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ABSTRACT: Recently, we presented a self-consistent-field theory for the adsorption of block copolymers
from a multicomponent mixture. In this paper the theory is applied to the interaction between two layers
of adsorbed block copolymers. The free energy of interaction is derived for two types of equilibrium: (i) all
molecules are free to diffuse out of the gap (full equilibrium), and (ii) the amount between the surfaces of
some molecules is constant (restricted equilibrium). For diblock copolymers with one strongly adsorbing and
one weakly adsorbing or nonadsorbing block we find repulsive interaction curves at full equilibrium because
bridging is unfavorable. This is in contrast with homopolymers, which always give attraction in full equi-
librium. If the total amount of diblock copolymer is kept constant, the interaction in a good solvent is always
repulsive. With increasing amounts the repulsion becomes stronger. The onset of interaction is found at
a surface separation that is approximately twice the hydrodynamic layer thickness. This separation depends
highly on the length of both blocks. We show how the interaction curves at different block lengths can be
scaled onto one master curve. In a poor solvent attraction is found at large separations due to osmotic forces.
For ABA triblock copolymers with adsorbing A segments and nonadsorbing B segments in a solvent that is

good for B, we find attraction at large separations due to bridging.

Introduction

Polymers are widely used to modify the surface of
colloidal particles. The main goal is to stabilize or
flocculate these particles.’# Diblock copolymers, like non-
adsorbing terminally attached chains, are found to form
very extended adsorption layers.>18 The amount on the
surface can be considerably higher than in the case of
homopolymers consisting of the adsorbing segments. As
aresult of these extended layers, colloidal particles covered
with block copolymers in solvents that are better than 6
solvents for the nonadsorbing blocks experience a strong
steric repulsion when they approach each other. Forma-
tion of polymer bridges of adsorbing blocks is prevented
by steric hindrance due to the nonadsorbing blocks.
Hence, block copolymers are very effective in stabilizing
colloidal suspensions and they are therefore utilized in
many industrial products such as paints, inks, lubricants,
coatings, and blends.

Recently, force measurements between mica sheets
bearing adsorbed diblock copolymer?® !4 and triblock
copolymer®!? have been reported. In good solvents long-
range repulsive forces are found. The onset of repulsion
is detected at separations between the mica sheets of up
to 10 times the unperturbed radius of gyration of the non-
adsorbing block. Insolvents that are worse than §solvents
for the nonadsorbing blocks, attraction between the
surfaces occurs. The magnitude of the attraction between
adsorbed diblock copolymer layers as compared to the
corresponding homopolymer varies considerably between
the various experiments, For PV2P/PS (60 000-60 000
molecular weight) block copolymers in cyclohexane at 21
°C, Hadziioannou et al.” found a magnitude of attraction
that was 5-10 times weaker than for a corresponding PS
homopolymer. For PEO/PS (20 000-250 000) block co-
polymers in a solution of heptane-toluene (2:1 v/v), Marra
and Hairl* found the same order of magnitude for the
attraction as for PS (300 000) homopolymer.

In a previous paper!617 we introduced a self-consistent-
(mean) field theory for the adsorption of block copolymers
(between two plates) from a multicomponent mixture, as
a generalization of the Scheutjens-Fleer theory.18-20 The
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theory is based on a lattice model in which no a priori
assumptions are made about the conformations of the
molecules. The probabilities of the various possible
conformations are derived by optimizing the partition
functions, after which the segment density profile near
the surface is obtained. We have shown!®!” how the
conformation probabilities can be expressed in the po-
tentials of every segment in the copolymer molecule. In
this paper we will apply the theory to the case of the
interaction between two adsorbed layers of block copol-
ymers. The theory will be shortly reviewed, the concepts
of full equilibrium and restricted equilibrium are intro-
duced, and equations for the free energy of interaction are
obtained from equations derived in refs 16 and 17. A
collection of numerical results on the interaction between
layers of adsorbed diblock and triblock copolymers are
presented for both types of equilibrium. Special attention
is paid to the effect of the chain composition on the
interaction.

Theory

Model. A lattice between two parallel plates is used in
order to make the number of possible conformations of
the various molecules finite. The lattice is divided into
equidistant layers parallel to the surfaces (see Figure 1).
The layers are numbered z = 1, 2, ..., M and have L lattice
sites each. Every lattice site has Z nearest neighbors, a
fraction Ao of which is found in the same layer and a fraction
A; in each of the adjacent layers. For example, in a
hexagonal lattice Ag = 6/12 and A\, = 3/12.

We will use the subscript i to denote a particular type
of molecule. A polymer molecule of type i is represented
as a chain of connected segments numbered s = 1, 2, ...,
ri. Since copolymers contain in general more than one
type of segment it is necessary to distinguish the type,
denoted by A, B, C, ..., of each segment s. The number
of segments A in one molecule is denoted as ra;; obviously,
S arai = ri. We assume that every lattice site is occupied
by a segment or a solvent molecule and that every type
of segment in the mixture has the same volume.

A density gradient in the mixture between the two plates
will be found as a result of spatial restrictions, of mutual
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Figure 1. Three chains A3Bs and one chain B3A;B; in a lattice
between two surfaces.

interactions between segments, and of interactions be-
tween segments and the surfaces. We use a mean-field
approximation within each layer; i.e., we neglect density
fluctuations parallel to the surfaces. Inthis approximation,
only the distance to the surfaces is relevant. The volume
fraction of molecules i in layer z is denoted by ¢;(z).

