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ABSTRACT: The interactions between planar brushes of adsorbed telechelic polymers are investigated
via a self-consistent mean-field calculation via the strong stretching approximation. By allowing the
relaxation of the loops upon the initiation of bridging, we obtain a stronger attraction than from Milner
and Witten's analysis that excludes this effect. The entropy of ends is the origin of the attraction, but
excluded-volume interactions play a role. The interaction potential in KT per chain is determined by the
dimensionless separation and a single dimensionless parameter, the extent of stretching normalized by

the size of a Gaussian coil.

Introduction

Interactions between surfaces coated with adsorbed
polymers control the phase behavior and rheology of a
variety of systems, ranging from polymerically stabilized
colloids! and microemulsions2=# to telechelic polymer
solutions.>~1° Fundamental understanding is based on
analyses of simple geometries such as planar, cylindri-
cal, and spherical surfaces interacting with homopoly-
mers,1112 diblock,314 and telechelic polymers.t®

Because of the geometrical complexity of interactions
between spheres and the typically small ratio of the
polymer’s size relative to the particle radius, most of
the interesting and illuminating work addresses planar
brushes. The pioneering analysis of Milner, Witten, and
Cates!® focused on isolated and interacting brushes
composed of terminally anchored polymers in a mar-
ginal solvent in the strongly stretched limit. Via self-
consistent-field theory, they proved that the segments
form a parabolic profile, while the chain ends distribute
nonuniformly with a bias toward the outer edge of the
layer. This profile should be preserved in the highly
stretched limit for isolated layers of telechelic chains,
since the half chains resemble the full chains of a
terminally anchored polymer. However, telechelics can
exchange end blocks between two interacting surfaces
to gain entropy and decrease the free energy. Hence,
an attraction arises from the entropy gain, plus any
benefit from a change in the segment distributions, due
to the formation of bridges between two surfaces. Milner
and Witten assumed that bridges only slightly perturb
the loops, so that half chains from bridges and loops
would be indistinguishable.’> That allowed them to
predict the relative amounts of bridges and loops with
the same partition function from the self-consistent-field
calculation. This resulted in a weak attraction (less than
0.1KT per chain) at “classical contact”, when the separa-
tion between the two plates is twice the thickness of an
isolated brush. They attributed the attraction to thermal
fluctuations of loops with midpoints near the edge of
the layer, allowing the end (midpoint) distributions to
overlap. This assumption seems to preclude the pos-
sibility of loops relaxing and bridges assuming more
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extended configurations in order to lower the free
energy.

Johner and Joanny?® applied the asymptotic strong
stretching theory to chains grafted to one plate with a
free end that tends to adsorb to a second plate, allowing
for both bridges and free ends. No loops exist, and the
fraction of bridges approaches unity when the energy
of adsorption is high. Bjorling” adopted the analysis of
Joanny and Johner to examine the interaction between
plates coated by telechelic polymers, by allowing the
polymers to form either bridges or loops between two
interacting plates. The interaction proved to be attrac-
tive for a brush interacting with a bare surface, i.e., the
asymmetric case, but repulsive for the symmetric case
in which both plates have the same coverage. The
absence of attraction was ascribed to the absence of
thermal fluctuations, but, in fact, the entropy gain due
to end exchange was neglected.

While several groups have analyzed the structure of
cylindrical and spherical brushes, predicting the inter-
action potential is nontrivial. Ball et al.’® formulated
the asymptotic approximation for cylindrical and spheri-
cal brushes composed of strongly stretched diblocks, i.e.,
polymers having only one adsorbing block each. They
constructed an analytical solution for the cylindrical
brush but not for the spherical brush. Clearly an exact
analytical treatment of interactions between two spheres
is completely out of the question. Li and Witten esti-
mated the free energy of a spherical brush from a
variational approach but did not address interactions.1®
Lin and Gast solved the self-consistent-field equations
numerically for a spherical brush and constructed the
interaction potential between two interacting brushes
of diblocks, i.e., without bridging, from the cost of
isotropic compression.?° Not surprisingly, they found a
repulsive interaction. This simple but important case
is the basis for polymeric stabilization of colloidal
dispersions but does not address telechelic layers.

