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ABSTRACT: Dynamics of poly(ethylene oxide)—polystyrene (PEO—PS) brushes with shorter anchoring
PEO blocks adsorbed on a flat surface are considered theoretically. Three relaxation modes are
identified: a fast cooperative (hydrodynamic) mode, a slower drag mode, and the slowest anchor-sliding
mode. It is shown that the anchor mode is likely to be dominant and that it is strongly coupled to a
two-dimensional microdomain structure, which is presumably formed by PEO. A scaling picture of pattern
formation on the adsorbing surface is developed. The theory yields an interpretation of existing evanescent-
wave dynamic light-scattering data. The PEO pattern gives rise to high scattering intensity and slow

dynamics at high wavenumbers.

1. Introduction

End-grafted polymer layers are often called “brushes”
when the mean distance between grafting points is
smaller than the layer thickness.! An interest in these
systems is stimulated, in part, by their possible applica-
tions for colloidal stabilization and for modification of
bulk surfaces and interfaces for improved adhesion,
wetting, and wear properties.? Polymer brushes received
considerable attention recently, mostly with regard to
their static properties.® Theoretical studies of brush
dynamics (excluding simulations) are not numerous and
are mostly concerned with single-chain dynamics.*~%
Collective brush dynamics was very briefly discussed
by De Gennes! in terms of shear and longitudinal
deformation modes, the latter being governed by the
cooperative diffusion constant. A simple continuum
approach developed in ref 7 does not account for the
brush structure in a consistent way: the continuum
model (originally suggested for adsorbed layers?®) is not
exactly appropriate for brushes.

Experimentally, collective brush dynamics was re-
cently studied using evanescent-wave dynamic light
scattering, which probes brush surface waves. The
brushes were formed by polystyrene, PS, chains (M =
80—500 kDa, kDa = kilodaltons) attached to a glass
surface by relatively short poly(ethylene oxide), PEO,
blocks.? It would be fair to say that there is no quantita-
tive (or even just scaling) theory of collective brush
dynamics that allows an interpretation of the experi-
mental data.? Yet the problem is additionally attractive
since an unusual behavior was observed: the relaxation
of surface waves was found to slow as the scattering
vector was increased.?

Hence, the aim of the present paper is to develop a
theory of brush surface waves as probed by the evanes-
cent-wave scattering technique. Collective near-equi-
librium dynamics of polymer brushes is considered in
section 3 following a brief discussion of their static
properties in the second section. A comparison (section
4) of the theoretical results with the evanescent-wave
scattering data (for the thickest polymer brush)? reveals
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a marked discrepancy. This triggers the suspicion that
the original assumption of immobile anchoring blocks
is incorrect. An anchor-sliding dynamical mode is then
considered in section 5. We show that the interaction
between the anchoring PEO blocks is likely to drive
them to form a domain structure on the glass surface.
It is found that the tendency for surface pattern forma-
tion (and the pattern itself) must be strongly manifested
in the evanescent-wave scattering owing to the coupling
between PEO and PS blocks.

2. Static Properties

Let us consider a grafted layer formed by PEO—PS
diblock copolymers with the anchoring PEO blocks
adsorbed on a glass surface (the PEO block is assumed
to be much shorter than the PS block). The layer is
swollen by toluene, a good solvent for PS. It is this model
brush system that was studied in ref 2. The grafting
density o = 1/s? (s is the mean interanchor distance) is
assumed to be high, so that PS chains are extended into
the solvent.® The equilibrium brush structure is well-
understood theoretically;>1° for the marginal solvent
conditions the predicted brush height is

/
h, = (g)” N (owa?)"® (1)

where N is the number of PS monomers per chain, w is
the monomer interaction parameter (second virial coef-
ficient), a = b/\/g, and b is the PS statistical segment.
Equation 1 is a mean-field result implying that the
energy of excluded-volume interactions per unit volume
is

where ¢ is the local monomer concentration. This
equation is valid in the marginal solvent regime, i.e.,
when w/(bbc) < 1 (kgT is considered as the energy unit
below).
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The equilibrium monomer concentration profile is
parabolic®

co(2) = ¢, (1 — Z2/hd)

where ¢, = 3/,0N/hp is assumed to be small (z is the
distance from the grafting surface). The mean molecular
field is proportional to the concentration:

Up = Wee(2)

The total brush free energy is1®

. 9 ﬂ2 1/3
FO = E (ﬂ) ANo
where A is the total brush area.

Intensity of the scattered light is directly proportional
to the structure factor of anchored PS chains, S(q) =
[dc_qocqlIA, where q is the scattering wave vector, and

R

ocg= [ dc(rye " d°r

i.e., ocq is the relevant Fourier component of the
monomer concentration fluctuation dc(r) = c(r) — [@(r)C]
where c(r) is the instantaneous monomer concentration
and [&(r)dis the time-averaged concentration.

The static structure factor of a swollen polymer brush
was calculated in ref 11 using a quantitative mean-field
approach. According to the basic principles of statistical
mechanics, the mean-square fluctuation, S(q), is in-
versely proportional to the fluctuation free energy oF,
which can be represented as a sum of three terms due
to (i) monomer interactions, (ii) elongation of grafted
chains, and (iii) brush/solvent surface tension. The latter
contribution due to the surface tension is neglected
below: the tension is small since the average monomer
volume fraction is low, ¢ = cv < 1, where v is monomer
volume.1?

We also assume for simplicity that q is parallel to the
anchoring surface. Note that it is a two-dimensional
monomer concentration fluctuation

oD(x,y) = [ oc(r) dz (3)

that is probed by the scattering in this case. The
fluctuation also implies a waviness of the brush free
surface.