Apart from the mixture between the two surfaces, we
introduce an infinitely large bulk solution as a reference.
As shown in refs 16 and 17, it is not necessary that this
bulk solution is in equilibrium with the mixture between
the plates. The volume fractxon of molecules i in the bulk
solution is denoted by ¢

Segment Density Distribution. Every individual
segment is subjected to a local potential, which depends
on its physical nature and on the distance to the surfaces.
We denote the local potential for a segment of type A in
layer z as ua(z). In a previous paper!®!” we derived an
expression for ua(z) from the grand canonical partition
function of the system. This potential can be subdivided
into a part u’(z), which only depends on z, and a part
u3"(2), which also depends on the type of segment:

u,(2) =u'(2) + ul(2) (1)

The potentials are defined with respect to the infinitely
large homogeneous bulk solution: u2 =0. The “hard core”
potential u’(z) results from the fact that every segment
has the same finite volume and is determined by the
packing constraint 3_a¢a(z) = 1. The potential u}y*(z)
accounts for the energetic interactions of a segment of
type A in layer z with neighboring segments or surface
sites. We use the familiar Flory-Huggins interaction
parameter xap to account for the energetic interaction
between A and B segments, and xas for the interaction
between A segments and surface sites. On average, a
segment in layer z has (¢p(z) ) Z contacts with B segments,
ghere the contact fraction (¢g(z) ) with B segmentsisgiven
y

(¢5(2)) = Mdg(z = 1) + Aydg(2) + N dg(z +1) (2)

We introduce a step-function profile for both adsorbents
(surfaces), denoted as S and S: ¢s(z) equals 1 forz <1
and 0 for z = 1, and ¢g/(2) equals 1 for z > M and 0 for
z < M. Obviously, in the bulk solution ¢3 = ¢3 = 0. The
interaction potential u(2) is given by

ull(z2) = Y xap((9p(2)) - 4B) 3)
B

where S and S’ are also included in the summation over
B. The summation on the right-hand side of eq 3 is to be
taken over all segment types and surfaces if they are present
in layers z - 1, 2, or z + 1. The adsorption energy
contribution to the sumis A\yxas forz =1, \jxag forz = M,
and zero for 1 <z < M.
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Let us first consider the case of monomer adsorption.
For the segment density profile of monomers A in the
mixture between the two plates in equilibrium with an
infinite large bulk solution b we have the following Boltz-
mann equation:

éa(2) = 6} exp[-u,(2)/kT) (4)

This equation can be rewritten in terms of a segment
weighting factor G(z):

6a(2) = 63G,(2) ®)
where the segment weighting factor Ga(z) is defined as
Ga(2) = exp[-u,(2) /kT] (6)

For a chain molecule we have to take into account that the
successive segments are connected to each other. First
we introduce Gi(z,s), the segment weighting factor of
segment s in layer z. For example, if segment s is of type
D, then G;(z,s) equals Gp(z). The chain end distribution
function Gi(z,s|1) is defined as the average weighting factor
of all possible conformations of a chain of s segments long
starting at segment 1 anywhere in the lattice and ending
with its last segment (s) in layer z. The analogous
weighting factor for a chain starting at segment r; anywhere
in the lattice and ending at segment s in layer z is denoted
as Gi(z,s|r;). Inorder toobtain the volume fraction ¢;(z,s)
of segment s of molecules i in layer z we should multiply
the weighting factors of the two chain parts, Gi(z,s|1) and
Gi(z,s|r;), respectively. However, we have to correct for
double counting of the segment weighting factor Gi(z,s)
of segment s (which is in layer z), since this weighting
factor is contained in both chain end distribution func-
tions:

¢'g(2,3) = C,'G,‘(zssll}G;(Zﬁh)ng(Z-S) ()]

where C; is a normalization constant depending on the
type of molecule and which will be derived below. The
chain end distribution functions Gi(z,s|1) and Gi(z,s|r;)
are found from arecurrence relation. Obviously, Gi(z,1|1)
= Gi(z,1) and Gi(z,ri|r;) = Gi(z,r;). If segment s finds itself
in layer 2, then the connected segment s — 1 should be
located in one of the layers z— 1, z, or z + 1. Thus, we can
divide the chain end distribution function G;(z,s|1) into
two factors:

Gi(z,5]1) = G(2,8)(Gi(z,5-1|1)) (®)

where (Gj(z,5-1|1)) is the neighbor average of G;(z,s-1|1),
defined in the same way as (¢n(2)) in eq 2. In fact, eq 8
is a recurrence relation, valid for s > 1. For Gi(z,s|r;) we
have a similar recurrence relation:

Giz,8lr) = G(2,5)(Gi(z,s+1|r)) 9

The volume fraction profile ¢i(2) of all segments of
molecules i in layer z is simply given by the summation
of ¢i(z,s) over all r; segments:

Fi
6(2) = D _o,(z) (10)
a=1
If we want to calculate the volume fraction of, for instance,
only the A segments of molecules i, ¢a;(z), we perform the
summation of ¢;(z,s) only over those segments s that are
of type A.