A more generally tractable approach to the spherical
case is to start with the planar brush and then ap-
proximate the spherical geometry via a perturbation
expansion. From the analysis of planar brushes by
Milner and Witten, Semenov et al.?! constructed a
scaling analysis to describe the interaction between
telechelic micelles, the transition between dilute and
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Figure 1. Schematic of the planar geometry with a fraction
f of the chains with 2N segments each forming bridges with
2P segments residing between layers of loops with thickness
L. The surfaces with o chains adsorbed per area are 2H apart.

condensed phases, and the modulus for close-packed
micellar phases. Subsequently, Pham et al.?2 observed
that associative polymers in agueous solutions phase
separate into gas and liquid phases at concentrations
of less than a few percent, which confirms the attraction
anticipated by Semenov and co-workers. With Semen-
ov's interaction potential and a molecular theory they
constructed a correlation for the observed gas—liquid
phase transition and high-frequency moduli for perco-
lated phases.622

Here we seek a more quantitative description of the
interactions between planar surfaces bearing adsorbed
telechelic polymers. We formulate the free energy of
interacting planar brushes consisting of parabolic layers
separated by a homogeneous region of bridges and then
minimize to obtain the equilibrium potential per half
chain @, along with the fraction of bridging chains f,
number of bridging segments P lying beyond the loops,
and thickness L of the layer of loops. Although not
included explicitly, thermal fluctuations are implicit in
the ability of bridging chains to extend beyond the loops
to allow end-block/stickers to exchange from one surface
to the other. The result is a fairly strong attraction (still
less than 0.69kT per chain, which is the attraction
between Guassian brushes) between telechelic brushes,
facilitated by the ability of layers of loops to shrink when
bridges form, as Bjorling reported.

Theory

Figure 1 depicts telechelic polymers with 2N segments
adsorbed on two planar surfaces at a density of o chains
per unit area on each surface. We assume all the ends
to reside on the surfaces, forming either loops or bridges.
At equilibrium, loops reach a maximum distance L from
the surface, whereas a fraction f of the chains form
bridges between surfaces 2H apart. When L is less than
H, 2P segments of a bridge will reside in the gap
between loops. When the two plates are far apart, chains
can only form loops that produce a layer of thickness
L, which is our base state.
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In a dense brush composed of loops, chains are highly
stretched, allowing us to assume that midpoints connect
two-half chains with trajectories that lead monotonically
toward a surface, though not necessarily the same one.
Hence, we can cut the loops at the midpoint into halves
without changing the configurations. Inside the layer,
the chains are stretched nonuniformly by a potential
that varies with position to allow chains that start at
any point to reach a surface in N segments. Milner,
Witten, and Cates!® employed the analogy to the move-
ment of a harmonic oscillator to prove that the potential
must be parabolic to satisfy the constraint. The oscil-
lator starts at an arbitrary position and is accelerated
from rest by a parabolic potential to return to the
equilibrium position in one-quarter of the period. The
chains in a brush are analogous to oscillators with the
number of segments and stretching in the chains
corresponding to time and velocity. The midpoints of
loops are free of tension, so the chains must be acceler-
ated to the surface from zero initial velocity.

We can also treat the chains of bridges as two
subchains connected at the midpoint, but the midpoint
bears a finite tension due to the excess stretching
required to reach both surfaces. This distinguishes a
bridge from a loop. The tension on the ends of half
bridges keeps the half chains from relaxing into the
layers. Segments that reside in the gap between layers
feel a uniform potential, while the segments within the
layer are accelerated by the parabolic potential. Hence,
the bridges enter the layer with a nonzero initial velocity
and are accelerated to the surface in fewer, i.e. N—P,
segments.

