbed amount (a) and the hydrodynamic 
thickness (b) as a function of the blockiness parameter B2 
for an AB random copolymer of 100 segments for three in
dicated values of VA2 in a B solvent. XAB = 0-5. XAS = "*. XBS 
= 0, 4% = 10-2. 

So far, only fully random copolymers (i.e. B2 = 0) have been dis
cussed. In Figure (8), the influence of the blockiness of the chains on 
the adsorbed amount 0^ (Figure 8a) and on the hydrodynamic layer 
thickness Sh (Figure 8b) is shown for three different values of VA2-
The hydrodynamic layer thickness is calculated according to a 
method proposed by Scheutjens et a l . '2 1 ' As can be obtained from 
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Figure 10. The fraction (a) and the average length (b) of 
trains, loops and tails as a function ofB2for the system with 
VA2 = 0.5 in Figure (8) 

equation (16), for VA2 = 0.2 and 0.8 the value of the blockiness pa
rameter B2 is between -0.25 and 1, whereas for VA2 = 0.5 the limits 
for B2 are -1 and 1. For all three values of VA2. the adsorbed amount 
becomes larger when the random copolymers become more blocky. 
The chains can form longer A trains on the surface without the in-
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terference of the B segments. At B2 = 1, a solution with A homopoly-
mers and B homopolymers is obtained. For all possible values of B2, 
increasing VA2 will increase the adsorbed amount. The difference be
tween two values of VA2 is most pronounced when B2 is minimal. At 
B2 = 1 the increase in adsorption with VA2 is due to the increase in 
the solution volume fraction of A homopolymer. As the adsorption is 
in the pseudo plateau region of the isotherm, there is only a minor 
effect on 0 . 

In Figure (8b), the corresponding hydrodynamic layer thickness Sh 
is given. For VA2 = 0.5 and 0.8, 5h increases slightly with increasing 
blockiness until B2 ~ 0.9. From that point on 5h rises sharply as a 
function of B2. For VA2 = 0.2 the hydrodynamic layer thickness ini
tially increases stronger than for the other two shown values of VA2-
The observed trends in Figure (8) will be explained with the help of 
Figures (9) and (10). 

In Figure (9), the effect of the blockiness on the preferential ad
sorption (equation 21) is illustrated for the same systems as in Figure 
(8). At B2 = -1 no preferential adsorption occurs, because all 
molecules in an alternating copolymer have the same primary struc
ture. With increasing B2 the length distribution of A blocks becomes 
wider, especially for VA2 = 0.5 (see Figure 3c), and hence the prefer
ential adsorption increases. When B2 = 1, only the A homopolymers 
adsorb, giving v^% ** 1 ~ VA2- Consequently, curves for VA2 < 0.5 cross 
each other, whereas curves for VA2 > 0.5 do not. 

In Figure (10), the fraction of segments in trains, loops and tails 
(Figure 10a) and the average length of trains loops and tails (Figure 
10b) are given as a function of B2 for the case of VA2 = 0.5 in Figure 
(8). The calculation of these quantities is described in Appendix B. 
The fraction of segments in trains shows a maximum around B2 = 0.7, 
whereas the fraction of segments in both loops and tails passes a 
minimum as a function of B2. For loops this minimum is around B2 = 
0.7, whereas for tails it is situated near B2 = 0.9. Similarly, the aver
age length of trains as a function of B2 shows a maximum around B2 = 
0.6, whereas in the curves for the average length of loops and tails a 
minimum can be observed. As B2 increases the preferential adsorp
tion of chains with many A segments increases (Figure 9) leading to 
shorter tails and loops and longer trains. The adsorbed amount in-
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creases slightly (Figure 8a). Combination of these two effects gives an 
almost constant hydrodynamic layer thickness up to B2 = 0.9 (Figure 
8b). At very high values of B2, the adsorbed amount becomes much 
larger leading to longer tails and loops and a higher value for oh. 

Conclusions 

A model for the adsorption of random copolymers has been devel
oped. The blockiness as well as the average fractions of different 
segments in the polymer can be varied. The adsorbed amount for AB 
random copolymer with adsorbing A segments is usually less than 
that of the corresponding A homopolymer. Only for very high adsorp
tion energies of the A segments the adsorbed amount is equal. In 
contrast, a block copolymer with the same fraction of A segments as 
in the random copolymer adsorbs stronger and the segment density 
profiles are remarkably different. The profile of the block copolymer 
shows a dense A layer on the surface and B tails dangling into the so
lution, whereas random copolymers show a homopolymer-like seg
ment density profile. 

There is a strong preferential adsorption of chains with a higher 
number of A segments. A higher fraction of A segments increases the 
total adsorbed amount, but decreases the heterogeneity of the A se
quences. At a constant fraction of A segments the adsorbed amount 
increases with increasing blockiness, but the hydrodynamic layer 
thickness is almost independent of the blockiness. 

Fully random copolymers, consisting of two types of segments, can 
be modeled by a two state model as developed by Björling et al.f22J If 
the only difference is the adsorption energy between the two seg
ments, the adsorbed amount can be obtained from the adsorption of a 
homopolymer with an adsorption energy which is a weighted average 
of the adsorption energies of the two segment types. 
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Appendix A 

In this appendix we show that fully random copolymers can be 
modeled as "homopolymers" with a segmental weighting factor Gi(z) 
which is equal to £v jGx(z). This modeling of fully random copolymers 
as homopolymers of which each segment can be any of two or more 
possible types is analogous to the two state model of Björling et aÜ 1 9 ' 
for grafted polyethylene oxide chains, where each segment can be in 
a trans or a gauche state. Each of these states is accompanied by a 
different interaction with the solvent. 

Let us define 

Gt(z) = I> x l
Gx( z ) (A1> 

G^z.sl 1)= £v x lG x l (z ,s l y ( A 2 ) 

and 

G1(z,slr) = X v
x l

G
x i ( z ' s l r ) (A3> 

For fully random copolymers Txyi = vyi. Combining this identity with 
equations (12) and (A2) we see that 

Gxl(z,sl 1)= Gx(z) < Gjfz.s - II 1) > (A4) 

Substituting equations (A4) and (Al) into (A2) we obtain 

Gjfz.sl 1)= Gj(z) < Gj(z,s - II 1) > (A5) 

Similarly, using equations (13) and (A3) instead of (12) and (A2), it is 
found that 

G 1(z,slr) = G v (z )<G,(z , s+ l l r )> (A6) 
XI A I 

and 
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G1(z,slr) = G1(z)< G t(z,s + 11 r) > (A7) 

Substituting equations (A4) and (A6) into equation (14) gives: 

^ ^GjU.sl lJGjlz .sIr) 

•iW = 2>X1W = T;1 G^ i ) 
A Â s=i 1 

(A8) 

Finally, as vxi(z) = <|>xi(z)/<|)i(z), it can be derived from equations (14) 
and (A8) that 

V x i G x < z ) 
V x i { z ) = G,(z) (A9) 

Applying this multi-state model, the numerical analyses can be 
carried out as follows. For each segment type x and layer z there is 
one unknown parameter ux(z) and one equation: 

u x (z)-u ' (z)-u 1
x

I U (z)+ 1 1 
£<t>,(z) 

= 0 (A 10) 

where u ^ f z ) is defined as: 

u1
x

nt(z)=kTX)C xy 

'<<> (z)> Ï 
- 4 > v 1 ^ ( 2 ) 

V 1 / 

(All) 

and u'(z) is equated as 

K u ^ z J - u ^ t z ) ) 

u'(z) = 
I I 

(A 12) 

The set of equations (A10) is reasonable linear in (ux(z)} and when 
solved it guarantees that ux(z) = u'(z) + u ^ f z ) and i<|> (z) = 1. The it
eration is started with an initial guess for (ux(z)}. To find Gx(z) the 
values for ux(z) are substituted into equation (1). The weighting factor 
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Gi(z) can be obtained by using equation (Al). With Gi(z) and relations 
(5), (6), and (7), <|>i(z) is found. The values for Vxi(z) are obtained from 
equation (A9). The volume fractions <|>xi(z) are enumerated as 
vxi(z)0i(z)- In this way, all values necessary in equation (A10) are 
known. Now, for every segment x equation (A10) is tested, a new es
timate for the set of potentials ux(z) is made and a new cycle started. 
The iterations are stopped when the residual error in equation (A10) 
is smaller than 10~7. 

Appendix B 

The fraction and average length of tails, loops and trains is ob
tained in a similar way as described in ref (18). Only the most impor
tant equations are given here. 