Full Equilibrium and Restricted Equilibrium. In
the preceding section we discussed briefly how the density
profiles of the various segment types present in the mixture
between the two plates are calculated from the segment
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potential profiles. Tothat end, the normalization constant
C; has to be found from the boundary conditions. We
distinguish two cases: full equilibrium and restricted equi-
librium.

In full equilibrium all molecules are free to diffuse in
and out of the gap between the two plates and all molecule
types are in equilibrium with an (infinitely large) bulk
solution of constant composition. When the plates are
brought closer, the chemical potential u; of each component
] remains constant and equal to that in the bulk solution.
As a generalization of the Flory-Huggins equation, we
derived in Appendix I of ref 17

r.
(= /KT =10 0 + 1= 1368 /ri =23 (4} -
[} AB

oa)Xap(08 - 05) (11)
where the superscript * refers to the reference state of

pure amorphous components, and ¢:&i = raj/r; is the vol-
ume fraction of A segments in pure amorphous j.

In the equilibrium bulk solution, the potentials uk and
u’® are zero by definition. Then it follows from applying
eq 7 to this bulk solution that the normalization constant
C; is given by

rC;= ¢’ (12)

Hence, in full equilibrium C; is a constant that does not
depend on the plate separation M.

In restricted equilibrium some components (denoted
by the subscript j) are free to diffuse from the gap to the
bulk solution (the “mobile” components), while others (the
“restricted” components, indicated by the subscript &) have
no time to establish equilibrium with the bulk solution.
This situation may occur if the time scale of the variation
in the plate distance (e.g., during a Brownian collision) is
much shorter than the time necessary for the transfer of
the molecules (e.g., long chains with a small diffusion
constant). For the mobile components, u; and C; are
constant and given by eqs 11 and 12, respectively. Forthe
restricted components, the contact with the bulk solution
is lost if the plates come close and up and C, become a
function of the plate separation M. A reasonable model
is to assume that for these components the total amount
of polymer 6; is constant (i.e., the independent of M). The
latter quantity is defined as

6= 6,2) (13)

and gives the number of equivalent monolayers of each
component between the plates. The total number of chains
or end segments s = r; (per surface site of one plane) is
6;/r;. Fromeq 7, with s = r;, we find ¢;(z,r;) = C;Gi(z,r;|1).
Summing over z gives ¥ ,¢i(z,r;) = 6;/r;, or

rCi=6,/Gi(r]1) (14)
where the chain weighting factor G;(ri|1) is defined as

GArjl) = D Garl) = D Gz llr)  (15)

Equation 14 is general and applies to both the mobile ()
and the restricted (k) components. For the mobile
components, §; and G;(rj|]1) change in the same ratio,
making C; constant and independent of M; in this case eq
12 is still valid. For the restricted components 6 is
constant, and C, becomes a function of M since Gg(rg|1)
varies with M.,
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For the restricted components, u; varies with M and eq
11 nolonger applies. However, u), can be computed directly
from Cj through the following relation:!6.17

Ti
(= w)/RT = In (5C) + 1 =1, 2 _0t/ri= 2 (08~
i AB

R )

This relation is again valid for both the mobile (j) and
restricted (k) components. Inthe former case, where both
u; and C; are independent of M, eq 16 reduces to eq 11.
For the latter, Cr(M) is computed from eq 14 and up(M)
from eq 16.

Note that the use of eq 14 implies ug = y’? = 0 in the
bulk solution, also for segments occurring only in restricted
components. Forthese components, the bulk solution may
be chosen arbitrarily; however, the most convenient choice
isthe composition of the solution at large plate separations,
when full equilibrium applies.

Free Energy of Interaction. At plate separation M
the number of molecules of each typei in the gap is L8;(M) /
ri. With varying M the amount 8, for the restricted
components is constant, whereas 6;(M) for the mobile
components changes by an amount Af6; LAGM)/r;
molecules of each mobile component are transferred to
the bulk solution. The free energy changes by an amount
AA - LY ;ju;Ab;/r;, where AA is the free energy difference
due to the molecules in the gap, and the second term cor-
responds to the free energy of transfer of the mobile
components. If we define an excess free energy A°* as

A(M) = AM) - LY _6,(Mu,/r; (17)
j
we can write for the free energy of interaction Aint

AT(M) = A(M) - A%(=) (18)
Both terms of the right-hand side of eq 17 tend to infinity
as M — =, but A**(M) is finite and well-defined, with
dAex/dM — 0 as M — . Note that A** may not be
identified with the Gibbs excess free energy A°, which
should be defined as A°(M) = A(M) - LMY ;¢°u;/r;, where
the summation extends over all components.

