
DOI 10.1140/epje/i2007-10322-1

Eur. Phys. J. E 26, 35–41 (2008) THE EUROPEAN

PHYSICAL JOURNAL E

Observation of slow down of polystyrene nanogels diffusivities in
contact with swollen polystyrene brushes

V.N. Michailidou1,3, B. Loppinet1,a, C.D. Vo2,b, J. Rühe2, K. Tauer4, and G. Fytas1,3
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Abstract. The diffusion of dilute colloids in contact with swollen polymer brushes has been studied by
evanescent wave dynamic light scattering. Two polystyrene nanogels with 16 nm and 42 nm radius were
put into contact with three polystyrene brushes with varying grafting densities. Partial penetration of the
nanogels within the brushes was revealed by the evanescent wave penetration depth-dependent scattering
intensities. The experimental short-time diffusion coefficients of the penetrating particles were measured
and found to strongly slow down as the nanoparticles get deeper into the brushes. The slow down is much
more marked for the smaller (16 nm) nanogels, suggesting a size exclusion type of mechanism and the
existence of a characteristic length scale present in the outer part of the brush.

PACS. 61.25.he Polymer solutions – 47.57.-s Complex fluids and colloidal systems

Introduction

Recent developments in the area of microfluidics have fos-
tered the regain of interest into the longstanding problem
of flow and diffusion close to surfaces [1,2] as the move-
ment of particles close to functionalized surfaces is of im-
portance in many practical devices. The case of the hard
wall is one special case that has received significant at-
tention and the boundary conditions are now well estab-
lished and understood. However, more complex situations
may arise for example in the case of polymer-decorated
surfaces, like the highly desired slippery boundaries that
increase the near wall flow velocity [1]. On the opposite
side, sticky surfaces may also be desirable in some cases in
order to attract particles or to reduce surface slip, like in
the case of polymer melt flow, where surface-grafted poly-
mer chains are used to reduce the slip of flowing polymer
melts [3].

Grafting polymer chains [4] constitute a popular way
to modify surfaces. Polymer brushes refer to ensembles
of end-grafted macromolecules attached to a solid sur-
face with high enough grafting densities so that the poly-
meric coils adopt a stretched conformation perpendicular
to the surface. Their structure is governed by two main
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parameters, the molecular weight and the grafting den-
sity as they determine the segment density profile of the
polymer layer close to the surface. The surface-attached
chains modify the interaction of particles present in a con-
tacting solution. Large enough particle will not penetrate
the brush and a theoreteical expression for the force ex-
erted by the brush on such large hard sphere exists [5]. For
smaller particles, organization by the polymer brushes has
recently been theoretically described [6] and the authors
predicted that polymer-soluble particles smaller than a
brush-determined threshold should penetrate in the brush
up to a given depth that scales inversely with particle vol-
ume. Non-hard surfaces and their effects on particles dif-
fusion have also been considered [7].

In recent experimental work [8], we observed that the
permeability of swollen polymer brushes to colloidal par-
ticles depended on the particles size and nature and that
the diffusivities of the particles in the vicinity of the brush
were influenced by the brush presence: Whereas large hard
spheres were found to not penetrate the brush and exhib-
ited solution like diffusivities with a certain drag reduction
from the brush, smaller and softer particles were found to
partially penetrate the brush and to exhibit slower diffu-
sivities reflecting the increased friction within the brush.

In this work, we further investigate the diffusivities
of colloidal particles within swollen brushes, extending
the study on the effect of the grafting density of the
brushes on both the particles penetration depth and
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their diffusivities. Three polystyrene brushes with similar
molecular weight and different grafting densities are used
and brought into contact with dilute dispersions of two
polystyrene nanogels. The experimental conditions cov-
ered the accessible conditions within the used chemistry.
Evanescent wave dynamic light scattering is employed to
measure both scattered intensities and short-time diffu-
sivity of the nanoparticles in and close to the polymer
brush. Partial penetration of polystyrene nanogels within
the brush layer is reported as well as slow diffusivities in
the layer.

