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In an effort to control particle diffusion near surfaces, we have studied the dynamics of colloidal hard spheres and
soft compliant star copolymers on surfaces coated with polymer brushes using evanescent wave dynamic light scattering.
The same experiments provide information on the brush structure and confined particle motion. The penetration into
dense polydisperse brushes is size- and solvent-dependent.

Introduction

With the advance of microfludics and the miniaturization of
processes, a fundamental understanding of how surface properties
might affect the overall flow behavior becomes crucial to the
design of micrometer-sized devices. For large volume-to-surface
ratios, surface effects are not essential, and simple effective
boundary conditions can reliably be used. With increasing surface-
to-volume ratios, surface effects become dominant and must be
taken into account. They can range from no-slip to slip depending
on the surface treatment.1Colloidal diffusivity close to the surface
can offer direct information on the nature of these effects. The
case of a hard wall has received significant attention, and the
expected hydrodynamic slow-down of particle diffusivity is now
well-confirmed experimentally.2-9 More complex surfaces can
lead to a strongly different behavior. A non-wetting, super-
hydrophobic surface was reported to lead to a small, hardly
measurable slow-down of particle diffusivity close to the surface,
indicating slip boundary conditions in that case.9

Polymer brushes, which are formed when macromolecules
are densely attached to solid surfaces, can offer a model of soft
penetrable surfaces. They are also known to provide very good
lubrication conditions.10,11 The flow behavior of particles in
contact to such penetrable surfaces should depend on both their
size and their shape, which are predicted to control the penetration
of particles in polymer brushes.12 The particle-polymer interac-

tions are relevant in nanostructure formation such as in template-
driven organization13 in block copolymer/particle mixtures.14 It
is conceivable that the structure of the chains that ultimately
defines the density profile of the brush also controls both how
particles penetrate the brush and what their dynamics is.
Reciprocally, information on the structure of a brush could be
obtained from the particle penetration and diffusion. The latter
is useful in view of the lack of scaling arguments on real,
polydisperse brushes.10,11,15-18

The soft compliant surface should act as a region of increased
friction for penetrating particles and as a lubricant for non-
penetrating ones, therefore introducing a size-dependent dynamic
threshold. We now show how particle penetration12,14 in the
brush can be measured and offer an estimate of the brush height
and how different degrees of penetration affect the measured
surface diffusivities.

Experimental Procedures

Polymer Brush and Particles.The polystyrene (PS) brush was
grown using an azo initiator covalently attached to a glass surface.19

Molecular weight was controlled by adjusting monomer concentration
and polymerization time. The grafting density (0.05 nm2) was
estimated from the dry film thickness (30 nm) using the number-
average molecular weight of the polymer chains. With a molecular
weight above 106 g/mol and an estimated polydispersity ofMw/
Mn ) 2, which leads to a concentration profile broader than the
parabolic profile of monodisperse brushes,20 the PS brush can reach
a thickness up to 1µm in a good solvent such as toluene.19 Both
hard spheres and soft particles were used. The hard spheres are
poly(methylmethacrylate) particles with a hydrodynamic radiusR
) 120 nm (in decalin) and were kindly provided by A. Schoefield,
University of Edinburgh. The soft particles are 64-armed star
polystyrene-polybutadiene (PS-PB) diblock copolymers with the
PS forming an outer shell so that there is no chemical interaction
between the stars and the PS brush and were kindly provided by J.
Roovers, NRC Ottawa. Their hydrodynamic radius was determined
by quasi-elastic light scattering to be 20( 1 nm in decalin. All
experiments were performed at 25°C.
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Light Scattering Technique.We used evanescent wave dynamic
light scattering21,22 to study the dispersed hard and soft spheres in
contact with dense polystyrene brushes. The dynamic structure of
the latter in different solvents was recently investigated by this
technique.16,23The evanescent wave was generated by a total internal
reflection of aλ ) 532 nm laser beam at the flat interface of a
semi-cylindrical lens (refractive indexn) 1.617) to which the brush
was end-grafted. The lens-brush system was immersed in the particle
solvent solution in the middle of a transparent cylinder, which in
turn was placed in a precisionθ/2θ goniometer. This allows
independent setting of the incident and scattering anglesθi andθ.
The relevant preset experimental parameters are the electric field
penetration depth¥ [1/¥ ) 2πn(sin2(θi) - sin2(θc))1/2/λ] and the
scattering wave vectorq ) kev - ks, whereθc is the critical angle
andks andkev are the wave vectors of the scattered and evanescent
fields as illustrated in Figure 1. By varying the incidence angle,¥
ranges from 0.2λ to 1.5λ. Because of the presence of strong static
surface scattering, the intermediate scattering functiong(q,t) ) 〈I(q,t)-
I(q,0)〉/〈I(q,0)〉2with I(q,t) being the instantaneous scattering intensity
was recorded under heterodyne conditions. The amplitudeaof g(q,t)
at the shortest times (∼µs) was low (a < 0.05), and the contribution
of the physical system (brush/particles) to the total light scattering
intensity 〈I(q,¥)〉 can be estimated byI(q,¥) ) a〈I(q,¥)〉. I(q,¥)
mostly arises from the particles rather than the brush and thus relates