The predicted structure factor is then'! (see also
Appendix A)

h 2
S@) = 255 > — @

—+Q2
T

where Q = gho. Equation 4 is in qualitative agreement
with the results obtained earlier for dry brushes.1213
Note that fluctuations are suppressed in the limit g —
0, i.e., A = 27/qg — co: the longer 4, the stronger the chain
elongation in the transverse direction (i.e., parallel to
q) required in order to produce a given fluctuation
amplitude.
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The excess free energy associated with a prescribed
concentration fluctuation 0®(x) = 6d cos(gx) is also
related to the structure factor:

A1

AFT150)

0D (5)
Note that eq 5 can be written as
— 2, 9 2
AF = const[(eho) + = (ed) ] (6)
T

where € = (0®)/(oN) is the relative fluctuation amplitude
and 1 = (2x)/q is the wavelength. This equation can be
interpreted as follows: The surface deformation implies
both an elongation of grafted chains (the length incre-
ment is ~¢hg) and their lateral shear displacement (the
free end displacement to the distance ~¢l). The corres-
ponding elastic energy is the sum of two terms: one for
the longitudinal deformation (the first term in square
brackets in eq 6) and another for the shear deformation
(the second term in eq 6). Note that minimization of the
total free energy AF + f 0®Uey dxdy in the presence of
an external field Uy yields the correct result for the
equilibrium concentration fluctuation induced by the
field, i.e., precisely eq A2.

3. Collective Dynamics

The dynamic light scattering probes both the ampli-
tude and the relaxation dynamics of the segment
concentration fluctuations. The technique allows one to
measure the dynamic structure factor

S(, ) = Bc_q(0)dc,(tTA

A useful interpretation of the structure factor follows
from the fluctuation theorem:'# Let us assume that a
weak external field is applied to the systematt=0. In
the presence of the field (i.e., for t > 0) each monomer
gains a potential energy Uex(x) defined in eq Al. The
field induces a concentration fluctuation 6®(x, t) which
relaxes toward the equilibrium. It is the dynamic
structure factor that defines the relaxation function (for
t>0)

0D (x, t) = [S(a, 0) — S(q, 1)] Ug,e(X) (7)

where S(q, 0) = S(q) is the static structure factor (see
eq 4) that is thus proportional to the amplitude of the
concentration wave, 0® = d®(0, «), induced by the
field: S(q) = o0d/u.

One can distinguish two basic modes of polymer
dynamics: (i) a single-fluid cooperative motion of poly-
mer segments together with the solvent and (ii) a drag
motion of the segments with respect to the solvent.
These modes have been originally identified by de
Gennes! as the transverse and the longitudinal modes.
Note, however, that in fact the cooperative (hydrody-
namic) mode involves both transverse (shear) and
longitudinal (breathing) deformation of grafted chains,
and the same is true for the slower drag mode (see
below).

Obviously the first mode implies much lower dissipa-
tion (the main source of dissipation is polymer/solvent
friction, which is minimized in the case when polymer
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Figure 1. Fast-mode intensity I, as a function of the reduced
wavenumber Q = ghg (solid line); the drag-mode intensity I,
(long dashes); the relative contribution of the drag mode 1,/(l1
+ 1) (short dashes).

segments do not move with respect to the solvent); i.e.,
it is fast. However, this fast cooperative mode cannot
provide a complete relaxation as it implies a continuous
deformation of the brush, and it is restricted by the fluid
incompressibility. Hence a slower drag mode considered
in section 3.2. It is shown there that relaxation times
(t; and t,) of the two modes are well separated, so that
their intensities, I; = (0®j)/u, i = 1, 2, are well defined
(here 0®; is the concentration wave amplitude incre-
ment during the corresponding relaxation stage). The
total intensity is just the static structure factor: Iy =
I+ 1= S(CI)

3.1. Fast Relaxation Mode. The intensity of the fast
cooperative (hydrodynamic) process is calculated in
Appendix B. The resultant wave-vector dependence of
the intensity is shown in Figure 1. The intensity
increases as Q2 in the regime of low Q = ghp, and it
shows a plateau at high g's. The main features of the
fast process are the following: (i) a relative motion of
polymer segments with respect to the solvent is negli-
gible; (ii) a continuous brush deformation is restricted
by (iii) fluid incompressibility. The results obtained in
Appendix B show that these conditions are in fact not
too restrictive: a significant portion of the initial
fluctuation relaxs during the fast process. The relative
amplitude of the fast process I/l = 0.896 for long
wavelengths (Q < 1); I/l somewhat decreases down
to 0.55 at higher Q’s.

Let us consider the relaxation time of the fast mode
in the regime Q < 1. It is shear brush deformations that
are relevant in this case. The local shear strain is

zZ+2

_dX i d%Y
——— = C0NSs >
1+ 2)

V=42 T q g 8)
where the first equation is the definition of y, the second
equation follows from eq B2, and the third equation
follows from eq B9. The corresponding elastic energy
increment is defined in eq B5 where the Y-terms are
negligible: AF¢ = (A/4) f 7 |y|? dz. The dissipation rate
per unit volume is 7*|R(7e'%)]2, where 7* is the effective
viscosity considered below and R(yei%) is the local shear
rate. Hence the total dissipation rate is D = (A/2)y* f
|7|? dz. Note that the general structure of eq B7 implies
that the total free energy decrement, —AF, is equal to
the elastic energy increment AF¢. The fast-mode relax-
ation time t; can be obtained using the following obvious
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relation: —AF = J D dt. Assuming a simple exponential
relaxation, y O e~%4, we thus get

Sy dz
S rlylPdz

Using also eq 8 and recovering the kgT dependence, we
obtain

9)

4

2
~ & *ND”
t, =05 ohokoT (10)

Equation 9 implies that the relaxation time t; ~ 5*/E,
where E ~ 7 is the shear elastic modulus of the brush,
which is also proportional to concentration of elastic
blobs, cei: E ~ cei. A grafted chain can be represented
as a nearly straight sequence of elastic blobs; hence, &g-
(N/ger) ~ ho, where & = bgl? is the blob size and g is
the number of monomers per blob. Hence &, ~ Nb?/ho,
Cel ~ (0N)/(hoQel) ~ oho/(Nb?) and

