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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

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

I
Het toepassen van het Rotational-Isomeric-State (RIS) model van
Leermakers en Scheutjens op de systiemen die in dit proefschrift be-
schreven worden zal geen veranderingen in de kwalltatieve trends te
zien geven.
Leermakers F.AM. and Scheutjens J.M.H.M., J. Chem. Phys, (1988}, 89, 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 UW. J, Phys. Chem., (1989), 93, 969



v
Een heterogeen oppervlak, een oppervlak met verschillende soorten
adsorptieplaatsen, kan de vorm van de adsorptie-isothermen van co-
polymeren zeer sterk beinvloeden.
Katinka 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.

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

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

proefschrift Boudewiin 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(!.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.®)

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 behavicur 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 conceniration 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 1a).
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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 1lb). 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 Sflocculation



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 inscluble 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 concetvable. 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!) 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 1s 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 Rubin,(® 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 fleld 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 Fleer(?)
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.® Cosgrove et al.(?) showed how the configuration of terminally
attached chains can be modelled. Employing conformation statistics
in three dimensions, Van Lent et al.!®) 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{!® (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. Theodoroul!4) 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 al.{15) Using a multi sternlayer model Béhmer et al.(16)
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 {teratively 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 (cme; for
spherical or planar associates) and to show the influence of the self-
aggregation of block copolymers on their adscrption 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 cmce 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 paly-
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 cmec,
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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.(8) 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-
mers(3) and the association of surfactants® 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 cme is explained.
The influence of chain length and structure of the block copolymers
on the cme 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.

II 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 &j is in the
next, a fraction Ag in the same, and a fraction A.; in the previous
layer. For a hexagonal lattice A.; = A1 = 0.25 and Ay = 0.5. A polymer
or a solvent molecule of type i (i = 1,2, ...) has a volume fraction ¢;(z)
in layer z of which a volume fraction ¢xi(z) are segments of type x (x
= A, B, ...). Similarly, ¢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 Gilz,sl1). 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. Gy(z,si1) is related
to the end-segment distribution function of a walk of s - 2 steps (s - 1
segments):

G,(z.sl1)=G zs)Ih ;G (z-1s5-11])
+lOGi{z.s—lll]+ ?LlGi(z+ 1,s -1 1)} (1)

Gilz,s) is the statistical weight of a free segment s in layer z. If seg-
ment s is of type x then Gi(z,8) 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 r;, 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 Gilz,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+1) = Gx(z). This has the effect of placing a mirror
between layers O and 1.

We want to know the distribution function Gi(z,s!1;r) of segment s
of a chain of r; segments. We start a walk at segment 1 and another
walk at segment r; and stop both walks at segment s. Gylz,s11:r) is a
combination of end-segment distribution functions of the two walks:

Gl[z,sl 1) Gl(z.sl r)

Gi{z,s) (2)

Gi(z.sl 1:r)=

We divide by Giylz.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 ¢(z)
of molecules of given type i in layer z:

Iy Gilz,sll)Gi(z.slr)

0,(2) = Clszzl G

(3)

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

b
c N (4)
i 1

We can also express C; in the total amount 91 = % ¢1(z) of polymer
segments in the system (in equivalent monolayergi. The average of
the end segment distribution function of a chain of r; segments is
:)_':llGi(z.rl 1}/M. The average volume fraction equals 8;/M. Hence

9

0, =—5——— (5)
r, ZGl(z,rI 1)
z=1
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As said before, to use equation (1), we need an expression for
Galz), Gg(z), etc. The moaolecules 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 ulz) 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(l) +
2up(2). The weighting factor for this conformation would be
A1hoExp({-ua(l) - 2up(2))/kT). This should be equal to A 1AoGa GB
The segmental weighting factor Gx(z) is now defined as:

—u,{z)
Gylz) =e ¥T (6)

The expression for ux(z) has been derived from statistical thermody-
namics. 3

u,(z) =u'(z) +kT§‘xxy( <¢y(z) > - ¢tl;,] (7)

