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ABSTRACT We study the effect on colloidal stability of the adsorption of diblock copolymers with a 
charged buoy block. Using a scaling as well as an SCF approach, we focus on the high-charge regime 
and find that adsorbed amounts are very low. Nevertheless, the adsorbed polymer causes a significant 
repulsive interaction between two surfaces. For low charges and long anchor blocks (“anchor-dominated 
regime“) the colloidal stability would be expected to rise with increasing charge on the buoy block. In 
our high-charge regime we find the reverse; i.e., the electrosteric repulsive interaction increases with 
increasing salt concentration and decreasing buoy length or buoy charge. This counterintuitive behavior 
is caused by the effect of the electrostatic interactions on the adsorbed amount: stronger interactions 
lead to a lower adsorbed amount, which in turn leads to a weaker repulsion. Numerical SCF calculations 
confirm these scaling predictions. 

I. Introduction 
It is now well established that homopolymers can 

induce attractive as well as repulsive interactions in 
colloidal suspensions. Colloidal stability may be en- 
hanced when thick adsorbed layers give rise to steric 
repulsion forces. On the other hand, attraction is found 
when a chain can adsorb simultaneously onto two or 
more particles, thereby forming so-called bridges. Dif- 
ferent situations may be distinguished. If the two 
surfaces are only partially covered, bridges are easily 
formed and the interaction is attractive. When the 
colloidal particles are fully covered by polymer, floc- 
culation may occur if chains can desorb quickly enough. 
However, polymer desorption is often extremely slow. 
In most cases the polymers are essentially irreversibly 
adsorbed to the surface and the interaction is repulsive. 

In the remainder of the text we will refer to the fast 
desorption as a “free” system: the polymer is free to 
leave the gap between the particles. The slow desorp- 
tion will be referred to as a ”restricted” system: the 
polymers are not allowed to exit from the gap. 

Because of the possibility of bridge formation, ho- 
mopolymer adsorption is not expected to be the optimal 
way to stabilize colloidal systems. An obvious way to 
improve the stabilizing capacity of a polymer is to graft 
the chains chemically onto the surface. In this way high 
adsorbed amounts can be achieved, while desorption is 
completely prevented. If a nonadsorbing polymer is 
end-grafted and the grafting density is high enough, a 
so-called brush is formed. Such a brush could be very 
effective in stabilizing suspensions: bridging is impos- 
sible. The interaction between two brushes is often 
described by the Alexander-de Gennes If the 
separation M between the particles is smaller than twice 
the thickness H of an isolated brush, the repulsive 
pressure P(M) scales as 

where c7 is the grafting density and kT the thermal 
energy. The first term within the brackets gives the 
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osmotic repulsion between the brush molecules, whereas 
the second term represents the gain in elastic energy 
when the brush is compressed. For M I W  in the range 
0.2-0.8, the above expression is roughly exponential: 
P(W - e-cMJH, where c is a constant. 

Another class of promising stabilizers is formed by 
&By diblock copolymers of which the anchor block A 
adsorbs to the surface and the buoy block B extends into 
the solution. If the anchor is strong, desorption is 
virtually impossible and the properties of the adsorbed 
layer are similar to those of a brush of B segments. It 
was shown by Evers et al.4 that such an &By diblock 
copolymer can prevent flocculation also when the ad- 
sorbed molecules are in full equilibrium with dissolved 
ones (a free system). 

In the above only short-range interactions were 
considered. In water-based systems, however, also long- 
range electrostatic interactions generally play an im- 
portant role. There are two reasons to study water- 
based systems. First, for environmental reasons, in 
many commercial products organic solvents will have 
to be substituted by water in the near future. Second, 
this class of systems is relevant in a biological context, 
where colloidal stability is an important issue. 

Recently, there has been considerable theoretical 
progress on the charged counterparts of the two systems 
mentioned above: brushes and diblock copolymer ad- 
sorption. 

In a paper by P i n ~ u s , ~  which was followed by a series 
of papers by Zhulina et al.,6-11 the structure of charged 
brushes was analyzed. Depending on the salt concen- 
tration &, on the average charge a per segment, and 
on the anchoring density u, at least three brush regimes 
may be distinguished. We may summarize the results 
as follows: at high electrostatic interactions are fully 
screened and the brush behaves as a neutral one, with 
a parabolic density profile. At low q5s electrostatic 
interactions dominate: the profile changes from a 
parabola to a Gaussian and the thickness becomes 
independent of the grafting density. This regime has 
been called the osmotic brush regime. At intermediate 
&, the salted brush regime may be found, in which 
external salt penetrates into the brush; the profile is 
still parabolic and the electrostatic interactions can be 
incorporated into an effective excluded volume param- 
eter: 
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ueff = u + (2) 

where u is the excluded volume parameter of the 
uncharged segments. The brush thickness H is given 
by 

H - N(u,f~)~" (3) 
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icdly, we investigate the effect of NA, NB, a, and 4, on 
the magnitude of the interaction and on the shape of 
the interaction curve. 