The end segment distribution function of free chains (chains with 
no segments in the first layer), G^fz.sl 1), can be obtained by the re
currence relation (Equation 12) and the condition that Gx(l) = 0 for 
all x. The end segment distribution function of adsorbed chains 
(chains with at least 1 segment at the surface), G .(z,sl 1), is equal to 

f a 

G^fz.sl 1) - G^z . s l 1). Numerically accurate values of G^z .s l 1) are 
obtained in a slightly different way.'18' 

A loop ending at segment s will have segment s in layer 2 and seg
ment s + 1 in layer 1. Both segments are attached to a part of a chain 
with at least one segment at the surface. The average number of loops 
per chain can be calculated as: 

n l = 1 V f . . V n a in „i « r . a 
5 > x £G* (2,sl 1)G*.(l,s+ l)lr)} (Bl) 1 XEG^z.rinf1 * £ ^ ' xl 

The average number of trains per chain is obviously: 

n } r = n [ + l (B2) 

The average number of tails per chain with length s is obtained from: 
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2A,, 
n*(s) = = r = - Yv x G f Az,s\ l)Ga.(l.s + IIr) (B3) 

1 X £ G .(z.rfUt' x xl xl 
x z x l 

The average number of tails per chain, n*, is simply found by sum
ming equation (B3) over s. The fraction of segments of the adsorbed 
chains in trains, tails and loops is given by: 

.tr VU V - - = ^ Î - (B4) 

l 

r - l 
v{ = f- £snj(s) (B5) 

1 s=l 

vj = 1 - v{r - vf (B6) 

And the average lengths of trains, tails and loops are equal to: 

r v t r 

l*r = — -̂TF— (B7) 
1 n " 

r v1 

l] = - V (B8> 
1 n i 

1 r i v l i 1, - -V- (B9) 
n 
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Chapter 4 

Interaction between Hairy Surfaces 
and the Effect of Free Polymer 

Abstract 

In this paper, the interaction between surfaces coated with grafted 
polymer is studied. The influence of free, nonadsorbed polymer on 
the interaction is described in some detail. A self-consistent field 
theory, based on the model for homopolymer adsorption of Scheut-
jens and Fleer, is used to take into account all the possible conforma
tions of terminally anchored and free polymer and to calculate the 
interaction between the two surfaces. For hard surfaces in the pres
ence of free polymer, the attraction is only determined by the os
motic effect. In the case of hairy surfaces, the mixing of the grafted 
polymer layers gives an additional attractive contribution, because the 
hairs mix more easily than hairs and free polymer; this attraction is 
strongest at plate separations just below twice the hydrodynamic 
layer thickness. At small separations, the hairs become repulsive. The 
free energy of interaction shows a minimum as a function of the bulk 
volume fraction of free polymer. For infinitely large plates, the attrac
tion is always stronger for higher chain lengths of free polymer. In
creasing the mixing energy of grafted and free polymer (%gf) in
creases the attraction drastically, whereas their solvency (Xf0, Xgo) 
has a much less pronounced effect. If no free polymer is present, the 
interaction becomes attractive when the solvency of the grafted 
chains becomes worse than theta conditions. 

Introduction 

The stability of colloidal suspensions in the presence of nonad-
sorbing (free) polymer has been a subject of much interest. Theoreti
cally, many authors have been concerned with the case of bare parti
cles, so called hard spheres'1_9 '. The destabilization of these systems 
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is explained in terms of an osmotic attraction caused by depletion of 
the free polymers in the vicinity of the surface. Only few experimen
tal data are available for this kind of systems.'4' 

Li-In-On et al.'10) were the first to report that sterically stabilized 
particles i.e. particles coated with a grafted polymer layer (also called 
soft spheres or hairy particles) can be destabilized by adding free 
polymer in relatively low concentrations, and are restabilized in con
centrated polymer solutions. This restabilization has later been pre
dicted for hard spheres'3-9 ' but has, as yet, only been observed ex
perimentally for soft spheres. Studies on soft spheres'10"16 ' have re
vealed that the flocculation is weak and reversible. The critical desta-
bilization and restabilization concentrations are generally found to 
decrease with increasing molecular weight of the free polymer. The 
influence of other parameters, such as grafted amount and solvent 
quality, are less clear. 

Only few theories have been developed to describe the stability of 
soft spheres in the presence of free polymer. Vincent et al . '12 ' calcu
lated the free energy of mixing polymer coils with the polymer 
sheaths on the two particles and that of the mutual mixing of the two 
sheaths. This model neglects the existence of the depletion region, 
which is the origin of the flocculation of hard spheres. According to 
the Monte Carlo Rotational Isomeric State model of Feigin and Nap
per'3 ', the restabilization of the hairy particles is caused by an ener
getic barrier. This is in contradiction with the experimental observa
tion that the flocculation is reversible. Rao and Ruckenstein'17 ' stud
ied two limiting cases: in the first the grafted layer is considered as 
an impenetrable barrier, and in the second the free polymer is al
lowed to penetrate the grafted layer completely. Vincent et al . '16 ' in
troduced a simple model in which they extend the theory for bare 
particles by Fleer et al.'9 ' to describe the flocculation of hairy parti
cles. 

The purpose of the present paper is to obtain more insight in the 
interaction between plates coated with a grafted layer in a polymer 
solution, without making a priori assumptions about the extent of in
terpénétration of grafted and free polymer. We start with a brief de
scription of the model for hard spheres by Fleer et al.'9 ' and the ex
tension to soft spheres by Vincent et a l . '1 6 ' Then we introduce a 
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model for the interaction between soft plates, based upon the Self-
Consistent Field (SCF) theory of Scheutjens and Fleer for adsorption 
of homopolymers.'18-19 ' Earlier, Cosgrove et al. '20 ' extended this the
ory to the case of grafted chains. The incorporation of extra compo
nents is straightforward.'21' The free energy of interaction is calcu
lated using the so called "restricted equilibrium" argument.'22 ' When 
the particles approach, the free polymer and the solvent are allowed 
to leave the gap to equilibrate with the bulk solution, whereas the 
grafted polymer (the restricted component, although it is in com
plete equilibrium) can only adapt its configuration. Scheutjens and 
Fleer'22 ' have shown how to calculate the free energy of interaction in 
such systems. In the results section we study the influence of differ
ent parameters, such as the solvency parameters (%f0, %g0, %gf), the 
chain lengths, the concentration of free polymer, and the grafted 
amount. A qualitative comparison with the model of Vincent et al . '16 ' 
will be made. 

Theory 

The model for hard spheres by Fleer et alJ9) 

Polymer molecules will lose conformational entropy when they 
come close to a solid surface. As a result, nonadsorbing (free) poly
mer has a lower concentration near the surface than in the bulk solu-

© ® 
M M Figure 1. 

J^AI/JL 
M > 2 A M < 2 A 

Concentration profile 
of nonadsorbing poly
mer between two 
plates at (a) large and 
(b) small separation. 
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tlon over a region of thickness A. The parameter A may be called the 
depletion layer thickness. When two plates in a solution with nonad-
sorbing polymer are at a separation M > 2A, the polymer concentra
tion halfway the plates is the same as in the bulk solution (Figure la). 
We denote the volume fraction of free polymer in the bulk solution as 
<|>, and that of the solvent as $„. At small separation, M < 2A, 
(almost) all free polymer has left the gap (Figure lb). Further reduc
tion of the surface separation gives a change in interaction free en
ergy Alnt(M) due to the transportation of solvent molecules from the 
pure solvent region (with chemical potential \i* ) between the sur
faces to the bulk solution, where the solvent molecules have a chemi
cal potential \iQ. Throughout this paper we use the subscript 0 for 
solvent. For flat plates of area As at separation M < 2A, the trans
ported volume of solvent is As(2A - M) as compared to M = 2A, where 
the interaction starts. Consequently, AInt(M) equals AS(2A - M) (\iQ -
H* )/v where v_ is the solvent molecular volume. For spheres with 
radius a the geometrical factor is different. At separation M < 2A we 
have: 

A ( M ) = 2 7 c a ^ — ( A - T J ^ + 3 ^ + ëa"J (M<2A) 

~27ia ° v ° ( A - ^ ) (A < < a , M < < a ) 

(1) 

One could also say that the osmotic pressure difference II = (|i* -
H-J/v between the bulk solution and the gap forces the particles to
gether. The chemical potential of the solvent can be calculated using 
Flory's equation^23); 

where Xio i s the Flory-Huggins interaction parameter between the 
free polymer and the solvent. The depletion thickness A can be ob
tained numerically from the lattice model for homopolymer adsorp-
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tion of Scheutjens and Fleer'18 ' as - 6 , /<|>f, where 8 f is the 
(negative) excess adsorbed amount, expressed in number of seg
ments per surface site. An analytical expression which closely fits the 
numerical results for Ais presented in ref (9). The minimum A 
in the free energy of interaction is situated at M = 0, and is given by: 

Aint _ ^o ^o .2 
A . = 2na—v A 

min VQ 

(3) 
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hard spheres as a ßmction of the volume fraction (fc of free 
polymer in the bulk solution, according to ref 9, for rj = 
100 and rj = 1000. The entropy loss per particle when a 
particle is transferred from the dispersion to the floe phase 
(for a particle concentration of 10~4) is assumed to be 20k, 
corresponding to a free energy of transfer of 20kT. The 
critical flocculation concentration (j>. and the restabillzation 
concentration <f>, are indicated. Particle diameter 100 nm, 
Xjo = 0.5. 
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With increasing <|>,, the osmotic pressure and, hence, \i* - \iQ in
crease, but A decreases because the osmotic pressure pushes the 
chains towards the surface. As a consequence of these two opposing 
effects, the attraction goes through a maximum at a certain volume 
fraction of polymer in the bulk solution. The polymer volume fraction 
$ , at which the particles will flocculate and the (higher) volume 
fraction tâ at which they will restabilize depend on the entropy loss 
of the particles, which is in first approximation independent of <)>, . 
In Figure (2), A is plotted as a function of <|>, for two chain 
lengths. In this example, stable dispersions are obtained for <|>, lower 
than =0.2 and higher than =0.95; in between depletion flocculation 
occurs. For hard spheres the second critical volume fraction $, has 
never been observed experimentally. 