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

<, (z) >= l_lcpx(z -1) '””0 ¢y (2) + ?qu)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 zq)i(z) = 1. Physically, with increasing segment
density, the hard-core potential (with respect to the bulk solution) is
assumed to switch from - to +e at the moment that z¢ (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 3¢ (z) (obtained from eq. (3)) is
unity for each layer z. '
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The second part of equation (7) expresses the specific interaction
term, in which xxy is the familiar Flory-Huggins parameter for the
interaction between monomers of types x and y.(7) For z large ¢x(z) =
¢2. uxlz) = 0, and Gxlz) = 1. In the summation over y, we have also
included the interaction energy between a segment and the surface
{x = 8). The volume fraction of the solid is 1 in layer 0 and ¢ for z > 0,
As we can see from equation (7) the interaction between segments A
and the surface S equals kTy,g)1.

With equations (3), (6) and (7) and the condition that }:¢i(z) = 1 for
each layer z, we are in principle able to calculate numeriically the ad-
sorption profile or the profile of a membrane for a given amount of
polymer or a given bulk concentration.(1.3)

I 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 positivn of neighbouring sites is
variable. The volume V(z) in number of lattice sites of a spherical lat-
tice equal:

V(z) = (4 B)nz> (9)
Differentiating equation (9) with respect to z gives the surface area:
S(z) = 4nz2 (10)

The number of sites in layer z is the difference in volume between
V(z) and V(z-1):

L{z)=Viz) -V(z-1) (1)

In the spherical lattice Ap, A1 and A_; are a function of z. The following
relation must still hotd:

A_ @) + Ay(2) +A ) =1 (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

Zi_,(z)L(2) = Z)\ - )L{z- 1) (13)
The transition factors A.; and A; are proportional to the surface area
per site in contact with the adjacent layer. Thus, the final equations

are given by

A (2) = A'SE)/L(z) A (@) =" Sk - 1)/LEz) (14)
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where l]; and k: are the values of the transition factors for the
equivalent planar lattice, i.e., at z — . For micelles the L's in equa-
tions (1) and (8) have to be substituted by those of equations (12) and
(14). In equation (5), 6; has to be replaced by niyr; which equals
:}::i] L(z)¢i(z) and the denominator changes into r, :é L{Z}Gi{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 sclution. 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
sohation 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 Vg, which
contain one micelle each and have a composition that is determined
by the overall concentration § . The excess free energy A:xc of a
small system can be defined. It contains a part A,‘L » 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)

ATC = A + KTIn(v,, /V,) (15)

Vi Is the volume of a micelle. The expression for Ag.1 is equivalent
with the expression for the surface free energy in ref. (3):

AG'
'ﬁ =- ZL(z)u‘(z) - an"c
z 1

- %;;;L(zlxxy{qrx(z} <oy(z) >~ 4nd) (16)
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Figure 2. {a) Excess free energy of aggregation Afn .asa
Junction of the excess number of AypBso molecules per mi-
celle, ng’“’ , in a B solvent. (b} Corresponding composition
@2 and the equilibrium polymer concentration ¢g in the
same system.The dashed part of the curves represent
thermodynamically unstable regimes. ¥ g = 1.

A typical curve for Afn as a function of ng"c , 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 A7gBsg molecules (component 2) in a B solvent
(component 1), with yx,5 = 1. Throughout this paper, the A block is
lyophobic. With increasing nZ*, the free energy A7 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 Ay, decreases. In equilibrium®
dA=-SdT-PdV+ Yn p +Ag dNg =0 (17)
1

where A is the free energy of the whole system of volume V = Ny Vg
and Ny, is the total number of micelles (or subsystems). To fulfill the
condition that dA = 0 at constant T, V, and {ny}, Agxc has to be zero.
If A:CC 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 Agl should be positive, because obviously
Vm £ V.

We will now derive how the equilibrium concentration qag of poly-
mer depends on the composition 3, of the system. The excess num-
ber of polymer molecules n"éxc in micelles is related to the small sys-
tem volume Vg expressed in number of lattice sites, and the overall
composition §, by n‘;"c r, =V, - ¢12’). Rewriting this relation
gives

n ¢y
vs=2—?IT (18)
62 — %y

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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Figure 3. Equilibrium concentration ¢; and volume
Jraction of micelles 9, - gug as a function of composition
@2 Jor an A7pB3g block copolymer in a B solvent.