The free energy A(M) of the system between the plates
follows from the partition function. In our previous
paperlé17 we derived the following expression:

A(M) - A* 6 W) 1
T T -= - ’ x
LET Z r “*RT 2 I’AZ"B’XAB(QSA (2)
0iCu; = ;)
{2)) = dhop) + ) ———— (19
(6g(2)) — 208 Z 7 (19)
where 8% = §; - MgP is defined as
o7 = D lei(2) - 4] (20)

z

The summation over i in eq 19 includes all molecule types
present between the plates and in the bulk solution, both
the mobile (j) and restricted (k) components. The primes
attached to A’ and B’ indicate that the surfaces S and S’
are not included in the double summation (unlike eq 3,
where the surfaces have to be accounted for). The bulk
solution concentrations in eqs 19 and 20 are those cor-
responding to u’® = 0; for the restricted components the
choice is arbitrary, but as stated above the equilibrium
composition at M — « is most convenient.
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Figure 2. Amount of polymer between the plates (top diagrams) and interaction curves (bottom diagrams) of an AgB,e diblock
copolymer at full equilibrium. In each diagram the curve for xas = -4 (adsorbing A segments), xgs = 0 (nonadsorbing B segments),
all the other x parameters zero, and ¢* = 1078 is given as reference and one of these parameters is varied (their values are indicated).
Thus, the effect of the solution concentration is shown in (a) and (b), that of xas in (¢) and (d), and that of xps in (e) and (f). Finally,
the effect of the solvent quality for the B segments is given in (g) and (h).

(a) Full Equilibrium. In full equilibrium all compo-
nents are mobile (i = j, 8, = 0). Upon substitution of eq
19 into eq 17 the terms 6;(u; — pi') cancel:

A% O

LET _Z— B

w2 1

H 2,A"B’

(¢p(2)) - dhen) (21)

(b) Restricted Equilibrium. Now we have to distin-
guish between the mobile components j and the restricted
components k. In eq 17 plus 19 only the terms 6;(u; -

u;) cancel:

r;

AT 5T S s one) 0o
=- - - - = R’ A2 A2 -
LET 47 “ kT 243 %070
Gk(uk—u;)
b’ b/+ - 22
o248 ; @

The summation over i includes all components, that over
k only the restricted ones. The chemical potentials u; -
u, are found from eqs 16 and 14.

Computational Aspects. Wehaverelated the segment
densities ¢a(2) to the segment potentials ua(z) in a self-
consistent way. From an initial guess for the segment
potential profiles us(2) the corresponding segment density
profiles ¢5(2) are calculated with eqgs 6, 7, and 10. To
calculate the normalization constant C; necessary in eq 7
we use eq 11 or 16, depending on whether the molecules
are free to diffuse out of the gap between the two plates
or not. The values obtained for ¢4(2) are checked on the
M boundary conditions > a¢a(z) = 1, and in combination
with an initial guess for the M hard core potentials u'(z)
the initial guess for the segment potentials is checked on
its consistency with the ¢4(z) values, using eqs 1 and 3.

In references 16 and 17 we presented an implicit set of
simultaneous equations from which the equilibrium values
of ua(z) and u’(z) are calculated by standard numerical
techniques.

Results

In this section we present numerical results for some
typical cases of interaction between adsorbed layers of
copolymers for a hexagonal lattice (Ao = 6/12). The effect
of chain composition on the free energy of interaction will
be discussed in relation to the effect of parameters such
as solvent quality and surface affinity. Both full and
restricted equilibrium will be considered. In this paper,
we will deal with two-component mixtures only, viz., a
copolymer in a monomeric solvent.

Full Equilibrium. For adsorbing homopolymers in
full equilibrium with a bulk solution, the interaction
between two plates has been found to be always attractive.2
With decreasing plate separation desorption of the ho-
mopolymer occurs in order to maintain equilibrium
between the mixture in the gap and the bulk solution,
eventually resulting in one monolayer of polymer segments
and solvent monomers in contact with both surfaces. The
attractive force between the adsorbed layers of homopoly-
mer at full equilibrium is due to bridging; i.e., chains are
simultaneously adsorbed on both surfaces. Atthesmallest
separation of one monolayer between the plates, all
polymer segments are bridging segments. Because of this
bridging, desorption is not complete.

As we have shown in an earlier publication,!817 diblock
copolymers adsorb with the adsorbing block in a relatively
flat conformation close to the surface and the more weakly
(or non-) adsorbing block in one dangling tail. These
copolymers are not likely to form bridges. When formation
of bridges is negligible, repulsive forces are likely to be
found even in fullequilibrium. Therefore, with decreasing
plate separation we expect these copolymers to desorb
more strongly than homopolymers.

In Figure 2 the total amount 6 of diblock copolymer
between the two plates (top diagrams) and the free energy
of interaction Ai"t (bottom diagrams) are given as a function
ofthe plate separation M, for an A5oBig diblock copolymer
under various conditions. Unlessindicated otherwise, the
A segments are adsorbing (xas = —4) and the B segments
nonadsorbing (xss = xos =0). All other x parameters are
zero, and ¢? = 108, Under most conditions the interaction
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Figure 3. Adsorbed amount of an AB block copolymer as a function of the fraction v of A segments (a) and interaction curves at
full equilibrium (b—d) for different values of vy, at three surface affinities of the more weakly (or non-) adsorbing B block. The A
segments are strongly adsorbing (xas = -8). Other parameters: xao = xag = xso = 0, ra + rg = 250, and ¢b = 104,

between the plates is found to be repulsive. When the
total amount of diblock copolymer (which in this case is
nearly equal to the adsorbed amount) is increased, the
interaction becomes more repulsive because a higher
amount of copolymer at the same plate separation results
in a stronger steric hindrance between the nonadsorbing
blocks. Increasing the total amount 6 can be achieved by
an increase of ¢b, an increase of xgo, or a decrease of xas.