Experimental

Polymer brushes

The polystyrene brushes were prepared by surface-
initiated polymerization using a glass surface as a sub-
strate. The chains were grown via free radical polymeriza-
tion from an azo initiator previously covalently attached to
the glass surface [9]. Molecular weight and grafting density
are varied by controlling the polymerization time and the
monomer concentration and details about the molecular
properties of these brushes are described elsewhere [10].
Three brushes were used with an averaged distance be-
tween grafting site of 3, 5 and 8 nm for the PS3, PS5
and PS8 samples, respectively, and molecular weight of
106 g/mol. As a result of the rather large expected poly-
dispersity of the free radical polymerization, the polymer
concentration profile is expected to be broader than the
parabolic profile of monodisperse brushes [9–11]. When
swollen in a good solvent, such PS brushes with large
molecular weight chains can reach thicknesses of the order
of 1µm [9,10].

Polystyrenes nanogels

Two nanogel polystyrene particles were used with differ-
ent particle size (Rh = 16nm and Rh = 42nm). The
nanogel samples were prepared by aqueous heterophase
polymerizations with specially adopted recipes in order to
get these small-sized and cross-linked particles. For the
16 nm spheres 2 g of styrene together with 0.076 g of 1,3-
diisopropylene benzene as cross-linker and 0.05 g of 2,2-
azobisisobutyronitrile as initiator were dispersed in 94 g
of water containing 4 g of cetyltrimethylammonium bro-
mide as stabilizer for several hours at room temperature
with magnetic stirring in a glass reactor equipped with
condenser under nitrogen atmosphere. Then the mixture
was heated to 65 ◦C for 12 h hours. The larger spheres
(R = 42nm) were prepared by polymerizing 10 g of
styrene together with 0.38 g of 1,3-diisopropylene benzene,
0.5 g of sodium dodecylsulfate as stabilizer, and 0.32 g
of potassium peroxodisulfate as initiator at 80 ◦C for 3
hours under nitrogen atmosphere. The solids of the la-
texes were isolated by freeze drying. Auxiliary materials
were removed by repeated washing of the solids with hot

methanol and precipitation from a solution in tetrahy-
drofuran with methanol. Finally, the solids were dried 48
hours at 50 ◦C in a vacuum oven.

Beside the hydrodynamic radius Rh measured by dy-
namic light scattering, the weight averaged molecular
weight Mw, and the gyration radius Rg have been obtained
from static scattering measurements of dilute toluene solu-
tions, The mass and gyration radius are Mw (106 g/mol) =
2.6/25 Rg (nm) = 14/38 for the 16/42 nm hydrody-
namic radius particles. The relatively high crosslink den-
sity leads to a system, which is only weakly swollen even
in good solvents for the polymer. The average concentra-
tion within the nanogel can be calculated according to
c = Mw/[(4/3)πRh

3] and is on the order of 0.15 g/cm3 for
both nanogels. The relatively high polymer concentration
within the nanogel particles is expected to lead to a hard-
sphere-like behavior, as in the case of larger PS microgels
used as model hard spheres [12].

Evanescent wave dynamic light scattering

Evanescent wave dynamic light scattering (EWDLS) is a
variant of dynamic light scattering which uses a total in-
ternal reflection configuration in order to probe specifi-
cally the solid-liquid interface [13–19]. When a light beam
impinges an interface between two dielectric media with
an angle of incidence larger than the critical angle of in-
ternal reflection, an evanescent field Eev penetrates the
medium of lower refractive index over a distance of the
order of the wavelength. The field at a distance z from
the interface is

Eev = E0(r) exp(−κz), (1)

where E0 is the amplitude of the incident field, and κ−1 is
the penetration depth. The presence of a scatterer at po-
sition z gives rise to a scattered intensity proportional to
the evanescent intensity |Eev(z)|2. In the simplest case of
uncorrelated scatterers, the total averaged intensity mea-
sured at a scattering wave vector q is simply the addition
of the contribution of individual scatterers present in the
illuminated volume. In the case of large enough number
of particles, the sum can be replaced with an integral