The remaining part of this paper is organized as 
follows. In section I1 we describe the SCF model, and 
in section I11 we derive an analytical expression for the 
force profile. We represent results from the SCF model 
in section N. The main conclusions are discussed in 
section V. 

which is analogous to the scaling properties of un- 
charged brushes as given by Alexander and de Genne~l -~  
and Milner, Witten, and Cates.12 

The adsorption of ionic diblock copolymers, AXBY 
molecules of which the buoy block B carries a charge, 
is the main subject of the present contribution. Only 
very recently, three theoretical studies of this system 
were published. A first route was followed indepen- 
dently by two g r ~ u p s , ~ ~ J ~  who combined the results of 
Pincus on charged brushes5 with those of Marques, 
Joanny, and Leibler15 on uncharged diblock copolymers 
adsorbing from a selective solvent. They find a regime 
which we will refer to as the selective solvent (SS) 
regime, where the ionic diblock adsorbs in relatively 
high amounts. The A segments, being exposed to a 
nonsolvent, are supposed to form a molten layer at the 
surface, whereas a charged brush is formed by the B 
segments. A central result, as put forth by Wittmer et 
al.,14 is that the SS regime can only be found for not 
too highly charged B blocks. Specifically, if the following 
requirement 

(4) 

is not fulfilled, the adsorbed amount is expected to be 
very low. In (4), a is again the average charge per B 
segment, NA and Ng are the respective block lengths, d 
is the size of one segment, Zg is the Bjerrum length 
(which roughly equals 7 A in water), and YA gives the 
free energy (expressed in units of KT per area d2)  of an 
interface between A and solvent segments. 

We followed an alternative route to analyze ionic 
block copolymer adsorption16 and combined the model 
developed by Evers et al.17 for the adsorption of un- 
charged diblock copolymers with the polyelectrolyte 
adsorption model of Bijhmer et d.18 We studied adsorp- 
tion from a nonselective solvent and concluded that low 
adsorbed amounts are to  be expected for a wide range 
of parameters. At low salt concentration or high charge 
density (a2/& >> u) ,  electrostatic interactions dominate 
the scaling behavior, and the adsorbed amounts are very 
low indeed, below the detection limit of conventional 
methods. Our results are different from those of 
Argillier et al.13 or Wittmer et al.,14 but there is no 
contradiction: we chose our parameters in such a way 
that electrostatic interactions can be expected to be 
important and found low adsorbed amounts; they chose 
to describe a regime with high adsorbed amounts and 
concluded that it exists only when electrostatic interac- 
tions are not too strong. In order to provide a link 
between the two cases, we will give one typical example 
of a system in the SS regime (Figure 2). 

The main goal of the paper, however, is to investigate 
and prove the relevance of the low-coverage (LC) regime. 
As stated by Wittmer et al., the extremely low adsorbed 
amounts in this regime should, in principle, preclude a 
big effect on stability. We will evaluate this expectation 
quantitatively and calculate the interaction between two 
surfaces covered with ionic diblock copolymers. Specif- 

11. SCFModel 
In the following we summarize the main points of our 

theory. The self-consistent-field (SCF) theory rests on 
four approximations: (I) The space between two flat 
interfaces (representing colloidal particles) is discretized 
using a lattice, which serves as a system of coordinates 
on which segments and solvent molecules are posi- 
tioned. The lattice cells are organized in flat layers of 
homogeneous density, containing L lattice sites each. 
The layers are numbered z = 1, ..., M .  Layers 0 and M + 1 are occupied by the solid substrate S; so effectively 
we model the interaction between particles which are 
large with respect to the polymer layer thickness. (11) 
Chain conformations are generated with a first-order 
Markov approximation, equivalent to  a freely jointed 
chain model. (111) The many-chain problem is reduced 
to that of a test chain in an external potential field 
generated by all the chains in the system. The potential 
field is a function of the z coordinate only, which implies 
a meanfield approximation within each lattice layer. 
Thus, lateral inhomogeneities are not considered. Po- 
tential gradients in the z direction cause segment 
densities to be only a function of z coordinates as well. 
In this sense one can refer to this version of the SCF 
theory as a one-dimensional theory which, however, 
models a three-dimensional system. (nT> The system 
is assumed to be incompressible, which means that each 
layer is exactly filled by segments, solvent, or ion 
species: no vacancies are allowed. Below we will give 
a concise elaboration of these four points. For a full 
derivation of the model, as well as a discussion of its 
approximations, we refer to a recent review by Fleer et 

In the lattice theory, molecular details on length 
scales smaller than monomers are neglected. All seg- 
ment types are taken to be of equal size. They are 
indicated by the subscript A, B, ..., representing anchor 
block segments, buoy block segments, water molecules, 
positively or negatively charged ions, and adsorbent 
segments. Molecules are indicated by the subscript i, 
j, .... Polymeric molecules may consist of several seg- 
ment types; the ranking number of their segments is s 
= 1,2, ..., Ni, whereNi is the chain length of component 
i. Their composition is very important; in this paper 
we discuss diblock copolymers &By where segments s 
= 1, ..., x are of type A (anchor) and segments s = x + 
1, ..., N are of type B (buoy). 