€xXc
vV, = i}-}_b (19)
¢2(1) _¢2
Combination of equation (15}, (18) and (19) gives:
“A% sk
3y = 0,0)- 00 = KT 4 gD (20)

allowing §, to t1):)(3 computed from the concentration profile. In Figure
(2b). §, and ¢, are plotted as a function of ngx" . It can be seen that
a minimum concentration, the cme, is necessary to create micelles,
Note that, in correspondence with the Gibbs adsorption equation, cplz’
is at its minimum when Aﬁl is at its maximum. Increasing the com-
position beyond the emc will increase ng"c. For the same composi-
tion, ¢g at the right hand-side of the minimum, and therefore the
chemical potential, pg, 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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overail compositmn $, is subdivided into the equilibrium concentra-
tion, ¢2, and the excess volume fraction of aggregated molecules, §,
- ¢2 At the c¢mc, 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 n;’“: = 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 9, is as follows. We start with a certain number ny
of each molecule in a system of M layers. With the theory, as outlined
in sections II and III, nf"c and q)}) 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 Azxc. Now the amount of polymer in the system can be changed
and the whole procedure can be repeated until A‘:;,xc = 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-1In{Vm/Vg) is negligible. We only have to find the equilibrium
concentration ¢‘2’ for which Aga /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 k and kb 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 A7gB30 block copolymers in a B solvent. The interaction be-
tween A and B segments is repulsive: x,g5 = 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
A7o homopolymer and a B solvent.(7) The core of A segments is sur-
rounded by a shell of B segments, where the sclvent 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 3, this concentration
decreases strongly.

1.0
B solvent

0.8

¢ A blocks

0.6

0.4 t+

0.2
B blocks

0.0

] 20 40 [3{1] B0

F4

Figure 4. Segment density profiles of a micelle of an
A7poBgp block copolymer in a B solvent. The layers are
renumbered; z = 40 is the centre of the micelle. 45 = 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 3,5z = 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 u; of
(randomly mixed) copolymers(3):
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(4, —u})/kT=In¢, +1-1, 3¢ /r;
1

+ /200, 3 ¥y 0~ 0 0y — 00 ) (21)
Xy
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Figure 5. Phase behaviour of AB block copolymers of
chain length rg = 100 in a B solvent. y,5 = 1.5.

(a) Equilibrium concentration of polymer in the presence of
micelles (solid curve), membranes (dotted curve), and
global phase separation (dashed curvel 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, p} is the chemical potential and ¢;1 =1, /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.(11) In Figure (5a), the
equilibrium concentration for micelles, membranes, and global phase
separation is shown as a function of ra. 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 [P If the A blocks are very short, there is
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Figure 6. Aggregation number rg"c of a micelle as a
function of the number of A segments in the polymer of

Figure (5).
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Figure 7. Critical micelle concentration of an As50Bs5p di-
block copolymer as a function of x,p. The x parameters for
the segment solvent interactions are: y,q = 1.5, and xgg = 0.
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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 xap is larger 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 y,p or decreasing the molecular weight will in-
crease the cme, which is mainly a function of ryx,p. In Figure (5b), a
phase diagram is constructed by piotting ¢, instead of ¢2. 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 assoclation
structures coexist, i.e. they have the same equilibrium concentration
for a certain composition. Here, this transition is rather sharp and
virtually independent of [P 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‘g‘c . 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 y,p between the two segment types of an AspBso block
copolymer is varied, while the interactions between A and B seg-
ments and solvent (0) is kept constant (x,q = 1.5 and xgg = 0). A
lower x,p appears to decrease the cme. In the micelle are more con-
tacts between A and B blocks than in the homogeneous bulk solution.
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e
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Figure 8. {a) Adsorption isotherms for three different
block copolymers: A7oB3o. As0B50 and A3zpB70 in a B solvent.
Segment density profiles calculated in the plateau region of
the adsorption tsotherms.