We start by identifying contributions to the free
energy for strongly stretched chains. Constraints that
govern the free energy are then discussed. In the infinite
separation limit, we recover the same base state as
Bjorling and Johner and Joanny.

Free Energy. There are three components in the free
energy: configurational entropy due to stretching of the
chains, excluded volume due to the fact that segments
must avoid each other, and the entropy of the ends.
Hence, the free energy per half chain is the sum of the
three

A=Ay + A, + Ay, )

and the interaction potential per half chain ® referred
to the isolated brush with free energy A. is

d=A—-A, )

We take the unit of energy to be KT in all cases and
average over all chains to obtain the free energy per
half chain.

The energy due to stretching A is analogous to the
kinetic energy of a harmonic oscillator with the Hamil-
tonian (dz/dn)?/2, where z is the coordinate normal to
the surface that prescribes the location of the nth
segment of a chain. Since the midpoints of the chains
(or the ends of the half chains) have a distribution of
€(zo) chains per volume, the average free energy per half
chain is

1 pH N(dz)\2
A= 205 @) [y [Go) dndzo ©)

Here we follow the convention that the mean-square
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end-to-end distance is 3NI? for a half chain and set the
length of a segment | to be the unit of length.1622 The
factor 1/(20) accounts for 20 half chains per unit area
on each plane, which requires the end distribution to
satisfy fOHe(Zo) dzp = 20. The end distribution and dz/dn
both depend on whether the chain forms a bridge or a
loop, as we discuss in the next section.

The excluded volume in the mean-field approximation
is proportional to the square of the segment density, ¢?,
with a proportionality constant determined by the
segmental excluded volume v. For a half chain

v pH
ex " 400

¢*(2) dz (4)

where ¢(z) has contributions from the loops and bridges
in the layer

#(2) = ¢y(2) + ¢(2) (%)

but only bridges contribute in the gap.

The entropy of ends can be calculated by counting the
configurations. In a unit area, the number of configura-
tions Q available to the 20 chains in the gap is

(20)!

Q= Zonizo@ — )t

(6)

Note that the distinguishable configurations are loops
or bridges, independent of which surface they reside on.
Hence, the entropy per half chain follows as

__1
Ap=—7-InQ )

en

When the number of chains is large, which is true in a
dense brush, Stirling’s approximation holds for a dummy
variable x

Inx!I =xInx—x (8)

so that the free energy per half chain due to ends is
Aenzé[flnwa(l —f)In(L — ] ©)

This is analogous to the entropy of mixing for binary
mixtures. Since both ends are reversibly adsorbed onto
the surfaces, either or both can move from one surface
to the other. Dai et al. observed this when bringing
telechelic polymers adsorbed on a surface into contact
with bare mica in a surface force apparatus.?* The same
result would follow from starting with half chains and
realizing that two halves from a chain must connect to
each other.

To evaluate each contribution, we need to know the
end distribution €(zp), segment density ¢(z), and local
stretching dz/dn. Then by minimizing the free energy,
the equilibrium configurations and the interaction
potential can be determined.

Constraints. We need to minimize the free energy
with respect to the parameters that define the configu-
rations, i.e., the thickness of the brush L, the number
of bridging segments in the gap P, and the fraction of
bridges f. However, constraints are imposed among
these parameters by the conservation of mass, the
tension at the midpoints of loops and bridges, and the
requirement of equal number of segments to reach the
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surfaces from the midpoint for both loops and bridges.
We focus on these constraints in this section.

Since the potential U(z) must be parabolic for all
chains to reach the surface in an equal number of
segments (by analogy to a harmonic oscillator)!3

U(z) = —(B, — B,2) (10)

with B; and B, constant. In a marginal solvent, the
potential is proportional to the segment density ¢(z)°

U(2) = —vé(2) (11)

s0 ¢(z) also must be parabolic.
Within the parabolic profile, the equation of motion
for the nth segment on a half chain is

d’z du
ﬁ = — E = —ZBZZ (12)

with boundary conditions that n = 0 where z =0, dz/dn
= 0 where n = N and z = z, for loops with z, being the
midpoint of a loop, and n = N — P where z = L for
bridges. The solution of the equation relates the position
z to the segment number n as

z=C, siny/2B,n (13)
and the tension follows as

g—ﬁ = C,4/2B, cos,/2B,n (14)

