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The grafting of polymer chains to surfaces has been
much studied in recent years, both theoretically and
experimentally and by simulation."-” Grafting provides
a method of studying polymer deformation and has
applications in colloidal stabilization and the prediction
of block copolymer microphases. Experimentally the
conformations of grafted chains can be studied by use of
neutron scattering and by the surface force apparatus.

Densely grafted polymers in good solvents swell and
stretch away from the surface. This occurs because of
excluded-volume interactions between monomers. Atthe
equilibrium level of swelling these interactions are balanced
by chain stretching, which favors less extended chains.
Here we are interested in grafted chains in poor solvents.t-13
Most of the static properties of undistorted brushes are
now fairly well understood. The same cannot be said for
distortions of a brush and for dynamical properties. One
of the most interesting distortional properties of brushes
in good solvents was described recently by Klein et al.'
They inferred experimentally that a polymer brush in a
good solvent subjected to a shear flow tends not only to
tilt but also to swell normal to the grafting surface.l® A
“blob” picture for such sheared brushes was developed by
Rabin and Alexander.'® This blob picture was reanalyzed
by Barrat,!” who used the same free energy'® and obtained
a swelling under shear. The physics is as follows. Under
shear, the blobnumber is determined by the shear strength
and the number of blobs increases. These blobs repel
each other like hard spheres, and the brush swells in the
direction normal to the surface to relieve the osmotic
pressure. The theory is able to reproduce the main result
of the experiments. Independent of such experiments,
swelling is, in itself, an interesting effect.!®

Here we are interested in a similar system—the shearing
of a polymer brush in a poor solvent. The stretching
deformation of a brush in a poor solvent was first analyzed
by Halperin and Zhulina, and following them we use a
blob model.*1%1%20 The blobs are groups of monomers of
radius 1 correlation length and attempt to be close-packed
to minimize their surface energy.??> Throughout the
analysis we use the Alexander—de Gennes ansatz, that the
chain ends are located at the brush surface,?*-2% and we
ignore all numerical coefficients. .

It is useful to compare this system with the good solvent
brush. The blobs in a good solvent repel each other with
an energy of kT per blob. Shearing increases the number
of blobs and hence can induce swelling, which lowers the
blob concentration. This swelling is however limited to
about 25% of the original height.!” In a poor solvent the
blobs no longer repel but attract. Relative to the pure
solvent each blob has a surface tension ~kT/£2. The blobs
thus attempt to be close-packed, and there is no driving
force for swelling. It is this close-packed behavior which
causes brush shrinkage. At high shear the blob size is
determined by the shear force, the blobs get smaller, and
the brush height H = Na?{/d® decreases. As we shall see,
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Figure 1. Geometry of the brush under shear. Here we show
case i where the blob size, £, is smaller than the grafting distance,
d. Each blob contains several monomers (not shown).
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Figure 2. Plots of the brush height, H, in terms of the unsheared
brush height, Hy, as a function of dimensionless shear stress, S.
In a the grafting density is low (or the solvent fairly poor), so the
blob size £ is less than the grafting distance. Atlow shears there
is no decrease in the brush height. At a critical shear stress S,
~ 1 the brush forms Pincus blobs and begins to collapse with H
« 1/S. At very large shears, S = £/a we enter the melt regime
and the brush remains at its melt height, H = Hoa/. In b the
grafting density is high (or the solvent only marginally poor).
The brush begins to shrink as soon as shear is applied.

unlike the case of a good solvent brush, this change in
height can be very large.

We begin by considering the unsheared brush in a poor
solvent. In a poor solvent the monomers inside each blob
behave as if they were under O conditions. The radius of
each blob is thus given by £ ~ (N/Ny)!/%a, where a is a
monomer size, IV is the number of monomers in a chain,
and Ny, is the number of blobs per chain. For an unsheared
brush there are two different regimes:

(i) If the grafting density is low, then the blob size is
determined by excluded-volume interactions, the number
of monomers per blob is N/N}, ~ (6/AT)?, and the blob
size in the unsheared brush is £ = af/AT. Here 0 is the
O temperature of the polymer and AT is the degree of
cooling below it. Inside each blob, monomer-monomer
interactions are unimportant and the chain is ideal. On
length scales larger than a blob, monomer-monomer
interactions become significant and are attractive.

(ii) If the grafting density is high, then the grafting
distance d controls the blob size and & = d = a(N/Np).l/2

The crossover between these two regimes occurs at d =
af/AT. The unsheared brush height, Hy, can be obtained
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by computing the volume occupied by the close-packed
blObS, dZHo = lvbé()3 = Na2£0.