Is(q) =
∑

|Eev i|
2 ∼=

∫
z

|Eev|
2
(z)n(z)P (q)dz, (2)

where n(z) is the number density profile of the particles
along the z-direction and P (q) is the form factor of par-
ticles. n(z) = c(z)S, where c(z) is the local concentration
and S is the beam cross-section. The penetration depth
dependence of the scattered intensity at constant q is di-
rectly related to the concentration profile, as

Is(q, κ) ≈ I0(q)

∫
z

n(z) exp(−2κz)dz. (3)

The concentration profile n(z) arises as a result from
the interaction between the surface and the scatterers. If
V (z) is the interaction potential between the interface and
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Fig. 1. (Colour on-line) Schematic diagram of the evanescent
wave dynamic light scattering set-up with the laser beam un-
dergoing a total reflection and the evanescent field penetrating
within a distance Ξ from the surface. The wave vectors kev

and kf refer to the incident and scattered beams, with q being
the scattering wave vector.

a particle at distance z, a Boltzmann distribution is ex-
pected for n(z),

n(z) = n0 exp[−V (z)/kT ], (4)

where n0 is the concentration far from the wall and kT is
the thermal energy.

The concentration profile of scatterers perpendicular
to the interface n(z) is related to the penetration de-
pendence of the scattered intensity, by an inverse laplace
transform [12,16]. The measure by EWDLS of the pen-
etration depth dependence of the scattered intensity can
provide useful information about n(z), i.e. the spatial dis-
tribution of particles in the case of dilute solutions of par-
ticles.

Besides the often overlooked intensity information,
EWDLS provides information on the Brownian dynam-
ics of the particles, through the computed intensity auto-
correlation function. The relative motion of the particles
within the scattering volume gives rise to time fluctuation
of the scattered intensity, as in standard DLS experiments,
but, due to the exponentially decaying evanescent inten-
sity away from the glass, the particles closer to the glass
are weighted more.

The used experimental set-up was similar to the one
described in previous work [8,10] and is schematically de-
picted in Figure 1. The evanescent light was generated by
total internal reflection of the incident laser (λ = 532 nm)
beam at the interface of a brush grafted semi-cylindrical
lens. A cylindrical solvent cell with the semi-cylindrical
lens in the centre was placed in a precision θ-2θ goniome-
ter. The independent rotation of the cell and of a single-
mode optical fiber detection permits to control both the
scattering angle θ and the incidence angle θ1, that gov-
ern, respectively, the value of the scattering wave vector
q and the penetration depth κ−1. κ−1 = k−1

n /(sin2 θ1 −
sin2 θc)

1/2, with θc being the critical angle of the total

internal reflection and kn the wave vector of light in the
solvent of the refractive index n, kn = 2πn/λ. The scat-
tering wave vector is defined as q = kf − kev, with kev

and kf being the wave vectors of the evanescent and scat-
tered light. The magnitude of the scattering wave vector
q is q ∼= (4πn/λ) sin(θ/2), where θ is the scattering an-
gle since q/κ > 1 in all the experiments. All measure-
ments were performed at room temperature. The scat-
tered intensity autocorrelation function g(q, κ, t) intensity
was recorded over a broad time range by the ALV-5000
fast digital correlator. The strong elastic scattering from
the rough glass substrate provides a heterodyning source
for the fluctuating intensity of interest. The normalized
correlation obtained as

C(q, κ, t) =
g(q, κ, t)

g(q, κ, t→0)
(5)

is equal to the normalised field-autocorrelation func-
tion [20]. In heterodyne conditions, the dynamic scattered
intensity arising from the particle/brush system is de-
duced as

〈I〉(q, κ) = I0 · g(q, κ, t → 0), (6)

where I0 is the averaged intensity over the measurement
time. This dynamic scattering 〈I〉(q, κ) is dominated by
the large particles (compared to the brush) and is there-
fore solely attributed to the nanogel particles.