- 77*h099|
L oN

11)

Turning to the effective viscosity, we first note that the
dissipation rate is due to (i) solvent viscosity, 7sj?, and
(i) monomer/solvent friction, Dps. The second contribu-
tion (which actually dominates the first one) is due to
the fact that monomers do not exactly follow the solvent
particles. Short enough parts of polymer chains (dis-
sipation blobs) that relax a bit faster than t; are moving
collectively, so that the typical blob/solvent velocity is
Av ~ &y, where & is the dissipation blob size which is
also equal to the typical uncertainty of blob z-coordinate
due to thermal fluctuations during the time t;. Therefore
Dms ~ €C(Av)?, where € = (oN)/(hog) is concentration of
dissipation blobs, ¢ is the blob/solvent friction constant,
and § is the number of monomers per blob. Hence D
= nmsy? With 7ms ~ £ &20N/(hog). At this point let us
assume that »s << nms (this is verified below), so that »*
= 7ms. ON one hand, using eq 11 we get

t]_ ~ Z ézgellg

On the other hand, the blob relaxation time, t, is
nearly the time required for the blob to diffuse to its
own size, i.e.

t~ D~ LE

(here we used Einstein’s relation between the blob
diffusion constant D and its friction constant: D = 1/¢).
Hence the condition t ~ t; requires § ~ ge, i.e., the
dissipation blob coincides with elastic blob. At this point
it is easy to verify that yms > #»s: it follows from the
marginal solvent condition, w/(bfc,,) < 1, assumed in
this study.

Therefore the fast-mode time t; is equal to the
relaxation time of elastic blob, tg ~ a2 The elastic
blob friction constant, e, can be estimated using the
Rouse/Zimm model valid for semidilute polymer solu-
tions: &e ~ (gei/9c)&c, Where g¢ is the number of mono-
mers per concentration blob, {. ~ ns&: is its friction
constant, and & ~ bgl? is its size. Note that elastic
blobs are always larger than concentration blobs in the
marginal solvent regime. By definition of the concentra-
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tion blob, gclgf ~ ¢, where ¢ = (oN)/hg is the (average)
monomer concentration in the brush. So we finally
arrive at the following scaling estimate for the fast-mode
time

Nb?|®
ty ~ 1ty ~ 10 (h_) (12)
0

Note that t; is virtually N-independent since ho [0 N for
a given grafting density o (see eq 1): t; 0 N% 253, The
fast mode is different from the usual cooperative diffu-
sion process in polymer solutions (note that t; does not
depend on q). The fast mode is associated with relax-
ation of elastic blobs, or, in other words, with relaxation
of the elastic energy of lateral chain “polarization”, the
relaxation that is controlled by the friction between
neighboring elastic blobs.

3.2. The Drag Mode. The drag-mode intensity I, =
leot — 11 is plotted vs g in Figure 1 (It = S(q) is the
static structure factor). Note that the fast process is
always dominant: the relative intensity of the slow drag
mode is I/l = 10.4% in the low-q limit; in the
experimentally relevant regime, Q = ghg ~ 3, the slow
mode contribution is Io/li = 40%.

Let us consider the drag-mode relaxation time t, using
the dissipation argument (see the previous section). For
simplicity let us assume first that the solvent does not
flow. The effect of solvent flow, i.e., of hydrodynamic
interaction of monomers, is accounted for by a simple
renormalization of monomer friction constant (see be-
low). We also neglect any coupling between fast and
slow modes. This assumption does not qualitatively
affect t,. The free energy decrement due to the relax-
ation process is —AF = (A/4)6®u = (A/4)S(q)u?. On the
other hand, the same quantity is equal to the gross
dissipation: —AF = f D dt, where D = )¢ vfc is the
dissipation rate, {p is the monomer friction constant, and
Vi c is the monomer velocity. Assuming an exponential
relaxation, v, c = (d/dt) (W, ce ), where W, ¢ is the total
monomer displacement during the drag process, we get

1 % )
fDdtz——ZW,C
2t2 N '
Hence

t, = e Z Wic (13)
AS(q)u? f

The displacement of the Ith monomer in the x-direction,
Wy, is proportional to the lateral force, fy = — 9U/dx, as
defined in eq A4. Therefore 3, W2, = 835 NSa* f3.
Turning to displacements in z-direction, let us assume
that all chains are uniformely stretched in this direction,
i.e., Wy = (6h/hp)z;, where 6h is defined in eq A5. Then
31 W2, = (6h/ho)? N[(J z%Co(z) d2)/(/ Co(z) dz)] = Yus [
hZ/(02N)] (6®)2. Finally, calculating ¥ c WZc = o / dxdy
[>1 W5, + 31 W2 ] using egs A2 and A3 and substituting
the result into eq 13, we get the slow-mode relaxation
time

4. 22 L Q%54

t,==¢a 14
257 14 220%36 a4

where Q = gho.
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Table 1. Molecular Characteristics of PEO—PS Brushes:?°
Number of Monomers in PS Block (N) and in PEO Block
(n), Mean Interanchor Distance (s = 1/+/6), and Brush
thickness (ho)

sample N n s (nm) ho (nm)
PEO—PS/500 4790 91 23 130
PEO—-PS/184 1700 167 11 80
PEO—PS/80 730 90 7 45

The effect of hydrodynamic interactions was neglected
so far. It is known that in semidilute polymer solutions
these interactions are screened out on the scales larger
than concentration blob size &. Hence their effect for
large-scale chain dynamics is reduced to a renormal-
ization of the monomer friction constant

8o — & = &9,

where §; ~ ns&. is the friction constant of a concentration

blob (see the previous section). Thus we get §j =
Cnscb*, where ¢ = (oN)/hg and C is a numerical constant.