Hence, from the boundary conditions B, = 7%/8N? and
C1 = zp for loops and C; = L/cos(zP/(2N)) for bridges.
At the edge of the layer, the tension of the bridge is
continuous with that in the gap, which is (H — L)/P.
Applying this boundary condition to eq 14 leads to

H-L_Px, (<P
T " oN tan(ZN) (15)

which is consistent with eq 4.3 in Johner and Joanny’s
paper.

The segment density at position z has contributions
from all chains that start from a distance z, > z and
reach z with stretching dz/dn:

$(2) = [ dzoe(zy)

Lwa| ae)

where €(zo) is the end density. For bridges, all midpoints
reside at H, so ¢(zo) = 20f 6(H — zp) and the integral
reduces to the segment density from bridges ¢p

#p(2) = f,oiF,)_ (17)

in the gap. Thus, U(L) is determined by egs 10, 11, and
17, which implies

20f Pov
H-L

B, =B,L?+ (18)

The total number of segments in the parabolic region

_j(’)L@dz:zo[(l—f)NH(N —P) (19
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then determines the relation between L, P, and f from
egs 10, 18, and 19 as

N L® L
f= P(l Lof) - (20)
where
1/3
L = 2(&%’) N 21)
4

Within the layer, the end distribution is a delta
function for bridges and dn/dz follows from egs 13 and
15

dn _
dz

2 _ ~1/2
e 2+ (g L)] (22)

so that eq 16 determines the contribution from bridges

2 . —1/2
bu(2) = 201 (ﬁ(ﬁ -+ (75 L)) (23)

for 0 < z < L. Inverting eq 16 with the total number of
segments constant, Johner and Joanny obtained the end
distribution of loops'®

ﬂfz 2 2\1/2
€(zy) = 4N3UZO(L —2Zy)7 %
1+H—L a 220fv2 H— L) (24)
T(W(L )+ (55 ))

The constraints from eqs 15 and 20 leave only one
free variable at a fixed separation H. Scaling the lengths
L and H by L., P by N, and minimizing the free energy
with respect to P/N by setting

dA  _
d(P/N)

(25)

allows us to calculate L/L., P/N, and f as functions of
H/L. and a single parameter (oN32v)¥3, which is pro-
portional to Lo/NY2 from eq 21.

We can compare the free energy with that of an
isolated plate by setting H — o and f = 0, so that L =
L. from eq 20, and P = N from eq 15. Our free energy
(1) reduces to

Po 3 32,213

T 10(3novN ) (26)
The thickness and the free energy of the brush are
consistent with egs 2 and 4 in Bjorling's paper.t’

Results

From egs 15, 20, and 25, we calculate P/N, L/L., and
f as a function of H/L. to define the equilibrium
configuration of the brushes. We find that the layers
relax as two brushes approach and bridges form. Thus,
L < Hand P > 0. Allowing the configurations of bridges
to differ from those of loops lowers the free energy below
that derived by Milner and Witten. Consequently, we
uncover a different scaling of the free energy and the
range of interaction by fitting the strength and range
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Figure 2. Number of segments in the gap vs separation for
different degrees of stretching L./NY2 stage 1, at or beyond
classic contact; stage 2, weak compression with distinct bridges
and loops; stage 3, strong compression with indistinguishable
loops and bridges.
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Figure 3. Equilibrium layer height as a function of separa-
tion: symbols as in Figure 2; (- - -) prediction of Milner and
Witten with f < 1.

of the attraction to a power law of the degree of
stretching. Our statement on relaxation of loops is also
visualized by the equilibrium end distribution, which
shows all ends residing within L < L., except for those
associated with bridges for H < oo,

We can distinguish three stages in terms of the
configuration of loops and bridges as two plates ap-
proach from infinity, as indicated in Figures 2—4.