Interaction curves for four different solution concen-
trations ¢® are shown in diagram b. In all cases the
interaction between the adsorbed layers is repulsive, the
more so as ¢® increases. We will discuss the onset of
interaction in connection with Figures 2h and 3. In parts
c and d the effect of surface affinity of the adsorbing A
segments is shown. As the surface affinity increases, i.e.,
with decreasing xas, the total amount increases, as can be
expected since a higher surface affinity gives a better
compensation of the loss of entropy when a copolymer
molecule adsorbs. As a result of the higher adsorbed
amounts the interaction becomes more repulsive when
xaAs decreases.

The effect of the surface affinity of the B segments is
displayed in parts e and f. The A segments are adsorbing
(xas = ~4). For xgg = 0 the interaction is repulsive as in
parts band d. The interaction curve for xgg = —4 is found
to be attractive and represents in fact a homopolymer of
150 segments since xasis also—4 and all other x parameters
are zero. The weak maximum in 6 in this case has been
discussed by Scheutjens and Fleer?® and is due to the
contribution of bridging chains to # in addition to the chains
adsorbing on one of the plates only. The total amount 8
of homopolymer (xas = xps = ~4) is higher than that of
block copolymers with xas = -4 and xps = 0. In this case
the block copolymer is more weakly adsorbed than the
homopolymer. However, diblock copolymers of the same

length as a homopolymer can achieve a much higher ad-
sorbed amount if the chains are sufficiently strongly
anchored, because of the dangling B block. We haveshown
this effect in a previous paper.2! Such a situation occurs
for xps = -8, where the A block becomes the weakly ad-
sorbing block. At relatively large plate separation the
interaction is strongly repulsive, but around M = 4 it passes
a maximum. At still smaller plate separation the energy
of interaction decreases due to bridge formation by the
strongly adsorbing B blocks, but it remains weakly
repulsive at M = 2. Bridging is entropically favorable
since the number of conformations with many adsorbed
segments increases considerably when the chain can adsorb
on two opposing surfaces at the same time. Essentially,
in this case two thin layers of adsorbed B blocks mix and
form a thicker layer in which the B blocks cross the gap
several times. Attraction occurs only if the more weakly
adsorbing blocks are not too long.

Not only the adsorption energy, but also the solvent
quality affects the adsorption and interaction curves.
Diagrams g and h show the effect of varying the solvent
quality xpo for the nonadsorbing B block. When the
solvent quality becomes poor (xgo > 0}, the dangling B
blocks assume a more collapsed conformation and, hence,
the thickness of the adsorbed layer decreases. Therefore
the onset of interaction decreases with increasing xmo
(although this can hardly be seen on the scale used in
Figure 2h). Because the adsorbed amount of copolymer
is higher for poorer solvents, the interaction between the
plates at small M becomes more repulsive when the solvent
quality decreases (increasing xpo). Hence, the repulsion
curves in Figure 2h intersect each other.

The adsorbed amount and the free energy of interaction
of an AB diblock for different adsorption energies of the
B segments are shown in Figure 3 as a function of the
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Figure4. Comparison between adsorption and interaction curves
at full equilibrium (dashed curves) and restricted equilibrium
(full curves) of an A;B1go diblock copolymer (left-hand side) and
an Ag; homopolymer (right-hand side). The total amounts of
polymer at large surface separation correspond to equilibrium
adsorption at ¢? = 104 The A segments are strongly adsorbing
(xas = -10) and the B segments do not adsorb (xgs = 0). Other
parameters: xao = xas = 0.5, xgo = 0.

chain composition. Thediblock copolymer is 250 segments
long with ¢b = 10-4, the A segments are strongly adsorbing
(xas = -8), xBs is 0, -4, or -6, and all other x parameters
are zero. In diagram a the adsorbed amount 6 is shown
as a function of the fraction »5 of A segments per chain,
at three different values of xgs. A maximum in the ad-
sorbed amount is observed. As already explained in a
previous paper,?! at low v5 the attachment is too weak.
With increasing v, the leveling off toward the maximum
is due to saturation of the surface with A segments, and
the decrease beyond the maximum occurs because, at full
surface saturation, the length of the nonadsorbed B tails
decreases. Since the interaction between the adsorbed
layers depends highly on the adsorbed amount, we expect
a strong effect of the composition of the copolymer on the
free energy of interaction. This is indeed the case, as can
be seen in diagrams b~d. Interaction curves for four (a
and b) or three (d) different values of v, are shown. The
strongest repulsion is found for those values of v, that
correspond to the highest adsorbed amount. Thus, for
xBs equal to zero or -4 we find the strongest repulsion for
va = 0.2, whereas for xps = —6 the repulsion is stronger for
va = 0.5 than that for v, = 0.2. In this latter case, the
strongest repulsion occurs for »4 around 0.35 (not shown).
With increasing length of the B block (i.e., decreasing va)
and sufficient adsorption affinity, the adsorbed layer
becomes thicker and therefore the onset of interaction
will be found at larger plate separations.

Restricted Equilibrium. When the polymer is unable
todiffuse out of the gap between the two plates, the mixture
isinarestricted equilibrium. Inthis case the total amount
6 of polymer is constant when the surfaces are brought
closer, and the chemical potential of the polymer varies
with plate separation. The free energy of interaction is
zero at large plate separation and infinite when M < 8 (the
segments are incompressible).