In a Markov approximation the segment density is 
found by 

a1.19 

Here Gi(z,sll) is the statistical weight to find in layer 
z the end segment of a sequence of s segments, of which 
the composition is dictated by the molecular architecture 
of component i. Analogously, the quantity Gi(z,sIN) is 
defined as the overall statistical weight for the chain 
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part s’ = N, N - 1, ..., s to be in the system with the 
only constraint that segment s, the end point of this 
sequence, is in layer z. In the composition law (eq 5) a 
correction for the double counting of segment s is 
included by the division by the free segment distribution 
function Gi(z,s). 

The normalization constant Ci is, for molecules which 
are in equilibrium with the bulk solution, given by Ci 
= 4ib/Ni, where the bulk concentration 4ib is an input 
quantity. For a restricted equilibrium, when the num- 
ber of molecules between the surfaces is fixed, Ci follows 
from the condition ai = &&(z,s); now ai is the input 
quantity. Defining Gi( 1 IN) as the overall statistical 
weight to find a chain i in the system, according to Gi- 

The chain end distribution functions follow from a 
recurrence type relation which is a discrete version of 
the Edwards diffision equation: 

Gi(z,sll) = (Gi(z,s-lll)) Gi(z,s) (6) 

(1IN) = LGi(Z,llN), we find Ci = ~i/[Gi(llN)]. 

and 

Gi(z,sIN) = (Gi(z,s+llN)) G~(z,s) (7) 
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in units of kT per elementary charge e .  The reference 
point of the potentials (including y(z)) is the bulk 
solution. This results in a free segment distribution 
function GA(z) = 1 in the bulk, which implies ideal chain 
statistics in this part of the system. The use of a 
homogeneous bulk system that is in equilibrium with 
the inhomogeneous interface is the usual mean-field 
ansatz. We explicitly assume that there is no structure 
formation in the bulk, which would be a severe ap- 
proximation for the SS regime, where micelle formation 
is to be expected. Such a system can be modeled in an 
SCF approach by simultaneously considering the equi- 
librium between polymer molecules in the adsorption 
layer and those in micelles.20t21 As stated before, we 
consider mainly nonselective solvents, for which these 
complications play no role. 

The evaluation of the local electrostatic potential, 
under the constraint that the system is electroneutral, 
can conveniently be performed in each layer once the 
effective charge density e(z) and the local dielectric 
permittivity are known. Both quantities are computed 
from the segment distributions. Obviously, the charge 
density can be calculated as e(z) = (e/d2)CAaA4A(z), 
where e is the elementary charge, and d the lattice 
spacing. We approximate the dielectric permittivity in 
a layer by the mean-field expression E(Z) = XAEA$JA(Z). 

Gauss’ law couples the charge distribution to the 
distribution of electrostatic potentials. It states gener- 
ally that the integral of the field strength E across a 
closed area surrounding a given volume equals the ratio 
of the charge and the dielectric permittivity in this 
volume. In the present case, we take layer z as this 
volume and write E as -(kT/ed)@/&, where the lattice 
spacing d is needed to  convert the dimensionless 
distance z into a real distance. If E is taken to be a 
constant, the discrete version of Gauss’ law becomes 

(12) 
Y ( Z )  - ~ ( z - 1 )  + Y ( Z >  - ~ ( z + l )  - e g(z) 

This equation can also be written as C(y(z) - y(z-1) + 
y(z) - y(z+l)} = ee(z)/kT, where C = dd is the 
capacitance per unit area. If C(z) = E ( z ) / ~  is a function 
of z,  we have to modify this expression, taking into 
account that E changes discontinuously halfway the 
charge planes. The average capacitance C(z,z’) between 
neighboring planes z and z’ is given by 

C-l(zp’) = +(Z)  2 + C-l(z’)} (13) 

--- 
d d kT E 

where the angular brackets indicate an averaging over 
the neighbors of a site in layer z. For a cubic lattice, 
such an average is defined by 

The function f l z )  may be any function, such as a chain 
end distribution function or a volume fraction. 

In eqs 5-7 the free segment distribution function Gi- 
(2,s) is a central quantity. It is defined as the Boltz- 
mann factor of the local segment potential. When 
segment s of molecule i is of type A, then Gi(z,s) = GA- 
(z)  = exp(-uA(z)). The dimensionless potential U A ( Z )  is 
expressed in units of kT, as we will do for all potentials 
and energies from here on. Thus, eq 5 can be evaluated 
once the segment potentials are known. The key 
ingredient of an SCF theory is that the potentials 
themselves are again a function of the local densities. 
In this paper we include three terms in the local 
potential: 

The first term originates from the incompressibility 
constraint and is in fact a Lagrange parameter. The 
second term accounts for short-range interactions: 

(10) 

The third term in eq 9 represents the long-range 
electrostatic interactions: 

uAel(z) = apy(z) (11) 

In eq 10 the summation index B runs over all segment 
types in the system, including the segments of the 
adsorbent. The parameter xm is the familiar Flory- 
Huggins interaction parameter, defined as the free 
energy associated with the process of transferring an A 
segment from an A environment to a B environment. 
In eq 11, a A  represents the valency of the segment type 
A, and y(z) is the dimensionless electrostatic potential, 

The corrected version of eq 12 is now 

C(zp-l)Cy(z) - y(z-1)) + C(zg+l)(y(z) - 

It is easily seen that eq 14 reduces to  eq 12 if C is 
constant. 