Stage 1. For H > L., thermal fluctuations allow the
ends of chains originally on one surface to sample the
other surface and form bridges. This process only
perturbs slightly the equilibrium configuration of the
isolated layers as long as f < 1. The fraction of bridges
f increases exponentially with decreasing separation
when f is small, as shown in the inset of Figure 4, which
is consistent with the prediction of Milner and Witten.1®
A bridge lowers the free energy of the chains due to
excluded volume by distributing as many segments as
possible in the gap. Although the change in L/L., is very
small, the net change in energy due to stretching and
excluded volume is still comparable to f KT since each
contributes many kT's of energy. For instance, the
energy due to stretching and the excluded volume
increases by 0.00054kT when the bridging fraction is
0.00012 with Lo/NY2 =7.1.
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Figure 4. Fraction of the bridges as a function of separation:
symbols as in Figure 2; inset showing the exponential decay
at large separations.
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Figure 5. Contributions to the free energy for H/L., = 1 and
L./NY? = 6.2

Stage 2. When the separation roughly equals that at
classical contact, i.e., H ~ L., many chains form bridges
and the parabolic density profile adjusts to satisfy the
requirement that both bridges and loops reach the
surface in a fixed number of segments. As a result, the
loops relax and allow even more chains to form bridges,
which further decreases the excluded-volume contribu-
tion to the free energy by distributing segments in the
gap. The energy due to stretching increases more
quickly as more chains are stretched into the gap, as
shown in Figure 5. Hence, the fraction of bridges
increases monotonically when brushes are compressed,
but not as fast as in stage 1. The energy penalty for
stretching also discourages segments from residing in
the gap as the concentration builds up due to bridging,
which decreases P/N. Hence, bridging allows chains to
escape excluded volume in the layer but requires more
stretching and builds up excluded-volume interactions
in the gap. Nonetheless, we have a much higher fraction
of bridges than predicted by Milner and Witten in this
regime, especially for high surface densities. The bridg-
ing fraction sets the optimum free energy.

Stage 3. When the brushes are compressed to a small
separation, segments from bridges start to fill the gap.
At this point, the chains pay little penalty by converting
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Figure 6. End distribution with the presence of bridges for
L./NY2 = 6.2 at separations H/L, = 0.9 — .

from loops to bridges or vice versa and f approaches a
half, which maximizes the entropy of the ends. P/N
increases slightly for brushes with high surface cover-
ages because of the overcrowding in the layer. The
chains feel the potential as if in a melt, where chains
become ideal as excluded-volume interactions are
screened. The entropy gain due to end exchange de-
creases the free energy, while the compression of chains
increases the free energy. The balance of these two
determines the potential.

We plot in Figure 5 each contribution to the free
energy for H/L, = 1 and L./NY2 = 6.2 as in eqgs 3, 4,
and 9. The excluded-volume interactions always de-
crease while the stretching energy and the entropy of
ends increase as bridges form. The difference between
the contributions from excluded volume and stretching
is positive and decreases as the layer thickness in-
creases. The layer thickness at which the total free
energy is minimized determines the equilibrium thick-
ness of the brush L, which is somewhat less than the
separation H, consistent with our results in Figure 3.
The effect of the end exchange on the free energy is
pronounced. Without entropy gain due to exchange of
ends, as discussed by Bjorling, the free energy always
increases with decreasing separations, which indicates
repulsion for the full range exactly as Bjorling re-
ported.’” The end distribution for half chains in the layer
plotted in Figure 6 clearly shows the relaxation of
loops: the layer thickness is much smaller than the
smaller of L. or H. In Milner and Witten’s theory, the
loops are compressed rather than relaxing voluntarily,
which implies that the layer thickness differs from half
of the separation by the amount that the thermal energy
allows. The area under each curve, 20(1 — f), indicates
the number of bridges.