Substituting &g for o into eq 14, we get

1+ Q%54
t,=t,(0) ——— 15
2= 807 + 72Q%36 (13)
where
—i s ﬂ 6 2_(7_5_2)1/3 b16/302/3£ )
O =3 kT h, PN TN C T kT

i.e., ty is of the order of the Rouse/Zimm relaxation time
of grafted chains. Note that the time t; is proportional
to N2 (since hy O N if ¢ = const), and it has nothing to
do with single-chain relaxation time ts 0 N3 predicted
by Klushin and Skvortsov:® the single-chain relaxation
is driven by the chain entropy, which is much weaker
than the osmotic pressure that drives the drag relax-
ation process. Hence the single-chain (self-diffusion)
time is much longer than the collective time t.

So far we assumed that the brush is unentangled. The
entanglements are supposed to be important for N >
Ne(¢). For the reference PEO—PS/500 brush studied in
ref 2 (its parameters are quoted in Table 1), Ng(1) =
200. The average monomer volume fraction is ¢ = (Ny,)/
ho = 1.4% since the monomer volume is v = 0.17 nm3,
Using the empirical law® Ng(¢) = Ne(1)/¢), we get N/Ne-
(¢) = 0.3 for ¢ = 1.4%. Hence entanglements are indeed
not important. This conclusion, however, should be
taken with some reservations as the conformation of a
grafted chain is different from that of a free chain in a
semidilute solution. Grafted chains are stretched per-
pendicular to the grafting surface forming a sort of two-
dimensional lattice. A lateral motion of a grafted chain
is restricted by this lattice, whereas its motion in the
z-direction is virtually free.

Hence in the general case a two-stage slow process is
expected: Rouse/Zimm longitudinal relaxation followed
by a slower lateral topological relaxation process involv-
ing an “arm retraction” mechanism in analogy with the
dynamics of branched polymers.’” The topological re-
laxation time should be exponentially long if the chains
are strongly stretched (hg > s)

t,n ~ T, exp(const hy/s)

top

where const is expected to be small (it is inversely
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proportional to an effective N in two dimensions). For
the reference PEO—PS/500 brush, hg/s = 5 so that it is
likely that the topological slowing is not yet in effect
for this brush.

4. Comparison with Experiments

Let us estimate the relaxation times t; and t, for the
thickest PEO—PS/500 brush in toluene studied experi-
mentally? (the reference brush). The relevant molecular
parameters are b = bps = 0.7 nm, s = 0.005 P; other
parameters are indicated in Table 1. The probed wave-
vector range was g = (0.025—0.04) nm~1.

The scaling result for t;, eq 12, is not really useful as
it involves high powers and unknown numerical con-
stants. Let us use eq 10 instead. Obviously #* > 7ns,
hence the following inequality

nsNb?

—_— ~ —6
ohokaT 05x10 s

t, 2 0.5

The time t; is therefore within the experimental window
(from 107 to 108 s)? although it is perhaps close to the
resolution limit.

The slow-mode time is defined in eq 15. To determine
the unknown constant C, we note that the self-diffusion
constant, Ds, of polymer (PS) chains in unentangled
marginal solution is just inversely proportional to g:
Ds = (ke T)/(NZZ) = (ksT)/(NCrsch?). Using the relevant
self-diffusion data on PS/toluene solutions,® we get C
=~ 16 (note that C is supposed to be a universal number,
i.e., independent of polymer/solvent pair). Thus we
arrive at the following estimate for the slow-mode time
in the experimental g-range (Q = gho = 3/5):

t,~(1-2) x 10 °s

The predicted relaxation times are compared with the
experimental data in Figure 2a. A similar comparison
for wave-vector dependence of the total intensity has
been performed in a previous paper.!! The result is
shown in Figure 2b (the predicted intensity lwi(qQ)
essentially follows the dependence defined in eq 4). Note
that the experimental g-dependence of I is drastically
different from the theoretical results: the measured
intensity sharply increases in the region Q = 4 where
the predicted curve shows a plateau. The disagreement
between theory and the experimental data on relaxation
times is even more pronounced. Only one relaxation
mode was observed. On one hand, the observed relax-
ation time is much longer than both predicted t; and t;
in the whole g-range. On the other hand, the measured
g-dependence of the time qualitatively disagrees with
theory: experiments show collective dynamics that
drastically slows at high g's while theoretical slow-mode
relaxation time t, decreases with g. The theory involves
no ad hoc assumptions that could possibly give rise to
that strong disagreement. It is thus likely that the
observed dynamics is due to a collective relaxation
process that is entirely different from those considered
above. In other words, it is a new (third) superslow
relaxation mode that was observed, while the predicted
two modes (fast hydrodynamic mode and slow drag
mode) are just not resolved owing to some reason (it is
possible that the fast-mode time is too close to the
resolution limit and that the drag-mode intensity is not
high enough). So, what is the nature of the new
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Figure 2. (a, top) Wavenumber dependence of the predicted
relaxation time for the drag mode (solid line); the fast-mode
relaxation time (dashes); experimental data for PEO—PS/500
brush? (diamonds). (b, bottom) Observed scattering intensity
(diamonds) and the predicted total intensity ly: = 11 + I2.

superslow process? A tentative explanation is provided
in the next sections.

5. Anchor Mode

So far we assumed that grafted points do not move.
This must be true with chemical grafting, however, not
in the case of anchoring by a short block adsorbed on a
surface. Clearly collective motion of anchoring blocks
(PEO) must contribute to dynamical scattering giving
rise to the additional anchor-sliding relaxation mode
considered below.

So, let us allow for an inhomogeneous distribution of
anchoring blocks: ¢ = 0o + do(x), where o is the two-
dimensional concentration of anchoring points (i.e.,
number of blocks per unit area), oo is the average
grafting density, and do is a small fluctuation. Excess
free energy due to oo can be written as AF = AF, +
AFprush, Where the first term accounts for free energy
of PEO blocks in the adsorbed layer, and the second
term is due to a redistribution of PS blocks connected
to PEO.

The surface energy AF, depends on interactions
between PEO segments on glass surface in the presence
of a solvent (toluene). The question is whether these are
repulsive or attractive. Unfortunately the situation is
not clear not only with regard to PEO confined on a
surface but even in three dimensions (i.e., for bulk PEO
solutions). While early studies?® yield a conclusion that
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toluene is good for PEO, more recent experimental
results?%21 unambiguously indicate that toluene is a
poor solvent for PEO. Hence there is a possibility of
effective attraction between PEO segments also in the
adsorbed layer, which can be considered a two-dimen-
sional (2D) semidilute solution, i.e., a tendency for phase
separation. In this case

AF, = —Ay, [ (6¢,) dxdy/A,

where Ay, is the interaction parameter (analogous to
the Flory parameter), which measures an excess of
attraction over (exclude volume) repulsion between PEO
segments in the adsorbed layer; d¢, = ¢ — [d0= NAgdo
is the fluctuation of the “surface fraction” of PEO defined
as the product of surface area per PEO block (nAg) and
number concentration of these blocks, ¢, = nAgo; and n
is the number of monomers per PEO block. The area
per PEO monomer, Ay, can be estimated as dolo, where
lo = 0.45 nm is the monomer length, do = (Vo/lo)*2 is its
effective thickness, and vo = 0.07 nm3 is its volume: Ag
=~ dglg = 0.175 nm?2.

Let us calculate the brush free energy contribution,
AFprush, @assuming a harmonic fluctuation, do(x) = do
cos(gx), and also allowing for a fluctuation of the total
2D density of PS segments, d®(x) = 0® cos(gx).

Using an argument similar to that given in Appendix
A involving a weak external field Uex(X) = —u cos(gx),
it is easy to show that the field induces the following
equilibrium fluctuations: 0® = (ho/w)u, do = [ho/(Nw)]-
u. Taking also into account that AFyrysh for 60 = 0 is
defined in eq 5 and using the argument presented just
after eq 5, we get the brush free energy (including the
external field term)

_Aw

AFyusn = . (00 + K 1@ — Noof’) — Lusw

(16)

where K = (36/72) [1/(gho)?]. Minimizing the total energy
AF = AFprsh + AF, with respect to 0@, we obtain

hy 1 K
5CD_W1+KU+1+KN60 a7
_ Alwi K _ 2 _
AF = const + 7 {ho (1 K Ka) (Noo)
K
2 11K uNéa} (18)
where const does not depend on do, and
48 [Rn)?
Ka== 5| NAx29, (19)
JT hO

Here Ry = aN2 is the Gaussian size of PS blocks.

We are now in a position to calculate the anchor
contribution to the dynamic structure factor considering
the brush response to a weak external field applied at
t = 0 and using the general eq 7. The field induces a
tilt of PS chains with respect to the z-axis (normal to
the plane). Hence a lateral elastic force acting on PEO
blocks gives rise to their motion along the grafting
surface. This process must be very slow owing to high
friction between PEO segments and the adsorbing
surface.

This friction constant is enhanced owing to attraction
between PEO blocks and the adsorbing surface. In
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addition, an effective attraction between neighboring
adsorbed PEO blocks must also result in a higher
surface friction. Hence we assume that PEO/surface
friction is higher than the corresponding PS/solvent
friction; i.e., the former is the main source of dissipation
for the anchor-sliding process. This conjecture is equiva-
lent to the assumption that the PEO-sliding process is
much slower than PS relaxation (i.e., both fast and drag
modes considered in section 3). Thus conformations of
PS chains are assumed to be nearly at equilibrium (with
prescribed distribution of grafting points) during the
anchor-sliding process. This justifies minimization with
respect to 0@, which was performed in order to derive
eqs 17 and 18.
The dissipation rate due to anchor sliding is

D =ng, [ ov; dxdy

where (, is the effective friction constant of PEO
monomer and v is the local drift velocity of PEO. The
continuity equation reads (d/dt)oo(x, t) = —(3/0x)(oVv2).
Taking into account that do(x, t) = do(t) cos(gx) and that
o = 0y IS nearly constant, we get

_ ﬁn_g2 |d(50)|2

(20)

Substitution of eqs 18 and 20 in the basic dissipation
equation (d/dt)(AF) = — D gives
K w K n & d(do) _
(1+K Ka)hONaa 1+K“+N0q2 at

0

Solving this equation, substituting the result in eq 17,
and comparing the result with eq 7, we get the dynamic
structure factor S(q, t) = I3 exp(—t/ts), where

ho K?
l3=— (21)
w (1 +K) [K = K,1 + K)]
is the intensity of the anchor mode, and
24 . 1 K -1
= (0 = 5 GanN s [ — K| (22)
a’ (ahg)? L+ K%

is its relaxation time. In the regime gho > 1, the last
equation can be simplified

2 2 1
t,=>-%anN——— 23
3 3 2 1— qzlqg ( )
where
_ 6 -
qO - ﬂho Ka (24)

6. Discussion

Obviously both the time and the intensity defined in
eqs 21 and 22 diverge as q — qo. This behavior indicates
that the system is unstable with respect to fluctuations
with q = qo; i.e., it tends to form a two-dimensional
microdomain structure at equilibrium. (A similar struc-
ture, but for the case of poor solvent for both blocks and
chemical grafting instead of adsorption, was considered
in ref 22.) Note that the theoretical approach outlined
above implies a homogeneous equilibrium state; i.e., it
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is not applicable in the case of a microdomain structure.
However, egs 21 and 22 do capture the main qualitative
features: a slowing of the relaxation process and an
increase of its intensity at larger g's. These features are
typical of bulk microphase-separated block copolymer
systems.?3725 |t is this qualitative behavior that was
observed for the reference brush.? Therefore, we at-
tribute the observed behavior to a microdomain pattern
formed by PEO blocks on the adsorbing surface.

Note that even for Ay, = 0 (i.e., no tendency for 2D
pattern formation) the predicted intensity of the anchor-
sliding mode, eq 21, is of the order of the drag-mode
intensity (see section 3.2): I3 ~ I, for ghg ~ 1. It is
known?23-25 that formation of a microdomain pattern in
bulk block copolymers results in strong enhancement
of the scattering intensity not only at g ~ g* but also at
lower q's (here g* is the pattern primary wavenumber).
In fact, the microdomain structures are never perfectly
periodic in practice: the structures always incorporate
defects and can be considered as polycrystalline. It is
slow motions of large crystallites (grains) and intergrain
boundaries that give rise to both high intensity and long
relaxation times at g < g*. A similar effect of a 2D
pattern in the brush case must be expected. Hence the
anchor-sliding mode coupled with the 2D PEO pattern
is likely to provide a dominant contribution to the
structure factor in a wide g range.

Let us consider the g-dependence of the measured
dynamic structure factor. The pattern conjecture implies
that the proper reduced variable is A*q since A* = (2x)/
g* is the primary characteristic scale of the pattern. The
surface microdomain structure of PEO is analyzed in
Appendix D. It is shown there that A* scales as 1* ~
b6nY4s56, where s = o,"? is the mean interanchor
distance. The measured intensities and relaxation times
are plotted against the reduced wavenumber § =
gb®n4s5/6 in parts a and b of Figure 3, respectively. A
rather good superposition is obvious in both cases. The
predicted g-dependence of the anchor relaxation time,
t3, eq 23, is also shown in Figure 3b. The fitted value of
the parameter qo was then substituted in eq 24 in order
to obtain a crude estimate of the interaction parameter
Ay» using molecular characteristics of the reference
brush (see Table 1) and also using eq 19. The result is
AXZ ~0.4,i.e., X2 = AXZ + 0.5~ 1.

Note that the g-dependence of the intensity is re-
markably similar to a typical scattering curve for
ordered bulk block copolymers. Also the experimental
curves show that the pattern wave vector corresponds
to § ~ 1.6. This implies that the omitted numerical
factor « in eq D1 is « ~ 1/1.6 ~ 1, which is consistent
with 12 ~ 1.

It is interesting to note that the observed low-q
relaxation time for the brush formed by 184 kDa PS
chains is about five times longer than the time for 500
kDa PS brush; i.e., a longer time corresponds to shorter
chains. This result is rather unexpected, and it is
certainly in contrast with the predictions for the drag-
mode relaxation times (the predicted t, for 184 kDa is
faster than t, for 500 kDa by a factor of 3, i.e., a normal
molecular weight dependence). Note however that PEO
blocks are much longer in the case of the 184 kDa brush
than in the case of the 500 kDa brush. It is also
important that two-dimensional concentration of PEO
in the adsorbed layer is much higher (around 30%) in
the case of the 184 kDa brush. Hence a higher PEO/
surface friction and a slower anchor-sliding relaxation
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Figure 3. (a, top) Scattering intensity (arbitrary units)
measured for PEO—PS/500 (diamonds), PEO—PS/184 (squares),
and PEO—PS/80 brushes (pluses) as a function of reduced
wavenumber § = gb¥8s56n¥4, (b, bottom) Experimental relax-
ation times vs § (diamonds, squares); solid curve is plotted
according to eq 23 with §o = 1.61.

are expected for the shorter 184 kDa brush. This
supports the proposed idea that the observed dynamics
should be attributed to the anchor-sliding mode.

7. Conclusions

1. Collective dynamics of polymer density fluctuations
in physically grafted polymer layers are considered
theoretically. In particular we focus on PEO—PS brushes
formed by adsorption of short PEO blocks onto a solid
surface. Three relaxation modes are identified: a coop-
erative hydrodynamic mode (fast), a drag mode (slow),
and an anchor-sliding mode (the slowest).

2. The intensities of the fast cooperative and the drag
modes both increase with q. The intensities are com-
parable for gho ~ 1, although the fast mode dominates
in the limit g — 0. The relaxation time of the fast mode
is nearly equal to the elastic blob relaxation time. The
drag mode is characterized by the Rouse/Zimm time for
grafted chains.

3. The observed relaxation times in the whole g-range
are much longer than both the fast- and the drag-mode
times.

4. The observed dynamics is likely to be due to the
anchor-sliding relaxation process coupled with the
surface pattern formed by adsorbed PEO blocks. The
driving force for the pattern formation is an effective
attraction between adsorbed blocks defined by the
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interaction parameter Ay,. It is shown that the PEO
microdomain structure is manifested in a significant
increase of the scattering intensity and in a significant
slowing of the dynamics in the region q > 1/ho.

5. The basic wavenumber of the 2D microdomain
structure is predicted to scale as 1/q* ~ b6n/4s56 where
n is the number of monomers per anchoring block and
s is the mean interanchor distance.

6. The measured scattering intensities for three
different brushes show a master curve when plotted vs
g/g*, i.e., vs qn¥4s56, The same is true regarding the
relaxation times.

7. The final note concerning g-dependencies of the
predicted relaxation times: The fast hydrodynamic
process is characterized by the elastic blob relaxation
time, so its rate is assumed to be nearly g-independent.
The relaxation rate of the slower drag mode somewhat
increases as q is increased, thus showing a normal
behavior (faster relaxation at shorter scales). On the
other hand, the anchor-sliding relaxation slows as q is
increased (in the region q < g*) showing an anomalous
behavior. This slowing is attributed to the two-dimen-
sional microdomain pattern formed by adsorbed anchor
blocks: the pattern is characterized by a highly coop-
erative and hence slow dynamics. As g increases toward
g*, the pattern contribution to the scattering intensity
increases as well, hence a slower relaxation.
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Appendix A. Static Structure Factor

Equation 4 was derived in ref 11 using the fluctuation
theorem,™ which relates the structure factor and the
susceptibility of the system to an external potential field

Ueq(X) = —R [ue'?] (A1)

where u is a small amplitude of the field and R stands
for the real part. We can assume that u is real without
any loss of generality since initially the system is
uniform in the x-direction. The steady two-dimensional
monomer concentration fluctuation 6® (see eq 3) in-
duced by the external field is proportional to its ampli-
tude (in the limit u — 0):

0P = — S(q)uext (A2)

Note that the x-axis is chosen to be parallel to the wave
vector q, hence, no y-dependence is involved.

Let us calculate the concentration fluctuation, o®.
The total field experienced by the monomers is

U= Uext + Umol

where Unmq = we = Ug + woc is the molecular field. The
total field has to remain parabolic in the z-direction;11.15
hence, 6c does not depend on z, i.e.,, 6c = 0d/ho.
Therefore U = Uy + (1 — (W/ho)S(Q)) Uext. The x-
component of the force experienced by each monomer
of a grafted chain is

8Uext

_wu_ [ w
f,= —(1h08<q))aX (A3)

X X
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The force gives rise to a monomer displacement Wy in
the x-direction (note that chains are Gaussian in this
direction)

W, , = 2a°N? 1_oir f (A4)

x| N 2nN2
where | is the monomer position along the chain, | = 0,
..., N; I = 0 corresponds to the grafting end. Hence the

total chain “polarization” P = 3| Wy, = %/3N3%a?fy. The
total monomer concentration fluctuation is related to
P: 0@ = —o(3P/ox) = — 2/30N%a2g? (1 — (W/h)S(q))Uext.
Finally, recalling eq A2, we obtain S(q), eq 4.

The brush height h is distorted by the field: h = hg
+ oh. Using the free surface condition c(x, y, h) = 0, we
get (in the linear approximation):

8%) N 0@

(A5)
(note that 0® = hpoc), i.e., the relative amplitude of the
free surface wave, dh/hg, is equal to /3 of the relative
concentration fluctuation (6®)/(oN).

Appendix B. The Fast Mode: Intensity

The displacement vector of a brush element, W = (W,
0, W,), during the fast relaxation stage can be written
as

W, = R [X(2)e'™], W,=R[Y(2)e'*] (B1)

Note that the flow is a linear response to the external
field, eq A1, hence x-dependence of W is given by ei®,
Both functions X and Y can be obtained by minimization
of the free energy F in the presence of the external field.
The incompressibility condition, eq C4 (see Appendix
C), yields the following relation to be imposed on the X
and Y functions:

dy _

igX(z) + e 0 (B2)

Note that both X and Y do not vanish in the general
case (q = 0), thus implying simultaneous shear and
elongational deformations of grafted chains. The free
energy is F = Fext + Fosm + Fel, Where Fexy = f UexC d3r
is the external field contribution, Fosm = 2w [ ¢2 d°r is
osmotic energy due to monomer interactions, and Fg is
the elastic energy due to deformation (elongation) of
polymer chain trajectories induced by the field.

The monomer concentration in the vicinity of each
material element is constant (recall that the flow is
incompressible and that monomers do not move with
respect to the flow). Hence the osmotic free energy is
constant as well, and so it can be disregarded (it is not
relevant for the free energy minimization). The total flux
of monomers across the line x = const is J = [ (dW,/dt)
co(z) dz. Hence the total 2D concentration fluctuation
induced during the fast relaxation stage is

d

W _
00() =~ [ dtg—i= S5t o) dz = R [0,
where

dy dc
6<D1=f5co(z)dz=—de—Zodz (B3)
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The external field contribution is then

A dc,
Fext:EUR [IYEdZ]

(it is proportional to the brush area A).
The elastic free energy is a sum including partial
contributions of all segments (I =0, ..., N) of all chains

(labeled by C)
1 (f)rl,c)2
Fy=— — (B4)
el 3l

where r ¢ is the position of the monomer (I, C). The free
energy increment due to continuous deformation of the
brush is (see Appendix C)

aFy = 1 {e (L

where 7 = 7(z) is elastic contribution to the longitudinal
(zz) stress in the equilibrium brush. The function 7(z)
can be obtained using the condition of mechanical
equilibrium

2} dz (B5)

)+dr
dz?

dz

U
— 6@, =

and the free surface boundary condition, z(hg) = 0. The

result is

2\2 2 oh
o [12Z) w32
Tm (1 hé) ’ Tm 2 Cm 64 Na2 (BG)

As mentioned above the brush state on completion of
the fast relaxation process must correspond to the free
energy minimum, i.e., to the minimum of AF = Fex +
AFg. It is easy to show that both X and Y must be real
as u is real. Hence

_A .
AF—EufYcoder
4f{ ( Y”2+Y'2)+r”Y } dz (B7)

where prime (') denotes z-derivative, d/dz. The term |dX/
dz|? on the right-hand side of eq B5 was substituted by
(1/9?)|d2Y/dz?)? (see eq B2). Minimization of AF with
respect to Y = Y(z) yields the following equation:

ucy + Y7 — (rY') + 12 @Y")" =0 (B8)
q

The relevant boundary conditionatz=0isY =Y'=0,
which follows from eq B2 and the assumption that
grafted monomers do not move (i.e., Wy=W,=0atz =
0). As for the other boundary (the brush free surface),
it is enough to assume that Y(z) is regular at z = h.
Equation B8 can be solved analytically in the limitq —
0 when it reduces to

g?ucy + (zY")" =0
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The result is

2h0ucm1
6Q hOI (1+h), Q=qgh,—0 (B9

Tm

Substituting the last equation into eq B3, we get the
fast-mode intensity

o®, 8hy, .1
Il:TzWQ26 0 Zzln(l-l-

Z) dZ = 0.246Q°hy/w, Q—0

The total intensity in this limit is l,e = S(q) = (1%/36)-
Q?hpl/w; i.e., the relative amplitude of the fast process is
large: 1I1/lto = 0.896.

In the general case, eq B8 was solved numerically.
The obtained Y(z) was then substituted into eq B3. The
intensity of the fast mode 1; = 6®1/u was obtained as a
result.

Appendix C. Elastic Free Energy

We start with eq B4. A brush element located at r =
(X, ¥y, z) moves to a new location r' = (X', y', z') during
the fast relaxation stage:

r=xy, 2= K,y,z) =X+ W(r),y, z+ Wyr))

The net elastic energy increment is

1SR

— _ 3 W ?
—=[dr Z o(r —ro)
ar c oW, ¢

N _fd3Zal al

and W c = (Wx(ric), 0, W,(r c)). Taking into account that
ar;c/al = (0, 0, 3z, c/al) and oW, /ol = (9z; c/al)(dW/9z) we
rewrite the last equations as

1

AF,, =F, +F, (C1)

4a

where

o(r —rc)

2 oW
Flzgfdsr(aa—"zv) v Fp=[dr—"1 (C2)

where 7 = 17(z) = (1/2a%)3 ¢ (0z1.c/dl)? o(r — ric). Note
that (1/2a2)(dz; c/dl) is the local chain tension and that
(0z1c/)0 (r — ric) is the probability that the chain
segment (I, C) does contribute to the stress at the point
r. Hence 7 is equal to the total elastic stress along the
z-axis; the function z(z) is calculated in Appendix B, eq
B6.

The volume conservation equation (i.e., incompress-
ibility) has the form |dr'/ar| = 1, which reduces to

W, 0w,

oW, oW, W, oW,
+
oX 0z

oxX 0z 0z X -
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In the linear approximation this equation takes the form

AW, N ow
ox 0z

z

=0 (C4)

Using eq C3, it is possible to show that

W,
J dxdy el

- a%fdxdy

X z

0z

ow 9 0
o We zﬁf dxdy W,

The terms that are proportional to W3 are neglected
(note that — dW,/d, was substituted by dW,/0z in the last
step). The last equation and egs B1, C1, and C2 may

now be used to obtain the elastic energy increment, eq
B5, in which A = [ dxdy.

Appendix D. Microdomain Structure on the
Adsorbing Surface

Let us estimate the wavenumber g* corresponding to
the microdomain structure (we expect that g* > qp). The
driving force for the structure formation is attraction
of PEO blocks reflected in positive Ay,, which results
in the tendency for phase separation, i.e., formation of
PEO-rich domains on the adsorbing surface. The natural
growth of these domains (driven by the edge tension) is
restricted owing to the presence of PS blocks. The
equilibrium domain size is determined by a balance of
the excess (elastic) free energy AFush and the energy
AF, due to PEO domains; it is the total excess energy
AF = AFprsh + AF, that should be minimized with
respect to the domain size.

In order to estimate AF,, we note that PEO segrega-
tion on the surface must be strong since yon > 1: y, ~
1 (see section 6) and n ~ 100 (see Table 1). Hence we
expect that PEO blocks form islands on the surface with
almost no PEO left outside the islands. The surface
fraction covered by the islands is ¢ = ¢2/¢;, where ¢ is
PEO concentration inside an island (¢3 depends on y>,
but it is virtually independent of n; it is expected that
¢5 ~ 1 for yo ~ 1) and ¢, = 0gnAo < 1 is the average
PEO concentration. Hence ¢ is small, implying circular
islands. The island diameter D ~ A1v/¢, where A ~ 27lg*
is the interisland distance. Neglecting any interactions
between islands we represent the PEO free energy as a
sum of “bulk” energy, which is proportional to the total
area of islands, and the edge energy, which is propor-
tional to their total perimeter. The bulk contribution
does not depend on 1 since the total area covered by
islands is constant; hence, bulk energy is irrelevant.
Therefore AF, can be regarded as edge energy

4BA [z
AR, =pp~ A T2
e

where 8 = f(y2) is the edge tension and P = aD{(¢2A)/[
¢5(D?/4)]} is the total perimeter.

The brush free energy contribution cannot be calcu-
lated using eq 16, which is not valid since distribution
of anchoring points is strongly inhomogeneous. Frag-
ments of PS blocks adjacent to PEO blocks form nearly
spherical shells around each PEO island. The shells are
characterized by higher monomer concentration and
higher chain tension than on the average over the
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Figure 4. Sketch of a microphase-separated brush: PEO
forms islands on the adsorbing surface; their ordered arrange-
ment (2D pattern) is stabilized by interaction of PS chains
attached to PEO blocks.

brush. The shell size must be nearly equal to 4; i.e., the
shells extend into the brush to the distance ~1 (see
Figure 4). Hence the excess elastic/osmotic energy due
to the shells is

A
AFbrush ~ h_O FO

where Fq is the free energy of the uniform brush defined
in eq 2 and hy is the brush thickness, eq 1. Minimizing
AFprush + AF4 with respect to 4, we get the equilibrium
wavelength of the structure

27 _
12 = ? = kbBnY4 o 5/12 (D1)

where « ~ Y212y~ 16AY4 (52 -14 Note that A* does not
depend on PS molecular weight. The reason is that the
perturbation of PS blocks “trajectories” due to PEO
domains is local: it extends inside the PS brush to a
distance ~A, which is much smaller than the total brush
height. Hence A* depends on the local degree of elonga-
tion of PS chains and their grafting density, but not on
the total brush height.
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