We begin by discussing the first regime. The brush is
effectively a grafted melt of blob monomers of size & =
ab/AT. At small deformations, where the blob size is
unperturbed by shear, we can thus use the known
deformational properties of melt brushes. For planar
brushes these have been studied by Fredrickson et al.26:27
They argue that a melt brush has a shear modulus y ~
kTad. Inour case the monomer size a is replaced by the
blob size £ so the shear modulus of our brush is u ~
kTd*af/AT. Note thatsince £ > a the modulus of a brush
in a poor solvent is actually larger than that of a melt
brush. This is because a bad solvent brush has fewer
effective monomers. We now shear the brush weakly. For
weak shears the blob structure is unperturbed, as is the
modulus. There will be no change in the brush height, Ho.
The blob size remains at it zero-shear value £ = af/AT.
The chains tilt through an angle 6 = tan™! h/Ho, where h;
is the parallel displacement of a chain end. The defor-
mation energy per unit areaisu = (1/2) uHp tan?6 = (1/2)
uhi*Ho. The shear stress is 0 = du/0h) = uh|/Ho. Note
that for a given shear stress the parallel extension of the
chains is hj = (kT)'oNa?d? which is independent of the
solvent quality. Thus although a poor solvent brush has
a larger shear modulus than a melt brush it undergoes the
same parallel extension. The end-to-end length of each
chain is L = (Ho? + h)?)'/2. When this length is equal to
Np¢ = Naf/AT, the cham of blobs is fully extended and
can extend no further without modifying the internal
structure of the blobs.*10.1920 This correspondstoa critical
shear stress of

kT AT _ab |2 _ RT () 41/2
%= 20 (@a7) ] P 1 @
As the solvent is made poorer £ decreases and the critical
shear stress increases. Note that in the crossover regime
between i and ii we have £ = d and the critical shear stress
is zero. When the chain of blobs is fully extended, the
force, f, on the chain, parallel to the end-to-end vector, is
f=kTL/(Npko®) = kT/&. At larger shears, the blob size
is determined by £ = kT/f < & and we have a series of
Pincus blobs.?10.19.20 The size of the blobs can now vary,
and there is no reason for the height of the brush to remain
constant. The end-to-end length of the chain is L = Npf
= Na?/¢t = Na?f/kT. Taking components of the force gives
fsin 8 = ¢d? so we have L = Na20d?/(kT sin 6). Since the
brush is a series of closely packed blobs, we have Hd? =
Np83= NkTa?sin 6/ (cd?). Finally we have the geometrical
relation H = L cos f. Solving these equations yields the
tilt angle

wo3(2) T2 1]

& )4 ) )
(zl—(ds for dS<<1 2)
and the brush height is
= (Hy/S) sin § 3)

Here we have introduced S = od%t/kT which is a
dimensionless measure of the shear stress. From (1) it
has a critical value S; = [[1 - (§0/d)4111/2, which is roughly
1 when the blob size in the unsheared brush is small
compared to the grafting distance. Two facts are to be
noted. First, the height decreases with increasing shear,
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roughly as 1/S. Second, if & <« d, at the critical shear
stress the brush is very strongly tilted, i.e., 8 ~ /2. At this
point we have L/Hy ~ (d/£0)? and the chain is stretched
further in the parallel direction than in the perpendicular
direction. Note also that at S = S, we have sin § = S s0
the collapse is continuous. The blob size as a function of
shearis £ = RT/f = §8in6/S. Theshearsteadily decreases
the blob size and the brush height but cannot do this
indefinitely. When the blob size is on the order of a
monomer size, { ~ a, the brush is a melt, further
compression is impossible, and the height of the brush is
constant at its melt value Hy, = Na3/d2 This occurs at a
rather extreme shear stress S = £/a = 6/AT.

Now we look at regime ii where the blob size is originally
set by the grafting distance, so £ = d.28-%0 In this case
brush shrinkage begins immediately upon application of
shear. Equations 2 and 3 still hold. For weak shear, S «
1, (2) gives sin 8 = S[1 - §2/4] and the brush height is H
= Hy(1 — S%/4). The brush height thus decreases weakly
with shear. At large shear stresses, S > 1, we have sin 6
=1-(1/2)S-* and H = Hy/S, and the decrease in height
becomes very rapid. Again, beyond a maximum shear of
S =d/a, we have a melt brush and the brush height remains
constant.

The situation for brush shear is then as follows. Ingood
solvents the brush should expand, albeit by a limited
amount. In poor solvents a brush at low grafting density
will show no expansion at weak shear but will shrink at
high shear. In the intermediate case of a © solvent, if we
neglect three-body interactions, there should be no change
in the brush height. Three-body interactions, which are
usually repulsive, should, however, produce some slight
expansion.

There are at least three experimental means of testing
our predictions. The most direct would be to use telechelic
polymers end grafted to both surfaces in a force machine.
The plate separation is chosen such that the chains are at
their equilibrium height, and the normal force between
the plates is then zero. Relative motion of the surfaces
should produce negligible normal force between the plates
until a certain critical angle, given by (2), is reached. At
this point a normal force should act to pull the plates
together. Of course, if the solvent is only marginally poor,
then &, is set by d and the normal force will be felt
immediately upon shearing.3! A second, more difficult
method would be to use a single brush in a shear flow. A
more macroscopic, and possibly more dramatic, demon-
stration involves the use of triblock copolymer lamellar
mesogels®233 with a high bridging fraction. The central
block should be a flexible polymer in a poor solvent, and
the outer blocks should be glassy. If aslab of this mesogel
is placed in a bath of poor solvent and sheared above the
critical shear, we expect a rapid decrease in the thickness
of the gel or, alternatively, a normal force tending to
contract the gel. Thus, the shrinkage predicted here can
have macroscopic consequences. The most favorable
situation for this is when the solvent is marginally poor,
80 that £ is only slightly smaller than d. In this case the
shear need not be extreme. We note in passing that this
procedure can also be used to test the swelling predicted
by Barrat in a good solvent.
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