The difference between a block copolymer AgsB;o0 (with
xBs = 0) and the corresponding homopolymer Ag; is shown
in Figure 4, both for the adsorbed amount (top) and for
the interaction curves (bottom), in full equilibrium and in
restricted equilibrium. The A segments are strongly ad-
sorbing (xas = -10), and the solvent quality is good for the
B segments (xpo = 0) and poor for the A segments (xao
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Figure 5. Interaction curves at different (constant) amounts of
an AsBio diblock copolymer between the surfaces with a good
solvent (a) and a poor solvent (b) for the A and B segments.
Parameters: xas = -10, xps = 0, xas = 0.

= xag = 0.5). The equilibrium volume fraction ¢t is 104,
which corresponds for the AzsB1o0 copolymer with an equi-
librium adsorption at large plate separation of § = 7.6 and
for the Ass homopolymer to § = 2.4, To obtain the same
reference free energy in the case of restricted equilibrium
we used 6 = 7.6 for the diblock copolymer and § = 2.4 for
the homopolymer. Since the solvent quality is poor for
the A segments, a maximum in 6 is found for the A5 ho-
mopolymer in full equilibrium, as a result of additional
adsorption due to bridging at the onset of the interaction.
The homopolymer in full equilibrium gives only attraction,
whereas in restricted equilibrium an attractive minimum
isobserved because of bridging. For the diblock copolymer
repulsive interaction curves are obtained, both in full and
restricted equilibrium, as a result of the steric repulsion
between the nonadsorbing B blocks. The repulsion is
stronger in restricted equilibrium since the copolymers
cannot leave the gap between the plates. In full equilib-
rium, the fraction of bridging molecules in the case of the
AgsBigo diblock copolymer is much lower (by a factor of
10) as compared to the Ag; homopolymer. The steric
hindrance caused by the B blocks strongly reduces the
possibility of bridging by the adsorbing A segments. In
restricted equilibrium, where the chains are forced to
bridge when the plates are brought closer together, the
copolymer chains that are in contact with both surfaces
do not give rise to attraction because of the loss of entropy
of the B blocks.

Figure 5 shows interaction curves for an AgeBgo diblock
copolymer in restricted equilibrium at different (constant)
amounts 6, for two (equal) solvent qualities for the A and
B segments. The A segments are strongly adsorbing (xas
=-10, xgs = 0). If the solvent quality is good for the A
and B segments (Figure 5a) we find only repulsion. As
the amount of copolymer increases, the interaction be-
comes more repulsive because of the higher density and,
consequently, increasing steric hindrance between the
copolymer layers. At a very poor solvent quality (x = 0.6)
for the A and B segments (Figure 5b), the interaction curves
have an attractive minimum at large plate separations.
The reason for this attractive minimum is not bridging
but osmotic attraction in the bad solvent, which causes
the surface to act as a nucleus for phase separation. In
other words, osmotic attraction occurs since in this case
the osmotic pressure decreases when polymer chains
overlap. This effect is shown in more detail in Figure 6.
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Figure 6. Effect of the solvent quality for the A and B segments
on the interaction curves of an A;5Bz diblock copolymer at
constant amount of polymer (8 = 21.5). Parameters: xas = -20,

xBs = 0, xag = 0.

In Figure 6, interaction curves of an A;5Baog diblock
copolymer in restricted equilibrium (6 = 21.5) are given,
for various (equal) solvent qualities for the A and B
segments. The A segments adsorb strongly (xas = —20)
and the B segments donot adsorb (xgs = 0). Anattractive
minimum occurs when the solvent quality for the A and
B segments becomes greater than 0.5. Hence, the phase
separation behavior of strongly adsorbed diblock copol-
ymers issimilar to that of infinitely long chains in solution,
for which the critical x value for phase separation equals
0.5. This can be expected since adsorbed diblock copol-
ymers, like anchored chains,222® have essentially no
translational entropy. At weaker adsorption, a slightly
higher x value is necessary for attraction to occur (not
shown).

In comparison with grafted chains,?%23 the interaction
curves are almost quantitatively the same if the amount
and length of the nonadsorbing blocks are the same as
those of the grafted polymer. The only difference is that
the curves for adsorbed diblock copolymers are shifted a
few lattice layers toward higher plate separations since
the joints between the A and B blocks of the adsorbed
copolymer are, on average, further from the surface than
the anchoring points of the grafted polymer. Indeed, ad-
sorbed diblock copolymers are often modeled as grafted
chains. For example, Whitmore and Noolandi, applying
their self-consistent-field theory to study the properties
of adsorbed block copolymers, assumed that the adsorb-
ing blocks are constrained within a thin layer at the
surface.?* The curves given in Figure 6 agree well with
their results.