The free energy per chain corresponding to each
configuration from eq 1 shown in Figure 7 indicates an
attraction that increases with decreasing surface cover-
age but never exceeds the 0.69KT per chain obtained
from ideal chains.?® The width of the attractive well also
decreases with increasing density of the brush, indicat-
ing the stiffness of the brushes. The softer brushes relax
more easily, which allows more chains to form bridges.

Since bridges need not be described by the same
partition function as loops, as required by Milner and
Witten, the free energy should be lower. As shown in
Figure 8, the self-consistent-field calculations of Milner



Macromolecules, Vol. 36, No. 26, 2003

| e R
.U .a'
'l o ©42 050 |
r o *N
.;.‘. o «e62 +71
05 [ @' o =79 0134
- &«
[+]
(O] o
Q0
0. 2
I |
0.5 e —
0.5 1 1.5

H'L,

Figure 7. Interaction potential as a function of separation:
symbols as in Figure 2.
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Figure 8. Segment distribution with and without thermal
fluctuations for N = 25 and 200: TF stands for thermal
fluctuations while SS is strongly stretched (replotted from ref
21).

and Witten show that thermal fluctuations increase the
layer thickness, indicated by a nonzero segment distri-
bution beyond the strongly stretched layer thickness.
However, the fraction of segments reaching beyond the
strongly stretched layer thickness was always very
small, accounting for the weak attraction. Comparing
the largest distance a chain can extend with and
without thermal fluctuations allows us to quantify the
contribution to the layer thickness from thermal fluc-
tuations to show, as did Milner, that the effect decreases
with increasing stretching.?6 For example, when N
increases from 25 to 200 with v and o fixed, the
expansion of the brush by thermal fluctuations de-
creases from 50% to 7% with respect to the strongly
stretched layer thickness. Hence, two less dense brushes
overlap due to thermal fluctuations, but relaxation of
the brush to form a gap can lower the free energy even
further. Relaxation of loops becomes more important as
the layer becomes denser and stiffer, so the discrepan-
cies between our theory and Milner and Witten’s theory
increase with stronger stretching.

From Figure 9, we also see that the attraction
correlates well with the number of bridges, arising
primarily from the entropy of the ends as the contribu-
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Figure 9. Depth of the attraction and the fraction of bridges
compared with Milner and Witten'’s theory.

0.12

0.08

0.04

LN B S B B B B B S N S B B R R

(=]

0.1 0.2 0.3

(L N 1/2)-1
Figure 10. Width of interaction well as a function of stretch-
ing fit to W = 0.51N?/L,.

tions from excluded volume and stretching mostly cancel
out. Allowing for a gap reduces excluded-volume inter-
actions for bridges, thus increasing the fraction of
bridges and shifting the scaling of the free energy to
NY2/L,, rather than (NY2/L.)?, as found by Milner and
Witten. The range of the interaction is defined by the
width of the interaction potential W

W—( @ )1'2 (27)
dz(I)/de min

We scale the interaction potential by the depth and

the separation by the width with the relations obtained
from Figures 9 and 10:

@, ~ (LN (28)
and
W ~ (L /NY?)™? (29)
Brushes are “softer” with more bridging chains, as
shown in Figure 10. The position of the minimum, which
depends on the surface coverage as

H,.;, = 0.232 arctan(0.735L./N"?) + 0.62 (30)

as shown in Figure 11, serves as the reference separa-
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Figure 11. Position of the attractive minimum as a function
of stretching. Solid line is fit to eq 30.
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Figure 12. Interaction potential scaled on the minimum and
width: symbols as in Figure 2.

tion in our scaling. Equation 30 is not a unique fit but
bounds the separation at infinite stretching by unity.

The master curve

()] H— Hmin)

=f ( (32)
cI)min W

collapses the interaction potentials nicely, as shown in
Figure 12. Since Lo/NY2 [ N2 (eq 21), stronger stretch-
ing has the same effect as longer chains when the other
parameters such as the grafting density and excluded-
volume parameter are fixed.