The model for sofi spheres by Vincent et alJ16) 

Vincent et al.f16' extended the hard sphere model by Fleer et al. to 
describe the depletion flocculation of spheres coated with grafted 
polymer. The free polymer is assumed to enter the polymer sheath 
over a distance A°v (Figure 3a). The penetration depth Aov is found by 
equating the osmotic pressure in the overlap region to that in the 
bulk solution. For the volume fraction profiles of the anchored chains 
and the free polymer, predetermined shapes are taken. From the 
profile of the anchored chains the thickness Aê of the grafted layer 
is estimated. If there would be no grafted layer, the interaction would 
start at a plate separation 2Ad, where Ad is the depletion layer thick
ness for hard surfaces. In the presence of a hairy layer the polymer 
segments cannot come closer to the surface than AS - A°v, and the 
interaction starts at a separation 2(Aë + Ad-A°v). For the evaluation of 

Sr b * 
Ad a very simple approximation is used: Ad = 1.4Rf (1 - 0 , ) / ( l - 0 , ) , 

gr * 

where Rf is the radius of gyration and 0 , the critical overlap 
concentration of the free chains. The factor Ad + Ag - Aov could be 
called the effective depletion layer thickness Aeff. At plate separations 
smaller than 2Aeff, no free polymer is considered to be present 
between the spheres, see Figure (3b). The interaction free energy 
due to this depletion can be obtained from equation (1) by substitut
ing Aeff for A: 
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M > 2 A ' M<2 û 

Figure 3. Concentration profiles of grafted and free 
polymer between two plates for (a) large and (b) small plate 
separation. 

AdeP(M)~2*a^V^(Ae .deP ~ ^0 ^WAeff M_\ M 
1) 2 < A eff (4) 

To obtain the change in the total interaction free energy, Vincent et 
al .l16 ' add to this depletion contribution two other terms, i.e., the 
free energy of mixing the two polymer sheaths (M < 2Aß) and an 
elastic deformation term ( M < Aé). As expected, <|), increases and <|), 
decreases as compared to hard spheres. 

The theory of Vincent et aÜ1 6 ' is based upon a number of assump
tions. The attraction is caused by an osmotic force. The profiles of the 
attached polymer and the free polymer have a given shape. Further
more, the depletion interaction range Aeff is an assumption in itself. 
Any variation in the profiles while the particles approach is not taken 
into account. The grafted amount and the layer thickness can be var
ied independently in this model. 

The self-consistent field theory<18-19) 

The SCF theory of Scheutjens and Fleer is a lattice theory. The lay
ers are numbered sequentially from one surface to the other, z = 
1 M. Layers 1 and M are assumed to be next to the surface of a 
solid. Each lattice site has Z nearest neighbours, of which a fraction 
Xo are in the same, a fraction X.\ in the previous, and a fraction X\ in 
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the next layer. For a hexagonal lattice Xo = 0.5 and \.\ =Xi= 0.25. 
Molecules of type i, with chain length ri, have a volume fraction <)>i(z) 
in layer z. In a system of grafted polymer in a solution of free poly
mer, the index i is either 0 (solvent), f (free polymer), or g (grafted 
chains). 

The statistical weights of the conformations of the molecules are 
calculated using a step weighted walk in a potential field. This poten
tial field is assumed to be perpendicular to the surface and is created 
by the concentration gradients of the molecules in the lattice. In 
turn, these concentration gradients are dependent on the potential 
(i.e., self-consistent) field. Each step (or segment of a molecule i) is 
weighted with the appropriate segment (Boltzmann) weighting factor 
Gi(z), which is given by: 

-U j ( z ) 

G1(z)=e k T (5) 

The factor Gi(z) describes the preference for a segment i to be in 
layer z rather than in the bulk solution. Hence, in the bulk solution 
Gi(z) is unity. A segment of molecule i in layer z feels a potential ui(z), 
with u iM s 0. The expression for ui(z) is: 

u1(z) = u,(z) +kT2x11(<<Mz) >-£) +ufds(z) (6) 
J 

where u'(z) is a (segment type independent) hard core potential 
which is numerically adjusted such that the packing constraint E0,(z) 
= 1 is obeyed. The second term in equation (6) accounts for the con
tact energies between a segment of type i in layer z with other seg
ments in the system, in excess to the interaction it would have in the 
bulk solution. For simplicity, only nearest neighbour interactions are 
taken into account. The parameter Xyis the familiar Flory-Huggins 
parameter for the interaction between segments of molecule i and j . 
The contact volume fraction «t>i(z)> is defined as: 

<<))1(z)> = X_1<l)1(z-l) +\0$l{z) + X1$l(z+l) (7) 
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The interaction between segments and the surfaces is accounted for 
in equation (6) through u^ds(z). In the present paper, u^ds(z) will be 
taken zero for all i and all z. 

The next step in the theory is to calculate the end segment 
distribution functions Gi(z.sll), the average weighting factor of all 
the conformations (walks) of an s-mer with segment s in layer z and 
starting (with segment 1) in an arbitrary layer. The following recur
rence relation applies: 

Gjfz.sl l )=G 1 ( z )<G 1 ( z , s - l l 1)> (8) 

where 

<G 1 (z , s - l l l ) >= J ^ G J z - l . s - 111) +A. 0G 1 (z ,s - l l l ) 

+ X 1 G i ( z + l , s - l l l ) (9) 

This means that the end segment distribution function of an s-mer is 
related to the end segment distribution function of an (s-l)-mer. For 
a segment s, which is connected to an (s- l)-mer, it is only possible to 
be in layer z if this (s-l)-mer ends in one of the layers z-1, z, or z+1. 
The factors \-i, Xo, and X\ are the fractions of steps to layer z from 
these possible positions for segment (s-1). The multiplication with 
Gi(z) accounts for the weighting factor of segment s. Equation (9) is a 
recurrence relation which starts at segment 1, for which Gi(z, 111) = 
Gi(z). One can also start at the other end of the chain. Then all walks 
of ri-s steps end at segment s and the average weighting factor is 
Gi(z.slr). For a symmetrical chain, e.g., a homopolymer, Gi(z,sl 1) = 
Gi(z,r-s+l Ir). In order to find the volume fraction <|>i(z), the walks 
starting at each end of the chain and ending with segment s (s = 
1 ri) in layer z are to be combined: 

!i G.(z,sll)G.(z,slr) 

V z ) = C i £ G.(z ( 1 0 ) 

s=l 
G^z) 

The factor Gi(z) in the denominator corrects for double counting 
(Gi(z) is included in both end segment distribution functions), and Ci 
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is a normalization constant. In the bulk solution all Gi's are unity, and 
therefore: 

•? C i = T 7 ( I D 

where <)> is the volume fraction of molecules i in the bulk solution. 
Another expression for Q can be derived if the amount of segments 

M 
belonging to molecules i between the two plates, 6 = j . <t>.(z), is given. 

1 z=l l 

Each segment number contributes to 8i by an amount of Si/ri. If only 
segment ri is considered, it can easily be verified that: 

C . = Ï ^ T Î ) ( 12 ) 

M 

where G .(ril) is the chain weighting factor, defined as £ G(z,rl 1). 
With equations (5), (6), (10), and (11) or (12), together with the M 
boundary conditions B|> (z) = 1, a numerical solution can be obtained. 

Terminally attached chains®® 

Two grafted components "g" can be distinguished, one is grafted in 
layer 1 and the other in layer M. For terminally attached chains both 
chain ends are treated differently. Gg(z,slr) is obtained in the same 
way as in the previous section, because the last segment may, in 
principle, be anywhere in the system. The first segment, however, is 
restricted to either layer 1 or M. Therefore: 

f G (1 ) if z = 1 and g is grafted in layer 1 

G (z, II1) = 1 G (M ) if z = M and g is grafted in layer M (13) 

[0 otherwise 

For chains grafted in layer 1, the second segment can only be in lay
ers 1 or 2, the third segment in layers 1 to 3, and so on. In this case 
Gg(z,sl 1) * Gg(z,r-s+l Ir), in contrast with symmetrical chains. The 
computation of the volume fraction profile can still be achieved using 
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equation (10). The grafted amount is constant, so equation (12) is 
used for the calculation of the normalization constant Cg. The grafting 
density og (in layer 1 and layer M), i.e., the number of molecules per 
surface site, is equal to Ög/rg. Note that 0g is defined per plate, 
whereas for the mobile components 8i is the total number of mono
layers between the two plates. 