Next we consider the influence of the chain composition
of block copolymers on the interaction. Interaction curves
of an A;00B, diblock copolymer and a B/2A100Bn/2 tri-
block copolymer with an A block of 100 segments and
varying length of the B block(s) are shown in Figure 7, for
the case of restricted equilibrium. As before, the A
segments adsorb strongly (xas = —10) and the B segments
have no affinity for the surface (xgs = 0). The solvent
quality is good for the B segments (xso = 0) and poor for
the A segments (xa0 = 0.5). The equilibrium adsorbed
amounts at large plate separations are calculated at a fixed
solution volume fraction of 10-4. Since the solvent quality
is good for the nonadsorbing block we obtain, as discussed
before, only repulsive interaction curves. Parts a and b
of Figure 7 give results for the diblock copolymer, parts
c and d for the triblock copolymer. Figure 7e shows the
hydrodynamic layer thickness of the adsorbed block
copolymers, calculated with the method of Scheutjens et
al.25 The permeability constant ¢y, of the polymer is taken
as 1. The thickness increases virtually linearly with the
length of the nonadsorbing B block. Hence, the plate
separation at which the adsorbed layers overlap, i.e., the
onset of interaction, will increase with increasing length
of the B block. If we assume the onset of interaction to
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Figure 7. Effect of the length of the nonadsorbing B block on
the interaction curves at restricted equilibrium of A,eB, diblock
copolymers (a,b) and By/2A100B,/2 triblock copolymers (c,d). The
A block contains 100 strongly acf orbing A segments (xas = —10).

The total amounts correspond to an equilibrium adsorption at
large plate separation from a bulk solution with ¢* = 10+, The
dependence of the hydrodynamiclayer thickness of the adsorbed
layer at large plate separation is shown in (e). Parameters: xss
=0, xa0 = 0.5, xap = xpo = 0.

be located at twice the hydrodynamic layer thickness oy,
we might expect the curves to merge into one master curve
if Aint ig plotted versus M/28p. In order to show this, we
replotted the data of Figure 7a and c, respectively, with
logarithmic scales in Figure 7b and d. The curves nearly
merge into one master curve, At plate separations below
on (M/ 28y, <0.5), the free energy of interaction Aint for the
diblock copolymer scales approximately as (M/2é,)~2. At
larger plate separations, where the adsorbed layers just
overlap, we do not find a simple scaling relation between
Aint and M /25y, but the dependence is then much stronger.

For the BAB triblock copolymer, the onset of interaction
is found at much smaller plate separations as compared
to the AB diblock copolymer (Figure 7¢). The hydrody-
namic layer thickness (Figure 7e) is also much lower for
the BAB triblock copolymer. The main reason is that the
B blocks of the triblock copolymer are shorter. Moreover,
we have shown in an earlier publication!82! that the number
of adsorbed chains of a BAB triblock copolymer is lower
than that of the corresponding AB diblock copolymer,
provided the (total) number of B segments per chain is
the same. (Note that in Figure 10b of ref 21 the curve for

Bp/2A100Brm/2 was erroneously labeled as BnAigoBm.)
However, i f/ compared with AjpoB. molecules, of which
the lengths of the B blocks are the same, the onset of
interaction is at a larger separation (Figure 7c) since the
adsorbed layer is denser and hence the tails of the BAB
triblock copolymer are more strongly stretched. Asinthe
case of the AB diblock copolymer, the interaction curves
for the triblock copolymer nearly merge into one master
curve. The slope is higher for triblocks because of the
denser adsorbed layer.

Figure 8 shows the effect of varying the length of the
adsorbing A block on the adsorbed amount, on the
hydrodynamic layer thickness, and on the interaction
between layers of adsorbed AB diblock copolymer in
restricted equilibrium. The interaction parameters are
the same as in Figure 7, the length of the nonadsorbing
B block is 250. The equilibrium adsorbed amount at large
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Figure 8. Equilibrium adsorbed amount (a) and hydrodynamic layer thickness (b) as a function of the length of the adsorbing A block
(xas = -10) of an A,Bys diblock copolymer having nonadsorbing B segments (xss = 0). In (c) interaction curves are given for four
different lengths n of the A block. In (d) the curvds of (c) are scaled with 8, and replotted with logarithmic scales. The total amount
(which is virtually equal to the adsorbed amount) corresponds to an equilibrium adsorption at ¢* = 10 The permeability constant

cy is 1. Parameters: xa0 = 0.5, xa = xso = 0.
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Figure 9. Interaction curves of an A,BgsoAn triblock copolymer
having a nonadsorbing B block of 250 B segments (xps = 0) and
varying length n of the adsorbing A block (xas = ~10). The total
amounts of polymer correspond to an equilibrium adsorption at
large surface separation when ¢b = 104. Parameters: xao = 0.5,
xaB = xgo = 0.

plate separation shows a maximum as a function of n
(Figure 8a), for the same reason as in Figure 3a. The value
of n corresponding to this maximum will be referred to as
the “optimal A block length”. The hydrodynamic layer
thickness follows closely the adsorbed amount, as can be
seen in Figure 8b. In Figure 8c interaction curves are
given for four values of n. For n = 50 we find the most
repulsive interaction curve and the largest interaction
range. This is easily understood since a block length of
50 A segments is close to the optimal A block length (Figure
8a). In Figure 8d we have replotted the data of Figure 8¢
with logarithmic scales as in Figure 7b,d. We note that
for n values up to 100 and for M/268y, near 1 the curves
nearly merge into one master curve. The top curve is for
the optimal A block length, n = 50. For all curves a slope
of -2 is found when M < §,. For larger values of M the
slope decreases far more steeply.

InFigure 9 interaction curves are shown for an A,;BasoA,,
triblock copolymer at various lengths n of the adsorbing
A blocks under the same conditions as in Figure 7. Again,
the length of the nonadsorbing B block is kept constant
at 250 segments, Because these triblock copolymers have
adsorbing blocks at both sides of the molecule, they are
able to form bridges. Therefore, the curves show an
attractive minimum at large plate separations. The largest
onset of interaction and the deepest attractive minimum
is found for an A block length of 50 segments because this
block length is close to the optimal A block length of this
triblock copolymer (not shown).