In the absence of any aggregation and/or other inter-
particle interaction phenomena, the motion of individual
particles is probed and the measured correlation functions
are directly related to the single-particle diffusion. How-
ever, due to the total internal reflection configuration and
the associated strong decay of the evanescent wave, the
relation between C(q, t) and the mean-square displace-
ment is not as straightforward as the classical 3D diffu-
sion case. The normalized C(q, κ−1, t) were analyzed us-
ing a first cumulant type of approach, where an early de-
cay rate was deduced from the initial slope of log[C(q, t)],
log[C(q, t)] = −Γt + O(t2). The early linear part used for
determining Γ was found to typically extend over a region
from 1 to 0.8 (see Figs. 3 and 4 below).

It was recently shown that the effective diffusivity
〈D〉 = Γ

(q2+κ−2) is related to the z-dependence of the dif-

fusivity D(z) in the case of isotropic diffusion considered
here, as [18]

〈D〉 =

∫
D(z) exp(−2κz)dz. (7)

The penetration depth dependence of the apparent dif-
fusivity provides a measure of the Laplace transform of
the z-dependent mobility of the particles; this relation is
similar to the relation between the penetration depth de-
pendence of the scattered intensity and the concentration
distribution of the scatterers (Eq. (3)).



38 The European Physical Journal E

b)

a)

h0

h

Fig. 2. (Colour on-line) a) Intensity I(Ξ) profile for the PS
nanogel particles in the case of a solid surface (�) and in con-
tact with the three brushes; PS-3 (N), PS-5 (⋆) and PS-8 (•)
for the larger (solid symbols) and the smaller particles (open
symbols). The lines are the best fit of step concentration pro-
files (see text). b) Excluded heights h obtained from the fit in
a) as a function of the brush grafting density. The line is the
expected scaling for brush height h0.

Results and discussion

A: Brush penetrability

As discussed in the previous section, the distribution of
the particles normal to the glass wall can be estimated
from the evanescent wave penetration depth dependence
of the evaluated scattered intensity. Figure 2 displays the
reduced scattered intensities obtained for a varying pene-
tration depth at a constant q = 0.02 nm−1 (corresponding
to 90 ◦ scattering angle) for the two microgels suspended
in toluene, in contact with the three swollen brushes as
well as a bare glass prism. Remarkably, the experimen-
tal data obtained for the two nanogels in contact with a
given brush are almost superimposed for all three brushes.
It suggests that within the explored particle size range and
the technique’s resolution, the brush penetrability is con-
trolled by the brush rather than the particle radius. The
lines in Figure 2 represent the best fits of the experimental
points obtained for a hypothetical step-like concentration
profile, i.e. z > h, n(z) = n0 and z < h, n(z) = 0, corre-
sponding to a hard-core/excluded-volume potential

I(κ) =
1

2
I0κ

−1n0 exp(−2hκ). (8)
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Fig. 3. (Colour on-line) Normalized intermediate scattering
functions C(q, t) of the PS nanogels in contact with the 3
brushes at the same q (q = 0.02 nm−1) and the same large
penetration depth (Ξ = 900 nm) in toluene at room temper-
ature with top: dilute solutions of 42 nm and bottom: 16 nm
nanogel particles. Inset: the same full correlation functions on
a wider time range presented on a logarithmic scale.

Clearly the agreement with this simple profile is rather
satisfactory. The obtained values for the excluded layer
thickness h, which is a measure of how close to the glass
surface the particle can travel, are LPS-3 = 375 ± 30 nm,
LPS-5 = 230 ± 25 nm and LPS-8 = 100 ± 10 nm. These
values demonstrate the overall exclusion of the particles
with 2R1 = 84nm and 2R2 = 32nm from the brushes. The
same brushes were found to present an average dynamic
mesh sizes 3 ≤ ξ ≤ 8 nm [3], and exclusion of particles
with radius of the order of 10 × ξ from the brush might
be expected [21].