Conclusions

The free energy per chain has three components in
highly stretched brushes of telechelic associative poly-
mers in a marginal solvent: stretching, excluded vol-
ume, and entropy due to the exchange of ends. The
segment density is parabolic within the layers where
loops and bridges coexist and constant in the gap where
only bridges exist. Constraints arise to ensure that all
half chains end at the surface in the same number of
segments for loops, wherever they start, and for bridges
that begin on the midplane. We calculated the layer
thickness of the loops, the fraction of bridges, and the
number of segments from each bridge that reside in the
gap at equilibrium. We found that when brushes of loops
relax to heights only slightly shorter than at infinite
separation, a significant number of segments reside in
the gap.
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The relaxation of loops has a fairly important effect
on the attraction between brushes. Relative to Milner
and Witten’s theory in which this effect was neglected,
the attraction is several times stronger and the fraction
of bridges is much higher. The difference increases with
surface coverage and, hence, degree of stretching.
Likewise, the entropy gain due to the exchange of ends,
neglected by Bjorling, provides the driving force for loops
to relax and bridges to form. When this effect is
neglected, the interaction between brushes predicted by
the strong stretching theory becomes purely repulsive,
which is not consistent with experimental observations.
By considering all the factors, we obtain the lowest free
energy among the available theories. A master curve is
obtained when we scale the interaction potential and
the range of attraction by N2/,

Our theory does not reduce to the ideal case when
the chains are Gaussian because the highly stretched
assumption does not allow the chains to wander up the
potential gradient as can Gaussian chains. Likewise,
energy due to compression is missing, which should
become important at small separations. Our attraction
is bounded above by that of ideal chains (0.69kT/chain)
when the stretching is small, as it should be according
to Bhatia et al.?®

Our approach presumes the chains to be highly
stretched, which might not be true in experiments.
However, the correction to the entropy due to the ends
should ensure physically reasonable results even for low
grafting densities. Indeed, Matsen?? relaxed the con-
straint preventing ends of chains from extending beyond
the midplane or layer thickness L, producing an end
distribution with an exponentially decaying tail that
allows the brushes to interpenetrate. This had notable
effects on the segment density profile and the free
energy, especially for weakly stretched chains. The
mean-field calculation of Netz and Schick?” in the
continuum limit for end-anchored chains noted a devia-
tion of the segment density profile from parabolic with
weakly stretched chains. They also found that tension
exists along the chain, even at the ends. In the strong
stretching limit, the theory recovers the results of
Milner et al.13 and Zhulina et al. 14 Whether corrections
for these deviations would contribute to the free energy
to the same extent as the entropy for the exchange of
ends remains unclear.

Direct comparison of the planar theory to experiments
with the surface forces technique is possible. However,
the data available due to Kim et al. exposed the surfaces
to a bulk solution of micelles,?® which allows micelles
to enter the gap as the separation is increased, thereby
changing the reference state and the interaction poten-
tial. Dai et al.?* started with PEO—PS—PEO chains on
one of the two surfaces and replaced the solution with
pure solvent (toluene in this case) to detect the force
during compression—decompression cycles. They ob-
served that attraction arises in the first few cycles but
then decreases until the interactions become purely
repulsive after many cycles. The separation between
planar surfaces at the onset of repulsion also increases
with number of cycles. When one surface is bare, ends
detach from the other surface to adsorb on it, thus
forming bridges that create a strong attraction. As the
concentrations on the two surfaces become comparable,
the attraction decreases toward that predicted here.
However, chains also can leave the surface to form a
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population of micelles in solution in equilibrium with
the adsorbed chains. Hence, the attraction continues to
decrease as interactions with micelles decrease the free
energy of the isolated layers. Whether the attraction
ultimately disappears or simply falls below the limit of
detection is unclear.

By converting our planar case to spherical or cylindri-
cal geometries, we expect to address properties of
micellar solutions that are sensitive to interactions, such
as the radial distribution function, second virial coef-
ficient, structure factor from light and/or neutron scat-
tering, and the high-frequency modulus.
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