7*10-15, 63 =5.4;
fc) As0Bso, ¢Z 26*10°10, 63 = 3.9;

) AsoBro, $, = 26°10°5, 62 = 3.6;
Interaction parameters: ¥, g = 1.5, a5 = -4, Xgs = Xpos = 0-

(b} A70B3o, ¢z

Therefore, a higher y,p is unfavourable for aggregation. At y,p = 1.5
the situation as in Figure (5) at ra = 50 is recovered.

In Figure (8a), adsorption isotherms are shown for three different
diblock copolymers, differing in A/B ratio: A7oB30. AsoBsp, and AsgB7g.
The A segments adsorb preferentially, 55 = -4, while xgg = 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 AzgB7¢
block copolymers the adsorbed amount increases steadily until the
cme at §, = 26*10-5is 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 A;, is maximal (see Figure (2)). The A7oB3p and AsgBsg
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 A7gB30 increases until a semi-plateau is reached. Near
the cme, 9“;‘" 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/r2 = 0.7, ypg = x50 = 1 and xpg
= 0. In Figure (9a), adsorption isotherms are shown for rg = 100. The
curve for adsorbing A blocks (3,5 = -4) can be compared with the
A70B3p curve in Figure (8a), where x,p = 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 %pg = -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 adsoerbed amount, Bzxc. at the cmc
is shown as a function of chain length rp. For the upper curve xgg = -
4, while 3,5 = %9g = 0. for the lower curve x,q = -4 and xgg = Xpg =
0. The concomitant cmce 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 xgg = -4, a bilayer is formed at the
surface. This is illustrated in Figure (9d), where a segment density
profile for ro = 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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Figure 9. Relation (dashed lines) between adsorption
isotherms ((a) and inset), the adsorption at the cmc (b} and
the eme as a function of the chain length (c), both for ad-
sorbing A segments (x,g = -4, xgg = O} and for adsorbing B
segments (fag =0, ¥gs = -4). Segment density profiles at
the points indicated in (b} are given in {d} and (e). ra/fr2 =
0.7, Xag =Xa0=1. 250 = 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 (9¢) a pro-
file is shown for the case that X,g = -4 and ra = 100. Here, only a
monolayer is formed. Although the cme reduces drastically when rs is
increased (Figure (9¢)), 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 ro = 100}
and have been drawn to show the relation between partc 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, y,s. for AspB7o and
As0Bsg molecules in a B solvent. As in Figure (8), x,p = 1.5 and xgg =
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0. The adsorbed amount of AzpB7p molecules increases strongly when
Zas becomes more negative than a critical value. This is also well-
known from adsorption of homopolymers.(12.13) The A50Bs0 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 emc and x,q is near the critical value.

5 T T I

exc

0
-8

Figure 10. Excess adsorbed amount calculated at the eme
as a function of x,¢ for A3oB7o lcme = 26*10°5) and As50B5s0
fcmc = 26*10°10) molecules in a B solvent. y,p = 1.5 and
Zps = 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 x,p) 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
aggr:gates 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 almost constant. When the lyophobic block
adsorbs preferentially and is much longer than the lyophilic block, a
strong increase in the adsorbed amount occurs near the cme. If the
solvent quality is extremely poor (high y,,) . the eme is very low, an
S-shaped isotherm can be observed and the adsorbed amount in the
plateau region is high. Clearly, the surface acts as 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 Bjdrling 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 sclution. 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 infiu-
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.(3-7] 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-
fled 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(11-15) con-
cern randomly synthesized copolymers with high values of the poly-
dispersity ratio My /My,.

The heterodispersity of random copolymers makes it difficult to
describe their adsorption properties theoretically. Marques and
Joanny(18) 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 Ay in the same, A_; in the previous, and A,
in the next layer. For a hexagonal lattice 13 = A1 = 0.25 and Ap = 0.5.
A polymer chain of type i consists of ry segments. There are n; chains
of polymer i in the system. In layer z the polymer has a volume frac-
tion ¢4(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 Eq:xi(z].

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. Evers4) 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 G,{z). This is a Bolizmann factor, giving the prefer-
ence of a certain segment x to be in layer z rather than in the bulk
solution:






