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ABSTRACT: We present a theoretical study of the conformations of a polymer brush (made of linear
macromolecules chemically anchored to a flat, solid interface) when it is exposed to a molten, compatible
polymer. At large brush grafting densities o and melt molecular weights P, the melt only penetrates the
brush over a distance 4 that is small, compared to the brush thickness. For P > N?3¢=23, the penetration
length 1 ~ ac~®N'3 (Leibler et al. Proceedings of the OUMS Conference, Osaka, Japan, June, 1993) is
associated with partial wetting. For P < N%3¢723, although wetting is complete (as was predicted by
Leibler et al), we find that penetration is still partial: 1 = aoc"*NP~1. There should be implications in

interfacial rheology and in wetting dynamics.

I. Introduction

Linear polymer molecules can be present at interfaces
in various ways.! In particular, polymers at solid
interfaces represent a field of considerable industrial
stakes: polymer-stabilized colloidal suspensions are
used in paints and inks; the presence of polymer chains
on a flat, solid surface can also have wetting, rheological,
or adhesion effects.? Such situations are achieved in
different ways. The monomers can be attracted by the
solid surface; the resulting adsorbed layer is greatly
disordered. When the polymer does not adsorb on the
surface (neutral or repulsive surface), chain ends can
be forced onto the surface (chemical reaction, adsorbing
copolymer block); the resulting structure is more or-
dered and is called a polymer brush. In the remainder
of this article, we do not deal with adsorbed layers, but
we focus on polymer brushes.

The structure of a polymer brush and the conforma-
tions of the grafted chains result from a balance between
two effects. Osmotic effects account for monomer—
monomer interactions between grafted chains and tend
to swell the brush. The elasticity of the grafted chains,
on the contrary, tends to diminish the brush extension.
In good solvent conditions, increasing the grafting
density progressively elongates the grafted chains and
makes the brush denser;3-5 ultimately, when the graft-
ing density is maximum, the brush volume fraction is
of order unity: it has expelled the solvent completely.
This dry brush regime is reached only in the limit of
maximum grafting. This regime is more extended,
however, when a chemically identical solvent of high
molecular weight, i.e., a compatible melt, is used (Figure
1).467 More precisely, the solvent is expelled when the
grafting density o (average number of grafted chains
per surface area a? of the solid substrate, where a is
the monomer size) is high enough, depending on the
polymerization index of grafted chains, N, and of free
chains, P:

o> p 12 (P < N) (1)
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Figure 1. Different regimes for a brush of grafting density o
(chains N) facing a homopolymer (P) are presented. In the
regimes of total penetration, symbols stand for swollen and
ideal mushrooms (SM, IM), swollen and ideal stretched brush
(SSB, ISB), and nonstretched brush (NSB) (see ref 6). The
brush is only partially penetrated in the other two regimes,
where the penetration lengths A, and 4, are given by eqs 3
and 7.

for small free chains* (line A of Figure 1), and

o> N2 (P> N) )
for long free chains® (line B of Figure 1). Within this
regime, the conformations of the chains inside the brush
should be essentially independent of the melt molecular
weight P. In particular, the incompressibility of the
grafted chains implies that the dry brush thickness is
ho = aNo. The interface between the brush and the
melt, however, is not sharp; the melt penetrates over a
distance A inside the brush. This phenomenon arises
as a balance between two effects. On the one hand,
penetrating the brush is entropically favorable for the
solvent; on the other hand, the melt penetration implies
an extra stretching of the chains in the outer fringe of
the brush and a subsequent cost in elastic free energy.
The penetration length 4 was calculated by Leibler,
Ajdari, Mourran, Coulon, and Chéatenay a few years
ago®? for a melt of long chains (sector BC of Figure 1):

l — ll = aO_—l/3N1/3 (P > p* = N2/3O_—2/3) (3)

In this regime, the melt wets the brush only partially
(negative spreading parameter S). Expression 3 crosses
over to complete penetration (A ~ hg = aNo) when ¢ =
N~%2 (line B of Figure 1), as expected from the scaling
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Figure 2. The concentration profile of a polymer brush facing
a homopolymer melt is not steplike (dotted line). Instead, the
interface is somewhat broader. For convenience, we assumed
a linear profile of slope 1/4 (plain line).

theory® (eq 2). In the case of short melt molecules (P <
P*), Leibler et al. predict complete wetting® (positive
spreading parameter). They do not mention any pen-
etration length in this regime, however. In the present
work, we investigate the penetration length in this small
P regime and the corresponding wetting properties.

In Section Il, we give the penetration length 1 for
short melt chains (P < P*). A blob description of the
interpenetrated region is given in Section 111, along with
additional remarks. Wetting consequences are briefly
discussed in Section IVV. Our approach neglects numer-
ical factors.

1. Penetration Length for Short Melt Chains

Once the brush and the melt are in contact, they
adjust the penetration length 4 so as to minimize the
overall interfacial free energy (In the present work, we
take the simplest profile for an extended interface
(Figure 2) and assume that more sophisticated (and
real) forms only bring minor corrections to the free
energy and to the equilibrium penetration length). The
first contribution to the interfacial energy, Fprysh, ac-
counts for the extra stretching of the brush when the
interface is broadened over the width A. The other part
of the free energy, Fmeit, is discussed below. The elastic
contribution to the free energy

(4)

was calculated by Semenov® and by Leibler et al.8 by
identification to the work done by displacing the mono-
mers of the brush fringe in the parabolic Milner—
Witten—Cates (MWC) potential'! V(z), to obtain a
broadened interface: Fprush = S V(2)[¢o(z) — ¢.(2)] dz,
where ¢g is the steplike profile and ¢, is a profile of
width 4. In fact, the expression of Fyrysh can be obtained
immediately by a simple convolution of the brush
concentration profile with the elastic free energy Fe/kT
= [o(h)/a?][h3/Na?] = [h/Na®][h?/Na?] of a dry brush of
height h (steplike profile):

d
Forusn = {f - diﬁfFe.(h) dh} ~Falh)  (5)

This simple result reflects an intrinsic property of the
chain conformations in the MWC brush description,
which rigorously allows for such convolutions. Although
expression 4 has already been established, 08 we present
in detail this alternative derivation of it in the Ap-
pendix: the convolution property (eq 5) has broader
implications by itself.

Using the sole expression of the elastic penalty for
the brush, Fyrush (€q 4), we can derive the melt compo-
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nent of the interfacial energy, Fmert, and the penetration
length A (egs 3 and 7). We argue as follows:

(a) Fmelt favors broader interfaces: it is a decreasing
function of 4.

(b) Since we consider partial penetration (1 < hg), Fmert
should depend on the melt molecular weight P and on
the concentration profile (i.e., on 1), but there is no
reason why it should depend explicitly on the molecular
weight N of the grafted chains.

(c) Total penetration (A ~ hg = aNo), according to the
scaling result* mentioned in the Introduction, should
occur for o = P~12 (line A of Figure 1, see eq 1).

Using the expression of Fyush given by eq 4, taking
into account points (a, b, and c¢) above and assuming a
scaling law for Freie(4,P), leads to the unique solution

A _E ©6)

F
Pa’

melt =

A=l,=ac 'NP (P <P*=N*s2% (7)
which is valid for short matrix chains (P < P*). Indeed,
the interface is very smooth, the free chains can be
considered as pointlike objects (aPY2 < 1), and the
contribution from the translational entropy of the
solvent molecules reads:

mlx(;L) dZ

] o= — Ls + const
Pa

where ¢p(z) = 1 — ¢n(2) is the melt volume fraction.1?

Note that the penetration length for a melt of longer
chains (P > P*, eq 3) can be recovered using the
boundary condition that total penetration occurs® for o
= N~22 (line B of Figure 1, see eq 2), instead of point
(c) above. The resulting melt interfacial energy,

\%
= kadZ ( 0) ~k_T

ap(l—¢) Aa

(see ref 8), accounts for the fact that when the interface
width is smaller than the typical extension of the solvent
molecules (4 < aP¥2), many conformations of the free
chains (those that would cross the interface) are forbid-
den near the interface: this loss of entropy itself is
reduced by the interface broadening, so that Fconf,
although positive, also favors larger penetration lengths

(8)

melt = conf

I11. Blob Description and Further Remarks

(i) Let us now work out the blob structure of the
interface in the MWC picture. The blob size is the
length scale at which the chains crossover from a
random coil behavior (at smaller length scales) to a
stretched behavior (at larger length scales). In the
notations in the Appendix, the blob size Amwc is defined
by 9no/9z = g/ Amwc, Where g is the number of monomers
per blob (Amwe = ag*?). Plugging p =hpandz = p —
Amwc into the MWC expression for ngp (see Appendix),
we get

ano 2N/z
\/(ZPAMWC)

Omitting numerical factors: Amwc = aN¥3¢=13, Thus,
for P > P*, the interface consists of just one layer of
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Figure 3. In the scaling picture of a dry brush, each grafted
chain (N monomers) has the conformation of a string of blobs
of size As, containing g monomers each (a). The conformation
of the outer fringe is the same as that of a brush of shorter
chains (b), since all chains behave alike at length scales larger
than the blob size, As.

blobs (11 = Amwc), whereas for small P, the interface
resembles a brush with several blob layers (1, >
Amwc)- 13

(i) It is interesting, at this stage, to see what the
interface would look like in the scaling picture. The
scaling blob size, As, was calculated by Aubouy® et al.
and can be recovered from the fact that the brush
thickness is the length of a string of Gaussian blobs (As
= ag?): hg = (N/g)As = aNo. Thus, As=aoc 1. Inthe
scaling picture, all chains behave alike at length scales
larger than the blob size. Hence, the outer blob of each
chain in the brush (Figure 3a) behaves as if all chains
were only g monomers long (Figure 3b). Therefore, for
the equivalent short brush (Figure 3b), ago =h = As =
ac~! and hence, 6 = g~2. Thus, it is (just) in the total
penetration regime (see eq 2). In other words, the initial
brush (Figure 3a) is penetrated over a distance corre-
sponding to the size of the last blob: As = A = ac™L.

(iii) Hence, for P > P*, the interface is made of one
blob layer (11 = Amwc), as it would in the scaling picture
(As = As), whereas each chain has several blobs in the
interface for P < P* (1, > Amwc). But more interesting
is the fact that the MWC penetration length values, 1;
and 1, are larger than the scaling value, 4s. Indeed, in
the MWC picture, the chain strands located in the outer
fringe of the brush are less stretched and can thus be
penetrated more easily.

We now make further, more general remarks.

(iv) At very high grafting densities ¢ — 1, the
penetration length A should reduce to a monomer size.
Equations 3 and 7 do not account for this fact because
the finite extensibility of the monomers is not included
in the MWC approach. Shim and Cates give a better
treatment of this point.14

(v) A satisfactory aspect of the result 4, is that it is a
decreasing function of the solvent molecular weight P.
This is qualitatively consistent with some poly(dimeth-
ylsiloxane) (PDMS) brush concentration profiles ob-
tained by Marzolin'® at moderate brush grafting den-
sities (o of order or smaller than N=%2) and with data
by Liul® et al. on wetting properties of a polystyrene (PS)
film on poly(vinylpyridine) (PVP)—PS block copolymer
film surfaces.

(vi) Most formulas in the present work (especially the
threshold P* = N%35=23) do not include possible numer-
ical factors.

IV. Wetting Properties

In Section 11, we evaluated the penetration length 4
of a polymer melt inside a compatible polymer brush
made of long molecules (eq 7). We now briefly address
the consequent wetting properties of the system.
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The wetting of the brush by the homopolymer melt
is governed by the relative values of brush—air (yna),
melt—air (ypa), and brush—melt (ynp) surface tensions.
We here follow the argument of Leibler et al.8 To a good
approximation, yp, can be assumed to be a melt inter-
facial energy (see eqs 6 and 8) with a very small
penetration length (since air is a bad solvent for the
polymer), Fmeit(A &~ @) = Fmix + Feonf, hence reducing to
Feont (A & a@). The brush—air interface is assumed to
have the same surface tension, except for a minor
correction due to the brush stretching energy: yna =
Yea T Fbrush(A = a), where Fyrysh is given by eq 4. The
surface tension of the penetrated brush is ynp =
Frmeit(1) + Forusn(4). Equation 3 yields a negative spread-
ing parameter® S = yna — yne — ypa (partial wetting, P
> P* = N?3¢g7218), For P < aP*, however, eq 7 implies
that the spreading parameter S is positive (complete
wetting). (The numerical factor a is a fraction of unity).
Thus, in this small P regime, wetting is complete,
although penetration inside the brush is only partial
(A2 < ho).

Dynamical wetting properties should be greatly in-
fluenced by the degree of interpenetration, characterized
by 4. Indeed, various phenomena may arise. A melt of
short molecules (small P) may develop a film inside the
brush in the late stages of spreading.” For longer
chains or on shorter time scales, friction at the interface
may be a Rouse-type friction!® (for nonentangled mol-
ecules, P < Ng) or may be significantly enhanced by
entanglements?® (P > N).
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Appendix: Elastic Energy of Penetrated Brush

Due to the incompressibility of the polymer melt, the
penetration of the solvent inside the brush over a
distance 1 is associated with a corresponding extension
of the concentration profile of the brush beyond its dry
height ho (Figure 2). In this Appendix, we determine
the free energy penalty for this extra brush stretching,
in the MWC approach. Here, the result (eq 4) is less
important than the method, presented below, which
implies that a simple convolution (egs 5 and A3) can be
very easily used for a variety of situations, as pointed
out at the end of the present Appendix.

Let us first consider a purely dry brush (1 = 0). The
conformation of any chain whose free end is located at
altitude p (0 < p =< hyg) is described by a function z(p,n),
where n is the current monomer along the chain (0 <n
=< N, n = 0 at the grafting point and n = N at the free
end). In fact, z is an increasing function of n (since a
nonmonotonous z(p,n) could be substituted for a mo-
notonous one that would contribute equally to the
concentration profile but whose elastic cost would be
smaller). Hence, we can invert z(p,n) as n(p,z), for future
convenience. Let ¢(p) dp denote the grafting density of
chains whose free end is between p and p + dp (hence,
Jo'— €(p) dpo = o). The more general program now
amounts to minimizing the Flory elastic free energy of
the chains,

Feai _ o dpe(p){ M an %(BZ(p, n))z} _

kT~ Jo 22 aon

o))
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under the condition of unity volume fraction ¢n(z) = 1
(0 = z = hg), where

(@) = [ doc(p) 200D (A2)

The MWC scheme was developed not only for a brush
in good solvent,® but also for a dry brush.ll Their
solution

eolpihg) = ——2—
Nay/h2 — p?

and

2N z
Ny(p.z) = — arcsm( )
o
satisfies ¢n(z) = 1 and minimizes eq Al, yielding

Fa _ ' No’
KT 24 2

as we now show. If we vary €y and ng as €(p) = €o(p) +
0¢e(p) and n(p,z) = ng(p,z) + on(p,z) (with the boundary
condition on(p,0) = on(p,p) = 0 for all p), then the
resulting variations of the brush free energy (eq A1) and
of the local volume fraction (eq A2) are linked through

6Fe| _rh dz

kT 0 g5

2°n?
8N?

5¢N(Z)]

due to the form of ng and to the boundary conditions
for on (Second-order terms bring an additional positive,
second term, proving that the solution indeed corre-
sponds to a free energy minimum). Thus, the free
energy is stationary for variations of ¢ and n that do
not modify the concentration profile, independent of the
initial free end distribution profile €.2° This feature
proves that brush conformations obtained by convolu-
tion of the MWC free end distribution ¢o with any
(decreasing) brush profile ¢n(z) (keeping the chain
conformations n = ng unaltered) also minimize the free
energy (eq Al) for the corresponding brush concentra-
tion profiles. The free end distribution and the resulting
free energy for an arbitrary profile are thus given by

©» d¢(h
o= [~ X oy an

and

Fe{on@} _ o don(D) 72 N[o(@)T®
KT _=/; dz 24 42

22don(2)
24st/% { “}<A3>

where o(z) is defined by z = aNo(z) (equivalent dry
brush of height z). Using this convolution method, we
work out the elastic free energy of a brush whose profile
is that of Figure 2:

dz

F (1 2 n1.3 12
el() t+n_Nol_
kT 24 2 h2

as announced at the beginning of Section Il (eq 4).
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A derivation of the parabolic profile in a good solvent
can also be drawn at this point, using this simple
convolution result (eq A3). The total free energy of a
brush in a good solvent is given by

Ftot= f Z{_23d¢N(Z)} "
KT 24N2a° 0 dz

I ‘:; {¢” @ _ s )} —u [T on@)

where the first term is the elastic energy of the brush,
the second one is the mixing free energy of the solvent
in the low brush concentration limit, and u is a
Lagrange multiplier introduced to ensure the condition

S5 L) = oN

The result is

Fio 7z 2
T —const+ﬂ) [ng() 8——2—1—;4]

which yields the MWC parabolic profile after immediate
minimization. This derivation is reminiscent of the
argument by Pincus?! in which a very simplified form
of the free end distribution ¢(z) = ¢n(z)/N and uniform
elongation of each chain are assumed, leading to an
elastic term of the form

hdz] 22 on(2)
Jo §[2Na2 N ]

The elastic free energy contribution corresponding to
any (decreasing) brush concentration profile can be
immediately calculated, using this convolution method
(eq A3).
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