The free energy of interaction 

The derivation of the free energy A(M) for a system of M layers be
tween two surfaces with grafted polymer g is very similar to that de
scribed in ref 18 and 21, see appendix. 

W= fÇ^ ( z ){^ l nG^ + l n G i ( z ) + 2 ^ i j < V z ) > } + C ( G g ) 

The summation over i includes both the mobile and the grafted com
ponents. The term c(og) is only a function of the amount of grafted 
chains and therefore independent of the plate separation M. When 
the distance between the two plates is reduced, the free polymer f 
and the solvent 0 are allowed to leave the gap. These two compo
nents are considered to be in equilibrium with the bulk solution. 
Thus the excess free energy Aexc(M) becomes: 

A^ fM) A(M) e 

^ 0 - ^ 0 ) e 0 - fcf-^rf- US) 

Equation (15) applies to the system under consideration, i.e., plates 
coated with a grafted layer in a solution of nonadsorbing polymer. For 
a system with more components, for each extra component i in equi
librium with the bulk solution a term -{\i -\i*)Q /r should be in
cluded in equation (15). The chemical potential of free polymer in a 
monomeric solvent with respect to the pure amorphous phase 
(denoted by *) is equal to'23 ' : 
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Figure 4. The free energy of interaction per surface site 
as a function of the separation between two plates covered 
with grafted chains, in four different concentrations <pf of 
free polymer. Chain lengths /y = 400, r = 200; grafted 
amount per plate 6g = 10; interaction parameters %m = Xgo

 = 

Xgf=0. 

^f Vj_ , , b ,_ .._ .b, „ xb.2 
k T = l n » f + ( l - r f ) ( l - ())f) + r f x f 0 ( l - <|)f) 

[16) 

The expression for the chemical potential of the solvent is given in 
equation (2). The quantity of interest is Alnt(M), the free energy of 
interaction, which equals the excess free energy at plate separation 
M with respect to that at infinite plate separation: 

„ in t , , , , . e x c , w , .exc, A ( M ) = A ( M ) - A ( ') (17) 

Results and Discussion 

In this section we analyse the effects of several parameters on the 
interaction of hairy plates in a polymer solution. For all calculations a 
hexagonal lattice has been used, i.e., \ç> = 0.5 and X-i = X\ = 0.25. 
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Throughout this paper, the properties of the molecules grafted in 
layer 1 and M (chain length, grafted amount, solvency) will be identi
cal. We use the subscript "g" for grafted polymer, "f ' for nonadsorbing 
free polymer and "0" for solvent. None of the molecules will be 
considered to have an excess interaction with the surface: u^ds(z) = 
0 for all i and z. 

In Figure (4), the interaction free energy Alnt(M) as a function of 
the plate separation M is shown for four volume fractions <|>, of the 
free polymer in the bulk solution. In this case rg = 200, 0g = 10 
monolayers per plate, rf = 400, and Xao = Xfo = Xgf = 0- A clear mini
mum and hardly any maximum (in contrast with results obtained by 
Feigin and Napper'9') is observed for each of the bulk volume frac
tions of free polymer. The trends in Figure (4) can be understood by 
considering the segment concentration profiles, see Figure (5). This 
figure shows, for the case <|>, = 0.2, how the profiles between the 
plates change when the plate separation is reduced. In Figure (5a), at 

100 

Figure 5. Profiles of the grafted (solid curves) and free 
polymer (dashed curves) at six different plate separations 
M for the case <fc = 0.2 of Figure (4). The value of^^f

xc{M ) 
= ef?c (M ) - tfr ( °° ) is indicated in the diagrams. 
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plate séparation M = 150, a profile (of which only the first 100 layers 
are shown) is obtained at which the particles have essentially no in
teraction. There is an overlap region of about 15 layers between free 
and attached molecules. Figure (5b) shows the situation where the 
separation M equals 100 layers. The maximum volume fraction of the 
free polymer has decreased slightly and the grafted polymers overlap 
to a small extent. The interaction is still very weak. At M = 90 (Figure 
5c), some attraction sets in. As M decreases, the amount of free 
polymer between the plates diminishes, see for example M=86 
(Figure 5d) and M = 82 (Figure 5e). The free energy of interaction is 
minimal at M = 82. Almost all the free polymer has left the gap. The 
overlap region between the anchored layers is extensive. Upon a 
slight reduction of the plate separation, to M = 78 (Figure 5f), essen
tially all the free chains have left the gap and the interaction has be
come repulsive. Note that in most cases the maximum in the profiles 
of the anchored chains remains the same. Only in Figure (5f) the 
maximum in the profile close to the surface has increased slightly. 

Vincent et al. '16 ' interpret the interaction only in terms of osmotic 
forces. Due to the depletion of free polymer in the gap the osmotic 
pressure is lower than in the bulk solution, leading to attraction. 
Upon further reduction of M, the grafted polymer layers start to 
overlap considerably, which causes the strong repulsive part in the 
interaction curve. 

However, the osmotic pressure is not the only effect which deter
mines the depletion interaction between soft surfaces. To illustrate 
this, we rewrite equations (14) and (15) for an athermal mixture (all 
X's zero) of free polymer and solvent between plates without and with 
hairs. In the first case, all components (f and 0) are mobile. We may 
now replace 8i/Gi(rl 1) by <)> , according to equations (11) and (12), 
and express In Gi(z) in the solvent volume fraction profile: for % = 0, 
In Gi(z) = -u'(z)/kT = In Go(z) = In <|>o(z)/(|>0. After some rearrange
ment we obtain from equation (15), after substitution of \IQ and \if. 

exc, 
ABC1M) A f Q ( M ) 

(4>0lz)-$-i^(Vz)-4>?)} LkT LkT 

(18a) 
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= - X ( n ( z ) - n b ) v 0 / k T ( 1 8 b ) 

Tb where II = - ( n 0 - V
L*0)/

V
0
 i s the osmotic pressure of the bulk solu

tion with respect to pure solvent and n(z) is the osmotic pressure of 
a solution of volume fraction <|>f(z) = 1 - <|>o(z). Equation (18) is valid for 
hard surfaces, and it is clear that in this case the free energy of 
interaction can be written entirely in terms of II(z) - IIb . This applies 
also to the more general case x * 0 in full equilibrium.^24) 

For hairy surfaces, additional terms enter Aexc due to the grafted 
component, which is in restricted equilibrium. A similar procedure 
leads to: 

Aexc,T.,v A e x c fMl 2 0 „ 0„ 
A (M) A f p l M ' g g . . _ , b b 

LkT = LkT + ^ T l n
0 M f _ M +c(CTg)-2rgCTg(<t>o + *f/rf) g G g ( r l l ) 

(19) 

where A, (M) is given by equation (18) (although its numerical value 
is different from that for hard plates because the profiles are affected 
by the presence of the hairs), and Gg (rll) is the chain weighting 
factor at separation M, see below equation (12). The last terms in 
equation (19) are constants that do not depend on M and that, con
sequently, cancel in A ta t. Now we may split Alnt(M) into two terms: 

AInt(M) = AJ°*(M) + A^nt(M) (20) 

where A f"(M) = A^ (M) - A^f(°°) , and AJ1 (M) is given by: 

. int . , , . g 
Aa (M) = ^ — I n 

g g 

2 8„ ( G ~ ( r U n 
g' 

G?(rll) 
(21) 

The term A, (M) may be considered as the osmotic term due to the 
int free polymer, whereas Ag (M) is the (purely entropie) contribution 

due to the hairs. 
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energy of interaction and its 
due to the attached chains and 

Af [M] due to free polymer and solvent, as a function of 
the plate separation M, for the system of Figure (5). 

Figure (6) shows these two contributions and their sum Atat(M) for 
the system of Figure (5). The osmotic term A,Q(M) has a small 
minimum at M = 102 (see inset), passes a maximum at M = 85, and 
decreases steeply at shorter separations. The contribution A (M) 

int displays the opposite trends, and even overcompensates A f 0(M); the 
net effect is a minimum in Alnt(M) at M=82 and a steep repulsion at 
shorter distances, see also Figure (4). The behaviour of the two con
tributions to Alnt(M) is rather unexpected, especially the repulsive 
part of the osmotic term and the attraction due to the hairs. We in
terpret these trends as follows. 

In the simple model for hard surfaces, discussed above, Alnt(M) = 
n b (M - 2A) for M < 2A. This can be rewritten as Alnt(M) = - I I b / ^ 
te^ c(M) - e^c( e» )] because 8^C(M) = -M<(>b (if M < 2A) and 9^c( «>) 
= -2A<t>f . In other words, in this case Atot(M) is determined solely by 

cxc the change in 0f (M). Let us assume that this, as a first approxima-
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tlon, also applies to the osmotic term AfQ(M) for soft plates. The 
values of A0f (M) = 6f ( M ) - 0 f (°°) are Indicated in the diagrams 
of Figure (5). It turns out that the trends are correctly predicted: at 

int cxc 
M=102 where there is a shallow minimum in A, n(M), A0f (M) has a 

Int exc 

small positive value, and when Af (M) is maximal A0f (M) has its 
largest negative value. The free energy of interaction passes through 
zero when 0f (M) = 0 , (°°), and decreases linearly with decreas-

CXC 

ing M when all polymer has left the gap so that 0f (M) is linear in 
M. 