to their thermal density fluctuations (i.e., their self-diffusion). As a
consequence of the strong heterodyne conditions, the presented
normalized correlationC(q,t) ) g(q,t)/a is expected to be equal to
the normalized scattered field autocorrelation function. Because of
the exponential decay of the evanescent field with distancez from
the surface (Figure 1),g(q,t) averages the diffusion behavior of the
particles from a volume of characteristic size¥ in such a way that
the particles closer to the wall are weighted more.

Results and Discussion

Particle Penetrability. We first examine the proximity of the
large PMMA spheres to the collapsed brush in dodecane, a non-
solvent for PS (but good solvent for the PMMA particles).
Measurement ofI(q,¥) provides an efficient way to assess the
concentration profile,c(z), of the particles perpendicular to the
wall as

It was early on recognized23,24as a way to estimate the density
profile close to a surface (i.e., depletion enrichment; albeit, it
was not successfully applied to the best of our knowledge). It
should be mentioned that the intensityI(¥) exhibits the
q-dependence anticipated from the form factor of individual
PMMA particles excluding any particle aggregation both in the
free solution and in the presence of the brush. For the PMMA
particles in contact with the collapsed (PS/dodecane) brush,I(¥)
was found to be well-fitted, adopting a simple stepc(z) profile
as shown in Figure 2a (solid squares). The sample had an excluded
layer too small to be accurately measured (30 nm for the line
in Figure 2a in agreement with the thickness of the PS layer).
In contrast to these test case experiments, a good fit of the
experimentalI(¥) for the PMMA particles in contact with the
swollenbrush indecalin (amarginal solvent forPS) (open triangles
in Figure 2a) requires us to assume an excluded volume of a
heightL ) 430 ( 30 nm, clearly demonstrating the exclusion
of the particles from the brush. This exclusion of 2R ) 240 nm
PMMA spheres from a dense wet brush that has a very small
averaged mesh sizeê ) ∼5 nm23 is to be expected.12,13 The
excluded thickness value is in agreement with the expected brush
thickness (less than 1µm) and ellipsometry measurements.15,19

The level of particle penetration should, however, depend on
their size.12-14 Three regimes might be expected: (i) exclusion
for particles withR > ê(z), (ii) complete mixing for particles
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Figure 1. Schematic diagram of the evanescent wave dynamic
light scattering setup with the laser beam undergoing a total reflection
and the evanescent field penetrating within a distance¥ from the
surface. The wave vectorskevandkf refer to the incident and scattered
beams withq being the scattering wave vector. Parts A and B illustrate,
respectively, the case of the PMMA spheres close to the collapsed
PS brush in dodecane and to the soft surface of the swollen PS brush
in cis-decalin, and part C illustrates PS-PB stars close to the PS
brush incis-decalin.

Figure 2. Reduced intensityI(¥) profiles for the 120 nm PMMA
hard sphere in contact with the collapsed brush in dodecane (squares)
and the swollen PS brush incis-decalin (triangles). Circles correspond
to the PS-PB stars close to the PS brush incis-decalin (circles). The
solid lines indicate the data representation by eq 1 using a step
density profile with thicknesses of 30, 160, and 420 nm.

I(¥) ) I(0)∫zc(z) exp(-2z/¥)dz (1)
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with 2R < ê(z), and (iii) partial penetration of the upper part of
the brush forê(z) and 2R in the same order of magnitude, owing
to thez-dependent brush density profile.18

The third case of partial penetration is illustrated by the smaller
soft diblock star particles (Rh ) 20 nm), in the same PS brush/
decalin system. The fit ofI(¥) by a step profile in Figure 2a leads
to an excluded layer of size 160( 20 nm, much smaller than
the 430 nm layer from the PMMA spheres , indicating incomplete
penetration of the brush by the particles. We may therefore infer
a mesh size of∼2Rh ) 40 nm at a distancez ) ∼160 nm from
the wall, which is otherwise theoretically hard to deduce for a
polydisperse brush. Besides this exclusion behavior of the brush
and the related structural characterization, the dynamics of the

particles inside the brush up to about 160 nm close to the solid
wall can be addressed and is discussed next.