Discussion

We have shown how the free energy of interaction can
be calculated from our self-consistent-field theory6!7 for

full and restricted equilibrium. The case of restricted equi-
librium is physically the most relevant, since in practice
the time scale in which surfaces are brought closer is much
shorter than that of the transfer of chains. Therefore we
will compare our predictions for diblock copolymers in
restricted equilibrium with experimental results.

Force—distance profiles for two cylindrical mica sheets
covered with polymer can be measured directly with the
surface force apparatus.2-28 Several authors’®14 have
reported results on the interaction between adsorbed
diblock copolymer layers obtained with this apparatus.
The normalized force F/R, where R is radius of the mica
cylinders, is measured typically up to 10 mN/m. Using
the Deryagin approximation,?? the measured force F/R
between the two crossed cylinders can be related to the
free energy of interaction for two planar surfaces as
calculated with our theory:

A™/L = Fa_/2xR (23)

where g, is the cross-sectional area of a lattice site. If we
assume a segment to have a cross-sectional area of 0.06
nm?, then the upper experimental limit of 10 mN/m would
correspond to a free energy of interaction of 0.024 kT per
surface site.

In agreement with the experimental results of Patel et
al.7910 and Ansarifar and Luckham,!213 we do not find, in
the range Aint/LkT < 0.024, a clear power law of the type
Aint ~ D* where D is the distance between the plates. At
large plate separations, the exponent x as obtained from
Figures 7b and 8d varies between —4 and —6. These values
are consistent with the experimental results of Patel et al.
and Ansarifar and Luckham, who found exponents of
approximately —4. As in practice polydispersity softens
the hairy layer, the experimental exponent may be smaller
than the prediction for homodisperse tails. At very high
compression, the exponent is much smaller: Aint ~ D-9/4
as estimated from scaling principles for terminally attached
chains.3 From the results of our theory it follows that an
exponent of -2 would be found at smaller separations than
reached in the experiments.

The effect of the chain length of the nonadsorbing block
of adiblock copolymer has been studied by Patel et al.,”%:10
who measured force-distance curves of poly(2-pyridine)/
polystyrene (PV2P/PS) in a good solvent (toluene at 32
°C) at various lengths of the nonadsorbing PS block. At
constant length of the adsorbing PV2P block they could
merge their force curves approximately into one master
curve by plotting the measured force versus D/2Lo, where
D is the distance between the two mica sheets and L is
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a theoretical layer thickness obtained from scaling laws
for terminally anchored chains. In agreement with our
results for the hydrodynamic layer thickness, it varies
linearly with the length of the nonadsorbing block.

For diblock copolymers in poor solvents we find at-
traction at large plate separations as a result of osmotic
forces, in agreement with experimental results.”2.10.14 The
magnitude of the attraction is up to 10 times weaker than
for corresponding homopolymers,? which agrees very well
with the observations of Patel et al.”®1% but not with the
measurements of Marra and Hair.14 These latter authors
found for PEQ/PS diblock copolymers with different block
lengths the same order of magnitude of attraction as for
a PS homopolymer.

Conclusions

The free energy of interaction can be calculated in a
straightforward way from our previously presented self-
consistent-field theory for the adsorption of block copol-
ymers from a multicomponent mixture. We have extended
the concepts of full and restricted equilibrium, as intro-
duced by Scheutjens and Fleer for a binary mixture, toward
a multicomponent mixture.

At full equilibrium, when the molecules can freely diffuse
out or into the gap between the two surfaces, we found for
diblock copolymers, as a rule, a repulsive interaction.
Attractive interaction is only found when the surface
affinities of both blocks are very close.

If the diblock copolymers cannot diffuse out of the gap
when the surfaces are brought closer, i.e., in the case of
restricted equilibrium, the interaction is always repulsive
in good solvents. The repulsion originates from osmotic
effects; for block cupolymers the attractive contribution
due to bridging is small or absent. In poorer solvents for
the nonadsorbing block, there is an osmotic attraction at
large separations. Attraction is observed as soon as x is
just above 0.5 since strongly adsorbed diblock copolymers
have essentially no translational entropy so that they
behave as infinitely long chains. At short distances the
interaction is always repulsive because the segments are
incompressible. The interaction curves for diblock co-
polymers are virtually the same as those for grafted chains
with the same amount and length of the nonadsorbing
tails, but they are shifted to slightly larger plate separa-
tions.

The interaction curves depend strongly on the chain
composition. There is a direct relation between the
repulsion and the adsorbed amount. For good solvents,
the separation where the onset of interaction is found
increases with increasing adsorbed amount and with
increasing length of the nonadsorbing block. Inmost cases
this separation corresponds to twice the hydrodynamic
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layer thickness. In the case of restricted equilibrium and
a good solvent we have been able to scale the interaction
curves of a diblock copolymer with the layer thickness,
such that they merge approximately into one master curve.

For ABA triblock copolymers with adsorbing A segments
and nonadsorbing B segments in a good solvent, we find
attraction at large separations because of bridging. Com-
parison with experimental data shows, for most cases,
excellent agreement.
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