One may wonder why the depletion around M = 85 is higher than 
at infinite separation. The same effect is found for hard surfaces'7 ', 
but in this case the free energy effect is quite small. This extra in
crease in the case of soft surfaces is probably due to the fact that the 
mutual overlap of two grafted layers is entropically more favourable 
than the overlap of (two) grafted layers with free polymer, because a 
more homogeneous grafted layer is formed. The negative value of 
A (M) in this region points in the same direction. A similar overlap 
effect was calculated by Vincent et al. '12 ' 

At distances below M = 82 the depletion interaction A, (M) be
comes rather strong. On its own this would lead to attraction. How
ever, at that point the hairs overlap to such extent that the overall 
effect of A ^ M ) is repulsive. 

We are led to the conclusion that the depletion interaction be
tween soft surfaces is more complicated than between hard surfaces 
because not only the osmotic force, but also the interaction between 
the hairs play a role. The latter may be more important than the first, 
even at the onset of depletion interaction, leading to an attraction in 
the region where the osmotic term is repulsive and to repulsion 
where the osmotic term is attractive. One should therefore be very 
cautious when applying models'16 ' that assume that the attraction is 
only caused by the osmotic term, while disregarding the positive en-
tropic effects when the grafted layers begin to overlap. 

Returning now to Figure (4), we consider the position of the mini
mum in Alnt(M) with varying <|>f . Upon increasing the bulk concen
tration, the separation at which the interaction becomes attractive 
shifts to a lower M (see Figure 4). This point turns out to be about 
twice the hydrodynamic layer thickness of the grafted chains. This 
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can be concluded from Figure (7), where the hydrodynamic layer 
thickness Sh of the grafted layer, calculated with the method pro
posed by Scheutjens et al. '25 ' , is given as a function of the bulk con
centration of free polymer. All the other parameters are the same as 
in Figure (4). As (|>f rises, the osmotic pressure of the solution in
creases which, in turn, decreases the hydrodynamic layer thickness. 
The free polymer compresses the hairs. The hydrodynamic layer 
thickness hardly changes with varying chain length of the free poly
mer (not shown), because the osmotic pressure is almost indepen
dent of rf, see equation (2): the term (|)f /rf is relatively small. 

• f 

Figure 7. Hydrodynamic layer thickness Sh of the grafted 
polymer as a function of free polymer concentration 0 , . 
The system is the same as in Figure (4). 

For hard spheres, the interaction free energy is minimal at M = 0, 
see equation (3). From Figure (4) it follows that the minimum A 
in the interaction curve for soft surfaces is situated at a finite separa
tion, somewhat below M = 2Sh. The depth of the minimum depends 
on <)>f (see Figure 4) and on the chain length of free polymer. Figure 
(8) shows A n as a function of the volume fraction of free polymer, 
for three different chain lengths, viz. rf= 200, 400, and 600. The 
other parameters are the same as in Figure (4). As explained in the 
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theory section, upon increasing the polymer concentration, the os
motic pressure and, hence, the attraction, increase initially. How
ever, at high <|>, the depletion thickness decreases and the attraction 
becomes less again. These two opposing effects cause the minima in 
Figure (8). This minimum as a function of <|>, cannot be observed for 
hard plates. However, for hard spheres, where A is proportional 
to A2 (equation 3), a minimum is found, see Figure (2). 

For an estimation of the critical flocculation [tyr ) and restabilization 
(<|)p concentrations (see Figure 2), one would have to know the en
tropy loss of the particles upon flocculation. This entropy loss can be 
considered to be almost independent of <j>f and must be balanced by 
A . We have made no attempt to calculate the particle entropy ef
fect, because the model so far is only valid for plates. Moreover, no 
good model is available to describe the entropy of hairy particles. The 
primary aim of this study is to predict some general trends in the in
teraction of soft surfaces. 

int 

LkT 

-0-001 -

-0.002 -

-0.003 -

-0.004 

Figure 8. The minimum in the interaction curves of Fig
ure (4) as a Junction of 0 , for three chain lengths rj of free 
polymer. 

Ant decreases Upon increasing the length of the free polymer, A 
rapidly due to a larger depletion region, see Figure (8). This leads to 
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a lower value of <|),. Note that also the restabilizatlon concentration 
will be higher. However, this increase of the restabilization concen
tration with chain length of free polymer is in contrast with some 
experimental results. '10-11 ' Possibly, a curvature effect could play a 
role here. 

In Figure (9), the influence of the surface coverage og = 6g / rg on 
the depth of the interaction minimum A is shown for two differ
ent chain lengths of the grafted polymer, rg =200 and 400. The free 
polymers have a chain length of rf = 400 and a bulk volume fraction of 
<|>f = 0.15. As before, all Flory-Huggins interaction parameters %» are 
zero. For a g = 0, the interaction is equal to the case of bare plates. 
When some polymer is grafted, the surfaces become "softer" and the 
attraction is much weaker. At a given (rather low) surface coverage 
the curves pass through a maximum. When more molecules are at
tached, the plates become "harder" again and the minimum deeper. 
For longer grafted molecules, the attraction is always less than for 
shorter ones, because the plates are slightly softer (except in the ex
tremes 8g = 0 and 8g = rg, which correspond to hard plates). 

0.002 
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Figure 9. The effect of surface coverage a= 0g/r on the 
interaction minimum. Parameters: JV= 400, 0 , = 0.15, Xm~ 
XgO = Xgf=0. 
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Figure 10. The influence of the interaction parameter xgj 
between segments of grafted and free polymer on the 
interaction minimum. Parameters: r,= 400, 0 , =0.10, r = 
200, eg = 10,Xfo = Xgo = 0. 

Ant Figure 11. The interaction minimum Ä'" as a function 
of the solvent quality Xm of free polymer and xgo °f grafted 
chains. Parameters: rf= 400, <fc = 0.10, rg = 200, 0g = 10, 
and Xgf =0. 
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So far, only athermal mixtures have been considered fa« = 0). The 
effect of the compatibility of the two polymers is illustrated in Figure 
(10), where A is plotted as a function of Xef- When the miscibility 
decreases (i.e., Xa{ increases), the interpénétration of free polymer 
and grafted layer diminishes. The effective depletion layer thickness 
becomes larger and the attraction much stronger. Increasing %gf has 
the effect of making the surfaces "harder". 

The influence of the two other solvency parameters, Xgo a n ^ Xfo> i s 

demonstrated in Figure (11). The interaction minimum A n , is 
° min 

plotted as a function of these two parameters for Xaf = 0. When the 
solvency for hairs and free polymer is the same (Xf0 = %g0), the inter
action is less attractive in a poorer solvent (higher %). A difference 
between Xgo and Xfo increases the depth of the interaction minimum. 
To explain these trends, volume fraction profiles have been drawn in 
Figure (12) for four different cases. Figure (12a) gives the athermal 
situation. In Figure (12b), Xfo has been changed from 0 to 0.4, while 
Xgo = 0. The attraction has become stronger. Upon increasing XJQ the 
osmotic pressure n is reduced, which would give a less deep mini
mum. However, because n decreases, the overlap region with grafted 
polymer becomes smaller and as a result the effective depletion layer 
thickness will increase and cause a deeper minimum. Obviously, this 
latter effect prevails. Going from Figure (12a) to (12c), xg0 changes 
from 0 to 0.4, while %f0 = 0. The profile of the grafted chains becomes 
steeper, the surfaces harder and A more negative. If now %f0 is 
increased from 0 to 0.4 (from Figure (12c) to (12d)) a weaker inter
action is observed. In this case the grafted layer is so hard that the 
penetration depth does not change much. The reduction of n is the 
most important factor. The last variation to consider is going from 
Figure (12b) to (12d). In Figure (12d) both polymers have a relatively 
low solvency, x«o = Xfo = ^-4- The polymers tend to mix better with 
each other than in Figure (12b), where x*o = ®- This results in a 
smaller depletion thickness. 

Figure (11) shows that changing the solvency conditions experi
mentally may give results which will be difficult to interpret. A 
change in one interaction parameter will, as a rule, imply variations 
in at least one of the other two. Moreover, upon varying the solvency 
conditions, adsorption energy effects (uads) may be introduced as 
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well. Comparing Figures (10) and (11), it can be noted that, with 
changing solvency conditions, the variation in Xaï ŵ U often be the 
dominant factor. When the grafted and free polymers are of the same 
type (Xgf = 0), the interaction with the solvent (Xfo œ Xgo) m a y play a 

role. 
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Figure 12. The profiles of grafted (solid curves) and free 
(dashed curves) polymer for four different combinations of 
the solvent quality % 0 and %m (indicated). Other parame
ters: Tj= 400, <£ =0.10, rg= 200, 6g = 10,Xgf = 0. 