When reported as a function of the grafting density
(Fig. 2b), the deduced h values are expectedly found to
increase with the grafting density. Assuming a power law
dependence, we obtain h ∼ σ0.57. This exponent is clearly
larger than the theoretical scaling exponent for the brush
thickness (h0 ∼ σ1/3 within the Alexander-DeGennes
model) [21]. With increasing the brush grafting density the
particles are kept at a further and further distance from
the glass surface so that the volume inaccessible to the
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Fig. 4. (Colour on-line) Normalized intermediate scattering
functions C(q, t) of the PS nanogels in contact with the 3
brushes at the same q (q = 0.02 nm−1) and the same large
penetration depth (Ξ = 700 nm) in toluene at room temper-
ature with top: dilute solutions of 42 nm and bottom: 16 nm
nanogel particles. Inset: The same full correlation functions on
a wider time range presented on a logarithmic scale.

particles increases faster than the expected brush height,
and the exclusion becomes stricter. Within the technique
resolution, the extent of the visited region in a given brush
appears to be similar for both nanogels (16 and 42 nm).

B: Particle diffusion

We now turn to the diffusion of the nanoparticles in the
vicinity of the polymer brushes. Normalized correlation
functions measured for different particle-brush systems at
a given wave vector (q = 0.02 nm−1) are reported in Fig-
ures 3 and 4 both in C vs. log(time) (inset) and log C vs.

time representations highlighting, respectively, the overall
decay over the full time scale and the early part of the
decay used to determine the fast relaxation rate Γ .

Figure 3 presents the normalized correlation functions
measured at the largest 900 nm evanescent wave penetra-
tion depth for the smaller 16 nm nanogels (top) and the
larger 42 nm ones (bottom). The different symbols corre-
spond to the different brushes, and the solid line to the
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Fig. 5. (Colour on-line) Normalized apparent diffusivities
Deff/D0 ratio where D0 is the diffusion coefficient of the bulk
vs. penetration depth Ξ. The solid surface is represented by
squares and the three brushes; PS-3 (N), PS-5 (⋆), and PS-8
(•). Larger 42 nm nanogels are represented by solid symbols
and smaller 16 nm nanogels by open symbols.

bulk nanogel solution. Figure 4 presents in a same way
the data at a shorter 700 nm penetration depth. In or-
der to allow easy comparisons, the same scaling has been
adopted for the four cases, in the main figures the corre-
lation scale is from 1 to 0.5 and the time scale is from 0
to 2 ln 2/Γ0, where Γ0 is the bulk decay rate. The decays
measured for the nanogels in contact with the brushes
(points) are clearly slower than the decays of the bulk
solution (lines), revealing the slow down of the nanogels
dynamics at contact with the brushes. Evaluating the dif-
ferent brush/nanogel cases, a comparison of top and bot-
tom graphs of Figures 3 and 4 reveals that the smaller
16 nm particles experience a stronger slow down than the
larger 42 nm ones at both penetration depths. Similarly, a
comparison between Figure 3 and 4 shows that for a given
nanogel the decays are slower for the shorter 700 nm pen-
etration depth than for the larger 900 nm one. Finally, we
note that in each graph the decays of the three different
symbols (corresponding to the same nanogel at the three
different brushes) almost superimpose in the early part
(correlation from 1 down to 0.8). Therefore, the early de-
cay rates for a given nanogel in contact with the three
different brushes are very similar.

The slow and broad decays observed in the presence
of the brushes clearly reflect the slower particles diffu-
sion due to the presence of polymeric environment and
can be taken as a confirmation of some level of interac-
tion/interpenetration of the particles within the brushes,
as inferred from the penetration depth dependence of the
scattered intensities (Fig. 2).

The early decay rates Γ obtained from an initial slope
analysis are transformed into the apparent short-time dif-
fusivities defined as Deff(κ−1) = Γ

q2+κ−2 . Figure 5 re-

ports the short-time diffusion coefficient normalized by
the free bulk solution diffusion coefficient D0 as a func-
tion of the evanescent wave penetration depth Ξ = κ−1

for the different brush/nanogel systems, as well as for the
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nanogels/bare glass systems (Fig. 1). The normalized ap-
parent fast diffusion coefficients are expectedly found to
increase with the evanescent wave penetration depth in
all cases and to approach 1 at larger Ξ The data in Fig-
ure 5 fall into three groups: the bare glasses for the two
nanogels (full and empty squares) present the weakest Ξ
dependence, the large 42 nm nanogel at the three brushes
(other full symbols) fall together with an intermediate
Ξ dependence and the small 16 nm nanogel at the three
brushes (other empty symbols) present the strongest Ξ de-
pendence. The insensitivity of Deff/D0 to the brush graft-
ing density confirms the earlier observation of the similar
early decays in Figures 3 and 4.