Particle Diffusion. We first examine the translational dynamics
of the PMMA spheres to validate this expulsive situation since
particle mobility is a sensitive index of the environment. Figure
3a displays the normalizedC(q,t)()g(q,t)/a) relaxation functions
at θ ) 90° for a range of¥ values for this system in decalin.
The overall shape and dynamics ofC(q,t) (inset of Figure 3a)
is nearly insensitive to the variation of¥ and slower and broader
than the bulkC(q,t) of the particle diffusion away from the brush
(solid line). In evanescent wave dynamic light scattering
experiments, quantitative analysis is generally restricted to the
short time decay,2,4,6,21and the obtained decay rateΓ is related

Figure 3. Normalized intermediate scattering functionC(q,t) at q ) 0.025 nm-1 for the particles in contact with the swollen brush in
cis-decalin at different indicated penetration depths¥. Τhe bulkC(q,t) is shown in full for comparison. (a) PMMA spheres. A moderate
slow-down effect is indicated by the comparison to the free diffusion far from the wall (in the bulk solution) (solid line). Dashed lines represent
theoretical early decay ofC(q,t) for diffusion close to the hard wall for penetration depths of 750 and 250 nm. (b) PS-PB stars. Lines are
to guide the eye. Both insets present the same correlation functions on a wider time range presented on a logarithmic scale.
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to a diffusivity averaged over the scattering volume of size¥,6

〈D〉(¥) ) Γ/(q2 + ¥-2). With our experimental conditions,q¥
remains large (q¥ > 6) and〈D〉(¥) ) ∼Γ/q2 so that the influence
of finite penetration depth on the apparent decay rate is negligible.
However, deviations from an exponential shape, unexpected for
simple diffusion, are observed even at short decay times
(Figure 3a) and renders such an analysis difficult.

Despite the non-exponential shape, the good data quality allow
some unambiguous conclusions. Figure 3a clearly illustrates the
slower decay of the surface correlation (open symbols) as
compared to the bulk one (solid line) at the same wave vector
q. Also shown in Figure 3a are the early exponential decays
predicted for diffusion close to a hard wall (broken lines) for two
penetration depths. Decay rate values were taken from ref 6,
where the averaged diffusivities for¥ ) 250 and 750 nm
(corresponding to¥/R) 2.1 and 6.2) are found to be 0.5D0 and
0.7D0, respectively;D0 denotes the diffusion coefficient in the
free bulk solution. Whereas for¥ ) 750 nm, short time particle
diffusion is similar near the brush and hard wall, for¥ )
250 nm, the diffusion dynamics near the brush (open triangles)
is visibly faster than near the hard wall (blue dashed line in
Figure 3a).

The slow-down of the short time diffusion imposed by the
brush on the non-penetrating PMMA particles (as compared to
D0) appears to be different than the hydrodynamic slow-down
observed near a hard wall. Indeed, the weak¥-dependence
observed in the case of the brush implies that the particle
diffusivity D(z) is larger at the brush than at the hard wall. This
reduced slow-down of a non-penetrating sphere coming into
contact with the permeable wall could originate from the rather
large hydrodynamic penetration in a real brush predicted by
theory.10

Turning to the partially penetrating particles, the low scattered
intensity from the smaller particles leads to more noisy correlation

functions (Figure 3b) that nonetheless can provide clear informa-
tion on the diffusivity of the partially penetrating smaller PS-
PB particles. The short time diffusion (symbols) exhibits a strong
dependence on the penetration depth, clearly distinct from the
previous expelled larger particles (Figure 3a). It was also found
to be slower than the unconstrained diffusion far from the brush,
in the bulk solution (solid line in Figure 3a). The origin of the
observed retarded particle mobility has to be a manifestation of
the penetration of the particles within the brush and might be
attributed to an increased friction experienced by the smaller
PS-PB particles within the brush. As to the microscopic origin
of this increased friction, different possibilities arise, but
topological confinements trapping the particles in the brush appear
to be the most likely. A quantitative evaluation of the slow-down
(out of the scope of the present paper) should lead to a
determination of trapping time and/or of viscoelastic-like
relaxation within the brush in a micro-rheology type of approach
[x].

Conclusion

We have investigated, using evanescent wave dynamic light
scattering, the penetration and diffusivities of particles of different
sizes in contact with a swollen polymer brush. The penetration
depth-dependence of the scattered intensity evidenced a size
selective penetration of the particles within the brush. The larger
(120 nm) hard spheres were found to be largely expelled from
the brush, and their diffusivities were only slightly slowed down,
reflecting a certain drag reduction from the brush. The smaller
20 nm softer particles showed a partial penetration of the brush
accompanied by slow-down diffusivities. The slower diffusivities
of the penetrating particles reflect their increased friction within
the brush, providing an indirect structural characterization of the
brush.25
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