A common way to destabilize hairy particles, without adding free 
polymer, is to change the solvency of the grafted chains, Xgn- m this 
case we consider the effect of the solvency on steric stabilization, (26> 
In Figure (13), interaction curves are shown for hairy surfaces (8g = 
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10, Tg = 200) in a solvent, for different xgo values. Varying %«Q from 
just below 0.5 to just above 0.5 results in a sudden change from 
curves without to curves with a minimum. The phase behaviour of 
grafted chains is similar to that of infinitely long chains in solution, 
because the translational entropy is essentially zero. Therefore, the 
minimum exists above Xgo =0-5 . Obviously, the entropy loss of the 
particles should be known to find at which xg0 the particles start to 
flocculate. Experiments have shown'27) that hairy particles start to 
flocculate near the theta temperature of the chains. According to our 
calculations particles would flocculate just above % = 0.5, in good 
agreement with those measurements. 

int 

LkT 

0.002 

0.001 -

-0.001 

M 

Figure 13. The free energy of interaction between hairy 
plates in a solvent as a function of the plate separation, for 
seven different values of Xgo- r^nere is no free polymer in the 
system. rg = 200, 6g = 10. 

Conclusions 

For hard plates in the presence of nonadsorbing polymer the at
traction between the surfaces is determined by osmotic forces. When 
the plates are covered with a grafted polymer layer, the interaction is 
not only determined by the osmotic pressure, but also by the confor-
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matlonal changes of the grafted polymer. The minimum in the inter
action curves occurs at a plate separation slightly below twice the hy-
drodynamic layer thickness of the grafted layers. For a very low sur
face coverage (less than 1%) the attraction is minimal. For both 
higher and lower surface coverages the attraction becomes stronger. 
The attraction is maximal at full surface coverage (dense polymer 
layer) and when there is no grafted polymer on the surfaces (bare 
hard plates). Increasing the length of the grafted polymers, while 
keeping the surface coverage constant, decreases the attraction. On 
the other hand, increasing the length of the free polymer increases 
the attraction between the plates. The energy of mixing of the grafted 
layer and the free polymer has a strong influence on the interaction. 
When the mixing effect changes from %gf = 0 to 0.5, the attraction 
between the plates becomes much stronger. The effect of the sol
vency conditions of grafted and free polymer is smaller. Surfaces 
coated with a grafted polymer layer, in the absence of free polymer, 
can also become attractive when the a solvent is worse than a theta 
solvent for the grafted polymer chains. The interaction curves can be 
fitted very accurately by a third order polynomial. 

Appendix 
Derivation of the free energy 

The free energy A({nj}, M, L, T) of a mixture of {ni} molecules in a 
given set of conformations {n^} in a lattice of M parallel layers of L 
sites each can be calculated by 

A(fcip,M,L,T)= -kTlnQ(frip,M,L,T) (Al) 

where Q is the canonical partition function. A conformation is defined 
as the sequence of layers in which the successive segments of a chain 
find themselves. In a particular conformation c, segment s of a chain 
of type i can be placed after segment s-1 in X (sls-l)Z ways, where Z 

c 
is the coordination number of the lattice and X{ (sis-1) = Xç>, X.\, or 
Xi, as prescribed by the conformation. The total number of ways of 
placing all the ri - 1 bonds of conformation c into the lattice is equal 
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to X Z r i _1 , where X is defined as f[X (sls-1). The canonical parti-
s=2 

tion function Q is equal to: 

Q = Q*-^rexp(-(U-U*)/kT) (A2) 

In equation (A2), fi is the number of ways to arrange all the molecules 
(ni) in their specified set of conformations {n^} in the lattice and U 
is the energy of the system. The superscript * denotes the reference 
state. The difference with the derivation of the equation for the 
canonical partition function of a multi-component system by Evers et 
a l . '21 ' is that in this case one type of molecule is grafted. Therefore, 
we have to modify the derivation of Q as given in ref (18). 

There may be different types g of grafted molecules, which have a 
grafting density Og(z) in layer z. The grafting density is zero in all lay
ers except in layers 1 and M. The number of grafted molecules of 
type g is ng. The total density of grafted molecules in layer z, a(z), is 
equal to £o\,(z). The first of the nc

a conformations c of a grafted chain 
of type g can be assigned to ng different chains. If we would neglect 
the fact that a site can be occupied by a previously placed segment, 
the number of ways of arranging the first grafted chain of rg segments 
in conformation c in the empty lattice, cog(l), would be equal to 

c r -I 

A. Z 6' . The correction for multiple site occupancy is, in a mean 
field approximation, carried out as follows. Let us define v(z) as the 
number of occupied lattice sites. If the first conformation has three 
segments in layer z (r^fz) = 3) we have to correct X ZT&~1 with a fac
tor (l-l/L)(l-2/L), if z is not 1 or M. In the first layer a fraction o(l) 
of the sites are unavailable for the nongrafted segments. If the first 
conformation would have three segments in layer 1 (of which one is 
the grafted segment) we include a factor ( l -a(l))( l-c(l)- l /L). The 
equation for cog(l) is therefore given by: 

r . - l M - l ' . W - 1 , . T1{Z)-2 

"gtn-vjz« n n a-^j n n a-««-^) 
z=2 v(z)=0 z=l,M v(z)=0 

(A3) 
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Here, TC{Z) is defined as the number of segments of conformation c 
in layer z. The next conformation can be assigned to ng - 1 different 
chains. The number of possibilities to arrange {ng} chains is given by: 

g 

( 

vn 
. s c 

tf£ 
v1^ SInc

er
c(z)-l 

M ê c 

n oL-vw) 
z=l v(z)=La(z) 

(A4) 

The first conformation of a nongrafted component can start at L -
XErV*;(z) different positions. Placing the other components one by 
g c S o 

one onto the lattice and accounting for the indistinguishability of 
chains with the same conformation gives for Q: 

ß=nn
f i

!n[L( i-°(z^] !nn 
1 c 

« ) 

r r n 

n^! 
(A5) 

This result is independent of the order in which the molecules are 
placed. Equation (A5) is a generalization of previous expressions to 
systems with grafted components. After substitution of ng = G(Z) = 0, 
it reduces to earlier results. '18 ,21 ' 

For the reference state the pure liquid phase is taken for all the 
components, including the grafted ones. Flory(23' has derived Q* as: 

w 1 V l^nj 
n , ( r r l ) 

(A6) 

Where Q* is the number of ways to arrange ni molecules i over rini 
lattice sites. Using Stirlings approximation In N! = N In N - N and 
equations (A5) and (A6) gives: 

In 
" 1 c 

In 
r i n l ; 

+ X L(l -a(z)) ln( l - o(z)) + XLog(z)lnag(z) 

(A7) 
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The first term includes all components (both grafted and mobile), 
the second term constitutes a negative correction because the 
grafted components have less (translational) entropy. The interaction 
energy U with respect to the reference state is, in the Flory-Huggins 
approximation, equal to: 

fer 4?II*iA(z)<Vz)> (A8) 

The equilibrium condition is found by maximizing In H = In Q + 
£n ji./kT under the packing constraint for each layer and the bound-
ary condition of constant {ng}. The Lagrange function f which has to 
be maximized is: 

f - l n O + X ^ + X « w { S ( n ^ W ) - L } + p g { | > ; - n g 

(A9) 
The factors a(z) and ßg are Lagrange multipliers which account for 
the boundary conditions X(|>.(z) = 1 and £n^ = n . Substituting equa
tions (A2), (A7), and (A8) into equation (A9) and differentiating f with 
respect to n^, the number of grafted chains g in a specific 
conformation c is found as: 

n e r g ( z ) 

-r = C g ^ n ( G g ( Z ) ) (MO) 

The value for the normalization constant Cg= exp(ßg - l)/rg can be de
duced from equation (A10) by summation of ng /L over all conforma
tions: ZrigTg/L = 0g = CgTgGgtrl 1), or 

eg 

C = - , , . . (All) 
g rgGg(rll) 

For nongrafted chains a similar result is obtained'21': 
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n? e.Jt. rï<z' 

r=7^hn(Gi[z)) (A12) 

The factor 0i/(Gi(rl 1) may be replaced by $ , the volume fraction of 
molecules in the bulk solution (see equations 11 and 12). Combina
tion of equations (Al), (A2), (A7), (A8), (A10), (All), and (A12) gives: 

W=ÇÇ^^{^ l nG^ + l n G i ( z ) + 2 -^iJ<VZ ) >} 
- X (1 - a(z))ln(l - a(z)) + £ a g ( z ) lnag(z) l (A 13) 
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Summary 

The aim of this study was to investigate the influence of the molec
ular structure on the interfacial behaviour of polymers. Theoretical 
models were developed for three different systems. All these models 
are based on the self-consistent field theory of Scheutjens and Fleer 
for the adsorption of homopolymers. 