The electroneutrality of the system is ensured by 
setting the field strength at the boundaries to zero: 

(15) 

We use a discrete version, analogous to eq 14. 
All told, the set of equations (5-15) can be solved 

numerically. The SCF solution is characterized by the 
fact that the set of local potentials {uA(z)) (eqs 9-11) 
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must be consistent with {$JA(z)} (eq 5). The solution is 
only accepted when the incompressibility constraint is 
obeyed. This solution is routinely obtained numerically; 
analytical solutions can, in general, not be found. 

We now turn our attention to the evaluation of the 
free energy of interaction between two interfaces. As 
explained in the Introduction, we distinguish full and 
restricted equilibrium. These two situations are con- 
trolled by the choice for Ci, as discussed below eq 5. The 
free energy of the system (in units of kT per lattice site) 
at  an interplate separation M is given by 

A(M) = C(T~ h(NiCi) - C ~ A ( Z )  In GA(z) + u"" + Ue' 
(16) 

In eq 16 the last two terms represent the energetic 
contributions to  the free energy: W is the contact 
energy and Uel the electrostatic energy. These terms 
are given by 

i Z P  
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interpreted in terms of a simple analytical model: the 
total free energy of the system can be approximated by 
a summation of elastic, osmotic, and adsorption free 
energy contributions. We use the Gaussian approxima- 
tion for the elastic free energy, which gives uH'VNB. The 
osmotic contribution is the same as that for charged 
brushes in the salted brush regime, resulting in a 
contribution Uef12NB21H. Furthermore, it is assumed 
that the A block is adsorbed in a flat conformation, so 
that the adsorption energy is proportional to NAU. 
Hence, 

and 

The quantity U* is the mixing energy in a suitable 
reference state which we take here as the pure amor- 
phous phase of each individual component. This refer- 
ence state is not important for calculating the interac- 
tion free energy. The Flory-Huggins parameter XAB is 
the mixing energy per A-B contact. 

Free molecules are in full equilibrium with the bulk 
solution: their chemical potential equals the chemical 
potential of molecules in the bulk solution:17 

i 

where $J&* is the volume fraction of segments A in the 
reference state of pure component j. We define the 
excess free energy A"(M) as 

t 

A"(M) = A(M) - &pi (20) 
i 

where the prime indicates that the summation runs over 
the free components only. The interaction free energy 
at  separation M is the difference between the excess free 
energy (as calculated from eq 20) at separation M and 
that a t  infinite separation: 

(21) 
In the actual calculations this "infinite Separation" is 
taken to be finite, but large enough so that it does not 
affect the results as found by eq 21. 

111. Scaling 
As shown before,16 the adsorbed amount and layer 

thickness in the low-coverage (LC) regime can be 

Aht(M) = A"(M) - A"(=) 

Note that the translational entropy for the adsorbed 
molecules is neglected. Disregarding the effects of 
interactions in the bulk, we set the partial derivatives 
Maa and MaH to zero. This immediately leads to  

0 ry ( N A / N B ) ~ ' ~ ( ~ ~ ~ ~ ) - ~  (23) 

and 

H - (NANB)" (24) 

These results were obtained already in a previous 
publication.16 We now continue and derive expressions 
for the repulsive force between two of these adsorbed 
layers. If we ignore interpenetration of the two brushes, 
the energetic effect of squeezing the brush for 0 < M < 
2H is simply obtained by inserting H = MI2 in eq 22. 
We assume restricted equilibrium and take (T to remain 
constant, given by eq 23. Furthermore, we omit the 
adsorption energy term, which is constant anyway, and 
the elastic contribution since it becomes negligible 
compared to the rapidly increasing osmotic pressure. 
The interaction sets in when the outer parts of the 
brushes meet, i.e., a t  M = 2H. Defining the interaction 
with respect to this point, the interaction energyAht is 
found as 

NA3 
NB 

Aht(M) GZ +Ueff)-'(l/M - 1/2H) [O < M < w] 
(25) 

This expression approaches infinity when M goes to 
zero. The central part of a curve A(M) vs M is again 
roughly exponential: if A(M) is plotted on a log-lin 
scale, we find a straight part. The slope of this 
exponential part is affected only by the last factor within 
brackets; it is inversely proportional to the brush 
thickness H. The prefactor NA3/(N~Ueff) determines the 
offset of the line and is a measure for colloidal stability. 

IV. Results and Discussion 
Parameters. In the calculations we use a cubic 

lattice, with lattice spacing d = 0.6 nm, leading to a 
number concentration of lattice sites equal to (0.6 x 
10-9)-3 m-3, or a molar concentration of 7.7 mol/L. This 
value is important, since it provides the conversion 
factor from a volume fraction to a molarity. As ex- 
plained in the Introduction, we consider mainly the low 
coverage-high charge (LC) regime, in which the sol- 
vency has very little effect on the adsorption behavior. 
As before,16 we choose 0 conditions for both segment 
types in the polymer: XAO = XBO = 0.5, where 0 refers 
to the solvent. Furthermore, the uncharged A segments 
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composed of B segments is extremely dilute. The 
density in this region is below the brush limit for 
uncharged molecules, which is defined as the density 
above which B blocks start to overlap physically. (111) 
However, the density is obviously high enough to create 
a charged brush, in which the B tails are highly 
stretched due to interchain electrostatic interactions. 