The Ξ dependence is a consequence of the slowing
down of the particles as they move closer to the glass
surface and reflects a strong z dependence of D, much
stronger than the hydrodynamic slow down at a solid sur-
face. In the hard-surface case, the observed slow down is
known to be the result of the hydrodynamic slow down
induced by the presence of the hard wall [1,2,18,22]. The
polymer has a stronger effect on the nanogels mobility
than the hard wall. The Ξ dependence is much more
marked for the smaller 16 nm nanogels than for the larger
42 nm particles. At the shorter penetration depth, the Deff

is down to D0/25 compared to D0/2.
Beside the fast diffusivities quantified in Figure 5, the

measured correlation functions of Figures 3 and 4 also
provide a qualitative picture of the long-time behavior.
Indeed the stronger slow down of the short-time diffusion
also leads to the broader long-time decay of the correlation
function. Upon closer inspection of the correlation func-
tions, the departures from the linear regime appear more
marked for the denser brush and reveal systematic differ-
ences between the three brushes. The tendency is more ev-
ident for the 42 nm nanogels, but also present in the 16 nm
ones. These deviations could be interpreted as arising from
a strong gradient of diffusion coefficient D(z) [18]b,[22]. In
extreme cases, correlation functions spanning four decades
of time can be observed for the 16 nm particles in contact
with the denser brush, whereas the C(q, t) decay remains
narrow for the 42 nm particles in contact with the same
brush. Since the decay reflects the self-diffusion of the par-
ticles over characteristic distances of 1/(q2+k−2), the very
broad decays indicate that this motion at the brush con-
tact can be slowed down up to 4 orders of magnitude com-
pared to the diffusion in solvent. This extremely large slow
down of the particles has to be envisaged as a trapping of
the particles by the brush.

Discussion

The experimental results obtained for the spatial distri-
bution of the nanogels within the brushes-decorated in-
terfaces (Fig. 2) and the nanogels short-time diffusivities
(Fig. 5) can be summarized as follows: the brushes are not
fully penetrable to the particles, and the particles diffu-
sivities are strongly affected by the brush.

These observations can be rationalized within the fol-
lowing scenario. Dense polymer brushes remain partially

impenetrable to the nanogels, with a region in the outer
part of the brush where the nanogels can penetrate and
“feel” the polymer brush and experience an increased fric-
tion leading to the observed slower diffusion as schemati-
cally depicted in the inset of Figure 2b. The partial impen-
etrability of the dense brushes to the nanogels is corrob-
orated by the findings that these same nanogels phase-
separate when dispersed in large molecular weight PS-
toluene solutions. In complementary experiments mim-
icking the brush conditions, a few drops of dilute solu-
tion of nanogels were added to a 10 weight % solution
of 106 g/mol PS in toluene. After homogenization, the
nanogels were observed to slowly segregate from the poly-
mer solution, forming macroscopic domains over very large
time scale (days to weeks).

Within the outer interaction region of the brushes, the
nanogels diffusion is significantly slower than the diffu-
sion in the pure solvent, and more so as the nanogels get
deeper into the brush, as the z-dependence of the diffusion
coefficient is at the origin of the observed Ξ dependence
of the Deff (Eq. (7)) (Fig. 5). The slow diffusion has to
be attributed to an increased interaction/friction of the
nanogels in the brush environment. It is worth noting that
the case of the diffusion of colloidal particles in solutions
and gels of non-adsorbing polymers has received much
attention from theory, experiments and simulations [23].
Many possibilities have been considered but despite the
large efforts the diffusion of colloids in such environment
is still not fully understood. It is generally admitted that
the experienced friction should lie between the solvent and
the overall polymer solution viscosities [23].