This self-consistent field theory is a lattice model. All possible 
polymer conformations on the lattice are taken into account. The po
tential of a conformation is sum of the local potentials of the seg
ments of the molecule. In each layer a mean field approximation is 
used to calculate the mixing energy. The volume fraction profile is 
determined by the segmental potentials and vice versa. A numerical 
method is used to solve the obtained set of equations. 

In chapter 2 the influence of association of block copolymers on 
adsorption is considered. In order to model spherical aggregates 
(micelles), the planar lattice, as used for modelling planar aggregates 
(membranes) and adsorption on flat surfaces, is replaced by a spheri
cal lattice. The equilibrium solution concentration in a micellar solu
tion is determined by a small system thermodynamics argument. The 
adsorption of diblock copolymers with long lyophobic and short 
lyophilic blocks shows strongly cooperative effects. A single molecu
lar layer is present if the lyophobic block adsorbs. The adsorption 
isotherm shows an S-shape at the onset of adsorption. A strong in
crease of the adsorbed amount occurs near the cmc and above the 
cmc the adsorbed amount is almost constant. A bilayer at the surface 
can be formed if the lyophilic block adsorbs. Adsorption of the 
lyophilic blocks would expose the insoluble blocks to the solvent. 
Therefore, a second layer of molecules adsorbs with their lyophobic 
block towards the molecules attached to the surface. The influence of 
the interaction energies and the block sizes on these trends is de
scribed. The results obtained show good qualitative agreement with 
experimental results on surfactant adsorption. 

The adsorption of random copolymers from solution is described 
in chapter 3. Experimentally, random copolymers are usually very 
polydisperse, both in chain length and in primary structure. Random 
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copolymers which are only polydisperse in primary structure are 
considered here. They can be prepared experimentally by random 
chemical modification of monomer units of monodisperse ho-
mopolymers. The sequence distribution of random copolymers is de
termined by the fractions of the segment types in the polymer and 
the correlation factors between them. For random copolymers con
sisting of two different segment types, a blockiness parameter B is 
defined. The extremes of this parameter are -1 and 1, where the 
lower limit depends on the fractions of the different segment types. 
A value of B = -1 represents an alternating copolymer, whereas B = 1 
stands for a mixture of two homopolymers. The complete statistical 
sequence distribution is implemented into the theory. In the results 
section random copolymers with two different segment types are 
studied. Chains with a higher than average content of adsorbing seg
ments are preferentially adsorbed from the bulk solution. Only in the 
first few layers near the surface this preferential effect plays a role. In 
the remainder of the profile the segment types are more randomly 
mixed. The adsorption behaviour of these random copolymers is re
markably different from the adsorption of diblock copolymers. In the 
latter case, the chains have their adsorbing segments mainly in the 
layers near the surface, whereas further away from the surface long 
dangling tails of nonadsorbing segments are found. Random copoly
mers cannot spacially separate their segments so easily. Much higher 
adsorbed amounts are found for diblock copolymers than for random 
copolymers with the same fraction of adsorbing segments. The ad
sorption of random copolymers is less than that of homopolymer of 
equal length and consisting of the same type of adsorbing segments. 
Only for very high adsorption energies the adsorbed amounts are es
sentially the same. An increase in the blockiness parameter of the 
chains gives an higher adsorbed amount, but it is always below the 
adsorbed amount of the homopolymer. Analytical expressions have 
been derived which relate the interaction parameters of purely ran
dom copolymer and homopolymer. 

In chapter 4 the interactions between surfaces coated with grafted 
polymer (also called hairy plates or soft surfaces) in the presence of 
nonadsorbing polymer is studied. The interaction free energy be
tween the surfaces is obtained from the partition function, which is 
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rederived for this more general case. For hard plates the interaction 
is fully determined by the osmotic pressure of the bulk solution and 
the depletion layer thickness. However, it turns out that in the case 
of soft surfaces the hairs have an attractive contribution to the free 
energy of interaction at a plate separation just below twice the hy-
drodynamic layer thickness of the grafted layer. The hairs mix mutu
ally more easily than with free polymer. At a larger overlap of hairs 
the interaction becomes repulsive. In contrast with bare planar sur
faces, the free energy of interaction between hairy surfaces shows a 
minimum as a function of the concentration of free polymer in the 
bulk solution. At a certain (very low) surface coverage the attraction 
is minimal. For even lower and for larger grafting densities the plates 
become more attractive. Increasing the repulsion between the hairs 
and free polymer makes the attraction stronger. The solvencies of 
grafted and free polymer have a less pronounced effect. Without free 
polymer, the interaction between the hairy surfaces becomes attrac
tive if the solvency becomes worse than theta conditions. 

It can be concluded that the self-consistent field theory has been 
successfully extended to three rather complex but technologically 
relevant systems. In this way a better understanding of the behaviour 
of polymers near interfaces has been obtained. 
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Moleculaire Structuur en Grensvlakchemisch 
Gedrag van Polymeren 

Samenvatting 

Het doel van het in dit proefschrift beschreven onderzoek was de 
invloed van de moleculaire structuur op het gedrag van polymeren 
aan grensvlakken te bestuderen. Hiervoor werden modellen 
ontwikkeld voor drie verschillende systemen. Deze modellen zijn ge
baseerd op de theorie van Scheutjens en Fleer voor de adsorptie van 
homopolymeren aan een vast/vloeistof-grensvlak. 

Polymeren aan grensvlakken spelen een belangrijke rol in veel 
processen. Zo vinden ze hun toepassing in verven, lijmen, coatings 
voor magnetische disks en tapes, in de waterzuivering en in de 
pharmacie. 

Polymeren zijn lange moleculen die uit verschillende segmenten 
zijn opgebouwd. Het aantal segmenten kan zeer groot zijn, soms zelfs 
meer dan 10000. Ze kunnen op verschillende manieren zijn opge
bouwd. De meest simpele structuur is die van een homopolymeer. In 
dat geval zijn alle segmenten identiek. In dit proefschrift komt men 
nog drie andere structuren tegen: blokcopolymeren, statistische co-
polymeren en eindstandig verankerde polymeren. Copolymeren be
staan uit verschillende soorten segmenten. Indien de segmenten van 
hetzelfde soort in aangesloten rijen aan elkaar vastzitten, spreken we 
van blokcopolymeren. De meest eenvoudige versie daarvan is een di-
blokcopolymeer, bestaande uit twee blokken, ieder opgebouwd uit 
één segmentsoort. Bij de statistische copolymeren heeft ieder seg
ment in de keten een bepaalde statistische kans om van een bepaalde 
soort te zijn. Een eindstandig verankerd polymeer is een polymeer 
(meestal, maar niet noodzakelijk, een homopolymeer) waarvan één 
van de segmenten aan het uiteinde van de keten chemisch gebonden 
is aan een vast oppervlak. 

Polymeermoleculen in een oplosmiddel veranderen voortdurend 
van vorm. Gemiddeld gezien zullen de ketens van een homopolymeer 
een bolvormige kluwenvorm aannemen. Statistische copolymeren 
zullen dat over het algemeen ook doen. Bij blokcopolymeren kan dit 
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anders zijn. Als bij een diblokcopolymeer één blok(het zogenaamd ly-
ofiele blok) wel en het het andere (lyofobe) blok niet graag omringd 
wordt door oplosmiddel, staat het molecuul voor een dilemma. De 
moleculen hebben daar een oplossing voor gevonden door bij elkaar 
te gaan zitten. Ze vormen aggregaten van moleculen, waarin de on
oplosbare delen aan de binnenkant zitten en de oplosbare delen aan 
de buitenkant. Deze aggregaten kunnen verscheidene vormen aan
nemen. Ze zijn bijvoorbeeld bolvormig (micellen), staafvormig of vlak 
(membranen). De aggregatie vindt pas boven een bepaalde concen
tratie plaats, de zogenaamde critische micelvormingsconcentratie 
(cmc). 

Brengt men een oplossing van een polymeer in contact met een 
vaste stof dan kunnen de polymeren zich vasthechten aan het op
pervlak van deze vaste stof. We spreken dan van adsorptie. Een seg
ment aan de wand moet echter wel voldoende adsorptie-energie 
winnen. Het aantal rangschikkingen of conformaties van een poly
meerketen in de buurt van de wand is namelijk kleiner dan in oplos
sing. Polymeren willen dus alleen bij een wand zitten indien ze een 
voordelige interactie met die wand hebben. Als de adsorptie-energie 
te laag is, wordt de concentratie dicht bij de wand lager dan in 
oplossing en hebben we te maken met depletie. 

Polymeren kunnen de stabiliteit van kolloidale oplossingen sterk 
beïnvloeden (kolloiden zijn deeltjes met een grootte van zo'n 10 tot 
1000 nanometer doorsnede). Een dikke geadsorbeerde laag kan er
voor zorgen dat de deeltjes niet bij elkaar kunnen komen, terwijl in 
het geval van depletie kolloiden juist naar elkaar toe kunnen worden 
gedreven. Dit laatste heeft tot gevolg dat de kolloidale deeltjes uit-
vlokken. De aggregaten worden te groot om in oplossing te blijven en 
scheiden zich af; de kolloidale oplossing wordt instabiel. 