Recently, it has been shown that lateral inhomoge- 
neities are unimportant in this so-called “salted brush” 
regime,l’ which extends down to a grafting density 1-7 = 
e/NB = a-2N~-3&-1/2 if ds < VNB, whereas the lower 
boundary is given by (5 = a-2Ng-3/2& for 4~~ =- The 
lateral mean-field approximation, which we adopted in 
both our numerical and scaling approaches, is valid only 
in this regime; all our results are calculated for systems 
for which the brush density is well above these limits. 

Profiles of the adsorbed layer in the SS regime are 
completely different, as shown in Figure 2. These 
results were obtained by choosing selective solvent 
conditions for the diblock copolymer and a moderate 
charge (ag = 0.2) for the segments of the buoy block. 
Combined with a salt concentration = this leads 
to  rather weak electrostatic interactions. The electro- 
static part (uel = a2/4$,) of the total excluded volume 
interaction ueff = u + vel is then only twice the uncharged 
contribution u = l/2. The length of the buoy block equals 
200, and two different values for the anchor block length 
were chosen (indicated in the figure). The solid curves 
in Figure 2 represent the total volume fraction of 
polymer; in the shape of these curves the individual 
contributions of the A and B blocks, shown as dashed 
curves, can easily be recognized. 

The general structure of the adsorbed layer in the SS 
regime is in agreement with the results of Wittmer and 
Joanny:14 the anchoring block forms a molten layer of 
A segments, the density of which is of order unity. 
Furthermore, the segment density in the B region is 
clearly high enough to give rise to significant excluded 
volume interactions. Obviously, since the length of the 
B block is constant, the area under the B profile is 
proportional to the number of adsorbed molecules. The 
figure shows it to increase with NA, which contrasts the 
results of Wittmer et al. It should be noted, however, 
that the formation of micelles in the bulk is completely 
neglected in our present calculation, which precludes a 
full interpretation of this result. 

Interaction Curves in Free and Restricted Equi- 
librium. In the previous subsection we discussed the 
structure of the adsorbed layer in two regimes. From 
now on we focus on the LC regime and study how the 
adsorbed polymer affects the interaction between two 
surfaces. We mention again that for the LC system we 
choose nonselective solvent conditions. This means that 
in the solution no micelle formation takes place. As 
explained in the Introduction, we distinguish two dif- 
ferent cases. In the “full equilibrium” case the polymer 
is free to adjust its adsorbed amount during the ap- 
proach of the two surfaces. Alternatively, in the “re- 
stricted equilibrium” we stipulate the amount of poly- 
mer between the two surfaces to  remain constant. 

In Figure 3 we plot the free energy of interaction Aht 
as computed from eq 21 for the same system as in 
Figure 1, both for full equilibrium (Figure 3a) and for 
restricted equilibrium (Figure 3b). In both figures, Aht 
is plotted on a linear scale in the main figure; the inset 
shows the shape of the curves on a log-lin plot. 

For restricted and free equilibrium alike, Aht in- 
creases monotonically with decreasing separation. Thus, 
the interaction between the adsorbed layers is purely 

0 50 100 150 
2 

Figure 1. Volume fraction profiles of adsorbing A segments 
and buoy B segments in the LC regime: low coverage-high 
charge. The curves are plotted on a lin-lin as well as on a 
log-lin (inset) scale. Parameters: NA = 100, NB = 400, 6. = 

aB = 1.0, XAO = XBO = 0.5, X. = 1, cubic lattice 
with d = 0.6 nm at a separation M = 300 layers. 

&, = 

1.0 

4 

0.5 

0.0 
0 40 80 120 

Figure 2. Volume fraction profiles in the charged brush 
regime of diblock copolymers & 0 0 B 2 ~  and & ~ B ~ o o  (solid 
curves) and the individual contributions of A and B segments 
(dashed curves). Parameters: XAO = 1.0, XBO = 0.0, aB = 0.2, 
4. = 0.01, other parameters as in Figure 1. 

adsorb to the surface with an adsorption energy of 1 
kT per segment (xs = 11, whereas the B segments of the 
buoy block have no affinity for the surface. The charge 
of the B segments is expressed through a, the average 
valence of one B segment. In this way the charges on 
the chain are smeared out: we model a chain of which 
every tenth B segment is charged as a chain in which 
each segment has a charge of 0.1 e. The relative 
dielectric constant of the solvent is set to 80, and that 
of all other species equals 5. In the one example we 
give for the selective solvent (SS) regime (Figure 21, XAO 
is chosen as 1.0 (nonsolvent) and XBO as 0 (good solvent). 
Volume &action Profiles. Before turning to the 

main section of our results, i.e., the description of force 
curves in the LC regime, we briefly review the charac- 
teristics of the adsorbed layer in this regime (Figure 1). 
As a comparison, we also present an example of volume 
fraction profiles for the SS regime (Figure 2). 