The striking point in Figure 5 is that the brush ef-
fect on the diffusivities is much more pronounced for the
smaller 16 nm nanogels than the larger 42 nm nanogels.
This is somewhat counterintuitive since larger tracer par-
ticles are usually expected to be more affected than
smaller particles, as for example in the case of semi-dilute
polymer solutions with colloids tracer dispersed into it.
A noticeable exception is the case of gel permeation chro-
matography (GPC), were larger polymer chains are eluted
faster than shorter ones [24]. This is generally believed
to arise from the “tortuosity” of the used gels, so that
the smaller chains can explore a larger volume of pores
and have a slower overall velocity, leading to the size ex-
clusion mechanism. The diffusivities of the two nanogels
in the vicinity of the polymer brush may also be influ-
enced by other parameters beside their size, like crosslink-
ing density or surface charge. They could be different
in the two systems. In that respect, we note that both
nanogels present (as already mentioned in the experimen-
tal part) similar swelling ratio M/R3

h and Rg/Rh, i.e. if
they have a different internal structure, they lead to sim-
ilar swelling. We also note that both nanogels present a
similar moderate slowdown close to the glass hard wall
(square in Fig. 5). When in contact with the glass surface,
the surface chemistry does not induce large differences
in diffusivities. Finally, attractive interaction between the
polymer brush and the nanogels should lead to a nanogel
enriched region in the vicinity of the brush, (compare to
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the bullk solution) and consequently a reverse curvature
of the Ξ dependence of the scattered intensity I(Ξ) com-
pared to the one observed in Figure 2. Therefore we favor
the size difference as the primary origin of the different
diffusivities within the brush.

If only the nanoparticles size is involved, the very
strong slow down experienced by the 16 nm nanogels, and
not present to the same extent in the larger 42 nm ones,
will have to be explained by some commensurate topo-
logical interaction within an outer region of the brush.
This would imply the presence of a specific length scale in
the outer part of the three brushes. Further experiments
with nanoparticles of similar sizes and different chemistry
should help to corroborate one or the other possibility, i.e.

the friction or the interaction origin of the slow down.

Due to the chain stretching in the direction perpendic-
ular to the surface, we may expect an anisotropic experi-
enced friction, which will result in a motion with different
diffusion coefficients in plane and in the perpendicular di-
rection. Such anisotropy has been evidenced in the case
of flat hard surfaces. With the used set-up, the anisotropy
of the diffusion can not unambiguously be resolved, how-
ever we did not observe any angular dependence that will
imply a large anisotropic motion.

Concluding remarks

Using EWDLS and the penetration dependence of the
scattered intensity and the early decay rate, we have ob-
served the partial exclusion of PS nanogels from swollen
PS brushes and the nanogel slowdown as they pene-
trated the polymeric environment, using three different
brushes with different grafting densities in combination
with two different colloidal nanogels. The measured dy-
namics clearly uncovered some large differences in the
motion of the particles when in contact with the swollen
brushes, where the larger particles are less trapped. The
role of the nature of the particles remains to be resolved,
and could be of importance. On the practical side, these
findings suggest that polymer brush could be used for size
exclusion purposes. EWDLS appears as a powerful tech-
nique to study the diffusivities of small particles near soft
interfaces [7] that will not be feasible by the more standard
optical microscopy [25].

The simple case of non-interacting particles in contact
with polymer brushes reveals a rich dynamic behavior,
form lubricating condition for fully non-penetrating
hard sphsere [8] to the almost trapped smaller nanogels
reported in this paper. Support of theory of the type
of [5–7] as well as of computer simulations will be needed
to shed more light on the swollen brush/particle speci-
ficities and to uncover the penetration of non-adsorbing
particles within a polymer brush. Such progresses will
allow the quantification of the observed phenomena and

permit to identify whether their origin is purely entropic
or required specific interactions between the brush and the
particles.
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