Ruim tien jaar geleden is door Scheutjens en Fleer een theorie 
ontwikkeld die het adsorptiegedrag van homopolymeren goed bleek 
te kunnen beschrijven. Het principe van deze theorie berust op een
voudige Boltzmann-statistiek. De ruimte wordt in discrete lagen par
allel aan de wand opgedeeld. De segmenten van het polymeer worden 
aangetrokken door de wand. In de laag grenzend aan de wand winnen 
zij adsorptie-energie t.o.v. de andere lagen. Hierdoor zullen er meer
dere segmenten aan de wand gaan zitten. Deze segmenten "trekken" 
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de rest van de keten mee. Er ontstaat een concentratiegradiënt, n.l. 
een hoge segmentconcentratie tegen de wand, aflopend naar een 
constante concentratie in de bulk. In iedere laag kan aan een seg
ment een potentiaal worden toegekend, die bepaald wordt door de 
adsorptie-energie (alleen in de eerste laag), de concentratie aan an
dere segmenten en oplosmiddel in die laag, en de wisselwerkings
energie tussen de verschillende componenten in het systeem. (Dit is 
een beetje vergelijkbaar met het zwaartekrachtsveld, waar de poten
tiaal bepaald wordt door de massa van de deeltjes, de hoogte en de 
gravitatieversnelling. Een verschilpunt is dat bij de zwaartekracht het 
veld niet afhankelijk is van de lokale concentraties.) Nu is het 
probleem met polymeren dat de segmenten aan elkaar vast zitten. 
Voor een bepaalde conformatie vind je de potentiaal van het poly
meermolecuul door de potentiaal van zijn segmenten bijelkaar op te 
tellen. Stel we hebben een trimeertje met segment 1 in laag 1 en 
segmenten 2 en 3 in laag 2, dan is de potentiaal van deze conformatie 
gelijk aan de potentiaal van een segment in laag 1 vermeerderd met 
tweemaal de potentiaal van een segment in laag 2. Nadat de weegfac
toren van alle conformaties zijn bepaald, kan men de concentratie in 
iedere laag berekenen. Nu is het een bijna ondoenlijke zaak alle con
formaties van een polymeer met een groot aantal segmenten afzon
derlijk te genereren. Het is echter mogelijk via een slimme matrix
methode de concentraties direct uit de segmentpotentialen te bere
kenen. Een computer is daarbij een onmisbaar hulpmiddel. De com
puter is echter niet alleen nodig voor het berekenen van de concen
traties. De concentraties worden weliswaar bepaald door het poten-
tiaalveld, maar dat hangt op zijn beurt weer af van het concentratie
profiel. Met behulp van een numerieke iteratiemethode valt dit 
probleem, het vinden van het zelfconsistente veld, wel op te lossen. 

Deze theorie bleek het adsorptiegedrag van homopolymeren goed 
te kunnen beschrijven. Nu worden in de praktijk meestal ingewik
kelde polymeren gebruikt. Vandaar dat in dit onderzoek dit model is 
uitgebreid naar complexere systemen. 

In hoofdstuk 2 wordt het adsorptiegedrag van aggregerende blok-
copolymeren bestudeerd. Om de structuur en vormingscondities van 
micellen te berekenen wordt het vlakke rooster, dat wordt gebruikt 
voor de berekening van adsorptie en membraanvorming, vervangen 
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door een bolvormig rooster. De micelvormingsconcentratie, de cmc, 
wordt berekend met behulp van de thermodynamica van kleine sy
stemen. Bij de associatie van blokcopolymeren kan het oppervlak als 
een soort condensatiekern optreden. Indien men de concentratie 
verhoogt, vindt men vlakbij de cmc opeens een flinke stijging in de 
adsorptie. Een hele dikke polymeerlaag kan dan worden gevormd. Als 
het lyofobe blok adsorbeert ontstaat een moleculaire laag, terwijl als 
het lyofiele blok van een molecuul adsorbeert een bilaag aan het op
pervlak kan worden aangetroffen. Als het lyofiele blok adsorbeert, zou 
het lyofobe blok aan de oplossing blootgesteld worden. Een tweede 
laag polymeer gaat dan aan het grensvlak zitten, met de lyofobe blok
ken gericht naar de uitstekende lyofobe delen van de polymeren die 
aan het oppervlak vastzitten en de lyofiele blokken naar de oplossing. 
De invloed van de bloklengte en van de interacties tussen de ver
schillende segmenten onderling en met het oppervlak zijn systema
tisch onderzocht. 

In hoofdstuk 3 wordt het adsorptiegedrag van statistische copoly-
meren bekeken. In de praktijk kunnen statistische copolymeren een 
grote variatie hebben, zowel in ketenlengte als in samenstelling. Er 
wordt hier alleen gekeken naar statistische copolymeren van uni
forme lengte. De verdeling van de segmentsoorten over de keten 
wordt bepaald door de gemiddelde fractie van elk segment in het 
polymeer en door correlaties in de volgorde van de verschillende 
segmenttypen. Voor statistische copolymeren bestaande uit twee 
soorten segmenten is een blokparameter gedefinieerd die als uiterste 
grenzen -1 en 1 heeft. De waarde van de ondergrens is afhankelijk 
van de onderlinge verhouding van de segmentsoorten. Indien de 
blokparameter gelijk is aan -1 hebben we te maken met een alterne
rend copolymeer: naast een segment van het ene soort zit altijd een 
segment van het andere soort. Als de blokparameter 1 is hebben we 
te maken met een mengsel van twee homopolymeren. Het ene soort 
segment kan dan namelijk niet naast het andere zitten. De blokpara
meter geeft aan, zoals de naam al zegt, hoe blokvormig de polymeren 
zijn opgebouwd. Resultaten worden gegeven voor statistische copo
lymeren bestaande uit twee soorten segmenten. Ketens die rijker zijn 
aan adsorberende segmenten worden preferent geadsorbeerd. Alleen 
in de eerste paar roosterlagen grenzend aan wand kan men dit zien. 
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In de rest van het profiel is is de mengverhouding van de segmenten 
practisch gelijk aan die in de buikoplossing. Het adsorptiegedrag van 
deze statistische copolymeren is beduidend anders dan die gevonden 
voor diblokcopolymeren. Diblokcopolymeren zitten meestal met het 
adsorberend blok vlak tegen de wand en steken met het niet adsor
berend blok in de oplossing. Statistische copolymeren kunnen hun 
segmentsoorten niet zo gemakkelijk ontmengen. Voor diblokcopoly
meren worden veel hogere geadsorbeerde hoeveelheden berekend. 
Statistische copolymeren hebben ook een lagere adsorptie dan het 
homopolymeer van gelijke lengte dat volledig uit adsorberende seg
menten bestaat. Alleen voor hele hoge adsorptie-energieën is de ad
sorptie vrijwel gelijk. Een grotere waarde voor de blokparameter 
leidt tot een hogere adsorptie, maar brengt die niet boven de gead
sorbeerde hoeveelheid van het homopolymeer uit. 

In het laatste hoofdstuk wordt de interactie berekend tussen twee 
vlakke platen, bedekt met verankerd polymeer ("haren"), in de aan
wezigheid van niet adsorberend polymeer. In het geval van onbedekte 
platen wordt de interaktie geheel bepaald door de osmotische druk 
en de dikte van de depletielaag. Als we de polymeermoleculen sim
pelweg voorstellen als harde bollen, dan moeten deze tussen de pla
ten verdwijnen als de afstand tussen de platen kleiner wordt dan de 
diameter van de bollen. Men heeft dan een systeem met puur oplos
middel tussen de platen en een polymeeroplossing met een hogere 
osmotische druk daarbuiten. Deze osmotische druk duwt de platen 
naar elkaar toe. Als we de platen bedekken met verankerd polymeer 
blijkt het depletie-effect minder te worden, doordat het vrije poly
meer met het verankerde polymeer kan mengen. De effectieve 
depletielaag wordt dunner. Het blijkt echter dat het mengen van de 
twee verankerde polymeerlagen bij een plaatafstand van iets minder 
dan twee maal de hydrodynamische laagdikte (een maat voor de dikte 
van de polymeerlaag) een extra attractie geeft. Het mengen van de 
haren onderling is entropisch gunstiger dan het mengen van de ha
ren met vrij polymeer. Op korte plaatafstand stoten de haren elkaar 
af. De invloed van verschillende parameters op de wisselwerking tus
sen harige platen wordt uitgebreid beschreven. 
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Resumerend kunnen we concluderen dat de zelfconsistente veld 
theorie succesvol Is uitgebreid naar drie complexe, maar voor de 
praktijk zeer relevante systemen. Dit heeft geleid tot een beter be
grip van het gedrag van polymeren aan grensvlakken. 
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