In Figure 1 typical volume fraction profiles in the LC 
regime are presented for anchoring A and buoy block B 
segments. The inset shows the same profiles on a 
logarithmic scale for 6. As discussed before,16 the most 
prominent features of these profiles are the following: 
(I) There is an almost absolute confinement of A 
segments to the first layer in contact with the surface. 
The concentration in this layer, t$~(l) = 0.038, is outside 
the range plotted in Figure 1. (11) The “brush” region 
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0.0°8 1 
O.O1I\ A* ’@ I 
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A’* lo“ h 

0 
0 100 200 

M 
Figure 3. Free energy of interaction Aht (in units of kT per 
lattice site) as a function of plate separation M for full 
equilibrium (a) and restricted equilibrium (b). The insets show 
the same data on a logarithmic scale for Aht. The parameters 
for both (a) and (b) are the same as in Figure 1. 

repulsive, as expected. Comparing parts a and b of 
Figure 3, we notice that there is a big difference in the 
magnitude of the interaction as well as in the shape of 
the curve. 

For the free case depicted in Figure 3a, the repulsive 
interaction is necessarily lower than for the restricted 
case in Figure 3b: in any nonequilibrium situation the 
free energy should be higher than in h l l  equilibrium. 
For the present system, the two curves are almost 
identical down to a separation of -80 layers. Upon a 
further decrease of M ,  the two curves diverge, indicating 
the onset of desorption in the free system. Upon a 
further decrease of M the repulsive interaction increases 
nearly linearly in the free system, whereas it increases 
exponentially (and much stronger) in the restricted case. 
Thus, the latter follows qualitatively the prediction for 
the interaction between uncharged brushes by de Gennes 
(eq 1) or the charged equivalent as given in eq 25. In 
fact, all our calculations show that the free case leads 
to a linearly increasing repulsion, whereas for a re- 
stricted equilibrium the repulsive interaction increases 
exponentially. If plotted on a log-lin scale, the two 
cases may easily be distinguished: only the restricted 
interaction curve has an inflection point, whereas the 
slope of the curve representing full equilibrium de- 
creases monotonically with decreasing M. 

We believe the restricted case to be the more relevant 
one for most experimental situations. In order to obtain 
a more detailed insight in the interaction of two ionic 
block copolymer layers, we show the volume fraction 
profiles for three surface separations in Figure 4. In 
this figure the B profiles of polymer adsorbed on the 
left-hand-side surface (located a t  z = 0) are plotted as 
thick curves. The thin mirror images of these curves 
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Figure 4. Volume fraction profiles of B segments at different 
plate separations. Thiclr curves give the profiles of polymers 
adsorbed on the left-hand surface. The thin mirror images 
are the profiles of polymers adsorbed onto surfaces at the 
indicated separation. Parameters as in Figure 1. 

represent the B profiles of polymers adsorbed to the 
opposite surface, which is located at M = 50, 100, and 
150, respectively. 

From a comparison of Figures 3 and 4 we observe that 
the repulsive interaction is negligible when the two 
profiles do not yet overlap, a t  M L 150. One might 
expect that the electrostatic long-range interactions 
would lead to an onset of repulsion at separations M > 
W. Generally, this is expected to be the case when K - ~  
> H when the decay length of the electrostatic poten- 
tial, i.e., the Debye screening length, is larger than the 
thickness of the adsorbed layer. Such a regime has been 
described for anchored b r u ~ h e s . ~  However, in our  case 
K - ~  <<Hand the repulsion sets in at M = W, as it would 
for an uncharged brush. This observation is related to 
the “local electroneutrality assumption” which applies 
for charged brushes in the osmotic brush and salted 
brush regimes:6J0J1 if the brush thickness is larger than 
the length scale on which charges are neutralized, the 
system behaves essentially as an uncharged system. As 
explained in refs 5, 11, and 22, in this case the 
electrostatic interactions can be described as resulting 
from only the translational entropy of counterions. The 
segment density profile of the latter follows closely the 
profile of the charged polymer segments. 

A further observation we can make from an inspection 
of Figure 4 is that interpenetration of the chains, 
although it does take place, is not very prominent. 
When the two layers are brought in close proximity, 
they respond by changing their individual conforma- 
tions, while avoiding mutual interpenetration. This 
feature has also been described for uncharged br~shes. l -~ 
It does not imply that the chains would not mix 
favorably. The correct explanation follows from the fact 
that chains in an isolated brush are highly stretched 
(deformed). Compression of the brushes restores the 
chains to a more natural conformation. This is more 
favorable than mixing chains of opposite surfaces 
whereby the chains remain stretched. 

The absence of interpenetration is a crucial assump- 
tion in the Alexander-de Gennes for the 
interaction between uncharged brushes. It allows one 
to express the total repulsion between two brushes as 
a combination of an increased osmotic force and a 
decreased elastic force, leading to eq 1. The local 
electroneutrality condition permits us to  use a slightly 
modified form of this expression for our charged system. 
In contrast with eq 1, we used the Gaussian expression 
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Figure 5. Interaction curves for different parameters as indicated (top row) and corresponding volume fraction profiles of the B 
units (bottom row). From left to right the effect of charge density (a,e), salt concentration (b,D, buoy block length (c,g), and 
anchor block length (d,h) is considered. Both the interaction curves and the density profiles are plotted on a log-lin scale. The 
interaction energy, which is calculated for the restricted case, is expressed in units of kT per site (left-hand scale). The right- 
hand scale gives the force-over-radius in pN/m, as obtained from the Deryaguin approximation.23 

for the chain elasticity; for the osmotic force we applied 
the expression derived for the SB regimelo to arrive at 
eq 25. Below we compare this analytical, but ap- 
proximate, expression with mean-field calculations for 
various conditions. 

Relation between Segment Density Profiles and 
Interaction Curves. In Figure 5 we have collected 
interaction curves and volume fraction profiles for a 
variety of systems, all of them located in the LC regime, 
for restricted equilibrium conditions. In the four upper 
frames (a-d), interaction curves are displayed on a log- 
lin scale. The left-hand scale gives the free energy of 
interaction in units of kT per lattice site (eq 211, as in 
Figure 3. This may be converted to a force between two 
curved surfaces using the Deryaguin appr~ximat ion ,~~ 
which leads to a “force-over-radius” value, expressed in 
pNlm, as used for the right-hand scale. Thus, the terms 
“interaction curve” and “force profile” have an identical 
meaning with respect to Figure 5; in the remainder of 
this text we will use both terms. Segment density 
profiles for the corresponding isolated brushes are 
presented in the four bottom figures (e-h), again on a 
log-lin scale. Each of the four bottom figures cor- 
responds to its top counterpart: we consider the effect 
of the buoy block charge density a in Figure 5a,e, of the 
salt concentration in Figure 5b,f, of the buoy block 
length NB in Figure 5c,g, and of the anchor block length 
NA in Figure 5d,h. 

Corresponding curves in the top and bottom figures 
were calculated using the same value for the adsorbed 
amount. The actual value we chose is the equilibrium 
adsorbed amount for isolated particles. This choice is 
debatable, since block copolymer adsorption is often not 
an equilibrium process; adsorbed amounts tend to 
depend heavily on the actual method of preparation. 
However, we wish to  study the effect that system 
parameters have on this adsorbed amount. The only 

consistent choice, or best educated guess, we can make 
with our model is the equilibrium adsorbed amount. The 
assumption is that when a certain parameter causes a 
10-fold decrease of this equilibrium adsorbed amount, 
the actual adsorbed amount will probably decrease also, 
whatever its method of preparation may be. 
As explained in section 111, the central part of the 

force profile is roughly exponential. Two features of this 
exponential part may be distinguished: the offset, which 
is determined by the prefactor in eq 25, and the slope, 
which is inversely proportional to the thickness H of an 
isolated adsorbed layer. 

We start with discussing the effect of the charge 
density a on the buoy block. As shown in Figure 5e, 
and as discussed before,16 an increase of the charge 
density leads to a decreased segment density in the 
brush, while its thickness remains the same. We would 
expect also the force profile in Figure 5a to reflect this 
constant thickness. At first sight this does not seem to 
be the case. However, as mentioned above, the con- 
stancy of the brush thickness should be reflected in a 
constant slope of the exponential part of the force profile 
on a log-lin plot, its offset decreasing with (2 log a). 
This is indeed what we see in Figure 5a. 

According to eq 2, electrostatic effects can be ac- 
counted for in terms of an effective excluded volume 
parameter ueff = u + a2/4& Thus we expect the effect 
of the salt concentration bS, displayed in Figure 5b,f, to 
be opposite to that of the charge density a, discussed 
above. The brush density should increase linearly with 
the salt concentration (while the thickness remains 
constant again), resulting in an upward shift of the force 
profile. This expectation is quantitatively corrobo- 
rated: a 10-fold increase in the charge density a has 
roughly the same effect as a 100-fold decrease in the 
salt concentration &,. The slightly higher repulsion a t  
low separations for the upper interaction curve in Figure 
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5b as compared to the upper one in Figure 5a must be 
attributed to the effect of the volume of salt ions, which 
is neglected in the scaling analysis. 

Variation of the block lengths NA or NB leads to a 
slightly more complex behavior, due to the fact that 
these parameters do have an effect on the thickness H. 
A higher anchor block length causes the density as well 
as the thickness of the adsorbed layer to increase 
(Figure 5h), the latter scaling with the square root of 
the block length. Increasing the buoy block length also 
leads to a more extended layer, which is accompanied, 
however, by a diminished density (Figure 5g). 

As mentioned above, the slope of the exponential part 
in the force profile should be inversely proportional to 
the thickness H. This is indeed confirmed by Figure 
5c,d: the 2-fold increase in H observed in either Figure 
5g (going from NB = 400 to 1600) or Figure 5h (going 
from NA = 100 to 400) leads to a roughly two times lower 
slope in the force profiles 5c and 5d, respectively. 

The variation of the magnitude of the interaction is 
more interesting. From the prefactor of eq 25 we read 
that the repulsive interaction increases with N A  and 
decreases with NB. This effect is explained from the 
increasing and decreasing density resulting from mak- 
ing these blocks longer. Again, the agreement is semi- 
quantitative: the effect of doubling the anchor block 
length, which increases N A ~  by a factor of 8, is compa- 
rable to  that of a 10-fold increase in the salt concentra- 
tion. The effect of the buoy block length, on the other 
hand, is opposite and much weaker. 

The trends found for the effects of NA and NB are easy 
to understand once the density profiles are known but 
would perhaps be less trivially explained in the absence 
of this information. For example, increasing the B tail 
does not automatically increase stability, as one might 
have guessed intuitively. 

In the above we presented both segment density 
profiles and interaction curves. The density profiles are 
very dilute, as anticipated. Nevertheless, the magni- 
tude of the force is well within the range that can be 
measured by the surface force apparatus. Another point 
of discussion is whether or not the interaction force can 
induce colloidal stability. In general, this will depend 
on the particle size. The total energy of interaction 
between two particles should exceed their average 
kinetic energy which is independent of the particle size 
and of order kT. Moreover, also the attractive van der 
Waals interaction should be compensated for. At least 
some of the interaction energies presented in Figure 5 
are, for not too small particles, high enough to ensure 
stability. On the other hand, the calculations show 
clearly that the repulsive interactions approach zero 
when the electrostatic interactions become too strong 
(high a, low +A. 

The exact point where a system begins to flocculate 
cannot be predicted with our model, since neither the 
particle entropy nor the van der Waals attraction is 
taken into account. Nevertheless, we do predict how 
stability is affected by the four parameters we investi- 
gated, as given by the prefactor in eq 25. We wish to  
stress that the result is counterintuitive: although the 
stability arises primarily from electrostatic interactions, 
any increase in the relative importance of those interac- 
tions (Le., either increasing N $ N A ~  or a2/&) leads to a 
lower stability. As shown above, this is explained by 
the lower adsorbed amounts resulting from stronger 
electrostatic interactions. 
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The above result is valid for the LC regime, where 
the density of the adsorbed layer is determined by a 
balance of adsorption and electrostatic forces. We will 
try to place it in a broader perspective by examining 
the other regime that is relevant for this type of 
polymers: the anchor-dominated regime.24 In the latter 
regime, found for high anchor block lengths, the density 
CJ is unaffected by electrostatic forces and depends only 
on the anchor length NA: 

CJ = UNA (26) 

Our limited computer power prohibits numerical SCF 
calculations at the extremely high chain lengths re- 
quired to investigate this regime. It seems obvious, 
however, to  surmise that a higher charge on the buoy 
block must have a stabilizing effect in the anchor- 
dominated regime. This stabilizing effect would be 
expected in the LC regime also, but there it is more than 
offset by the effect this charging has on the adsorbed 
amount. Since stability increases with increasing elec- 
trostatic interactions in one regime and decreases in the 
other, a maximum must be found at the boundary 
between the two. An expression for the location of this 
boundary is found by equating the expressions for CJ in 
the two regimes, eqs 23 and 26: 

We substitute this expression for in eq 25, to arrive 
at the following expression for the maximum repulsion: 

which leads to the speculation that the maximum 
stability that may be obtained with (charged) anchor- 
buoy diblock copolymers scales with the geometric mean 
of both block lengths. It would be interesting to check 
this prediction experimentally. 

V. Conclusion 
Using an SCF model, we calculated the interaction 

between two surfaces covered with an adsorbed layer 
of charged diblock copolymers. At low salt concentration 
and/or high charge density on the buoy block, the 
adsorbed amount for these molecules is very low. The 
calculations show, however, that despite this low ad- 
sorbed amount the repulsive interaction should be 
measurable with a surface force apparatus. 

Although the van der Waals attraction is strong a t  
short separations, it falls off very rapidly. Therefore, 
the calculated repulsive interaction might induce a t  
least kinetic stability. We estimate that it may be 
strong enough to do so, provided the radius of the 
particles is sufficiently large. 

We investigated the effect of the anchor block length 
NA, of the length NB of the charged buoy block, of the 
charge density a on this buoy block, and of the salt 
concentration &, on the strength of the repulsion. 
Intuitively, one might expect the repulsion to increase 
when electrostatic interactions become more important. 
However, we show the effect to  be exactly opposite in a 
large part or the parameter space. Specifically, when 
the adsorption is low and the charge high, the repulsive 
interaction scales as N A ~ ~ # I $ N B ~ ~ .  This is attributed to 
the fact that increasing electrostatic interactions lead 
to a decreased adsorbed amount. 
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Finally, we argue that such a charge-induced desorp- 
tion does not occur in the so-called anchor-dominated 
regime. This leads us to speculate that the crossover 
between the anchor-dominated and low-coverage re- 
gimes is the location of maximum colloidal stability. We 
calculate the repulsive interaction at this maximum to  
scale with the geometric mean of both block lengths. 
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