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We report on a new method to characterize nanohydrodynamic properties at the liquid-solid interface
relying solely on the measurement of the thermal motion of confined colloids. This equilibrium
measurement of surface properties—equivalent in spirit to the passive microrheology technique used
for bulk properties—is able to achieve nanometric resolution on the slip length measurement. Exploring
the ‘‘zero shear rate’’ limit, it rules out shear rate threshold to slip effects and extends the range over which
slip lengths are shown to be flow independent. Avoiding the nucleation of gas pockets (nanobubbles)
through external forcing, it validates the theoretical picture for intrinsic liquid-solid interfaces, reporting
nanometric slip lengths (b � 18� 5 nm) only in nonwetting situations, opening the route to quantitative
study on more complex surfaces with combined effects of nonwettability and roughness.
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During recent years the pursuit of scale reduction inher-
ent to nanotechnologies has been extended to the fluidic
domain and liquid flow manipulation, with the important
development of micro- and nanofluidics [1]. However,
reducing the scale of any system leads invariably to an
enhancement of the influence of surface properties with
respect to the bulk ones: given the scale reduction, most
phenomena take place at the boundaries, and a fundamen-
tal understanding of how surface properties might affect
the overall flow properties has become crucial to design
and optimize operational devices.

Classically, one accounts for the influence of these in-
terfaces through effective boundary conditions (BC) in the
description of macroscopic hydrodynamics, the most com-
mon of those BC being the no-slip assumption (cf. [3] for
an exhaustive review of the literature). However, the pos-
sible deviation from this classical hypothesis, resulting in
liquid slippage at the solid surface, has recently become a
central issue, with immediate perspectives in the micro-
and nanofluidics domains [3] or in the electrokinetic con-
text [2]. Slippage is usually accounted for by a partial slip
BC for the tangential velocity vt, b@zvt � vt (with z
perpendicular to the planar surface). This generalized BC
introduces an extrapolation length b, usually denoted as the
slip length [4].

The achievement of large (micrometric and above) slip
lengths that would directly benefit microdevices, is now
mostly sought on composite interfaces [5,6] (so called
superhydrophobic substrates), which are able to trap a
large amount of gas and therefore replace the actual
solid-liquid interface. However, a quantitative understand-
ing and control of such gas-promoted slippage requires
prior knowledge of the intrinsic (molecular) slip length
on the remaining solid-liquid interface patches [5]. Such
a precise knowledge is presently not achieved. From the
theoretical and analytical point of view [4,7], the situation
is very clear, with no slip occurring on wetting surfaces and
with intrinsic slip lengths on nonwetting surfaces not ex-
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ceeding tens of nanometers and independent of shear rate
(over all experimentally accessible values). While this
picture is supported by part of the experimental data
[8,9], some other data (cf. [3]) completely escape from
the theoretical framework, with qualitative (shear rate
threshold to slippage; shear rate dependent slip length)
and quantitative (micrometric versus nanometric slip
length) discrepancies. Up to now, very few proposals are
available to explain observed deviation from theoretical
expectations, namely, the difficulty in data analysis [8,10]
and the presence of trapped gas pockets (often referred to
as ‘‘nanobubbles’’ [11–13]) promoted by the measuring
flow, preventing access of the intrinsic solid-liquid proper-
ties [5,11,14]. Clearly, in order to rationalize the experi-
mental picture, new experimental data are necessary.
Those data, however, should be gathered in such a way
as to avoid previous pitfalls (like measurement-induced gas
pockets) and should bring new information on present
discrepancies, among which is the shear rate threshold or
dependency.

In this Letter, we demonstrate such a new experimental
route whereby the nanohydrodynamics of liquids close to
surfaces is explored in the absence of any external forcing.
Rather than measuring the interfacial dissipation or the
forced surface flow, we take advantage of the information
already included in response to thermal fluctuations [15] to
extract the interfacial dynamics. This technique, which is
analogous—for surfaces—to the passive microrheology
technique for bulk characterization [16], proves to be ex-
tremely sensitive as it allows us to reach an unprecedented
resolution for an optical technique, namely, a few nano-
meters on the slip length measurement. This first ‘‘zero
shear rate’’ measurement rules out the existence of shear
rate threshold and considerably extends the range over
which slip length is shown to be independent of shear
rate. Avoiding the possibility of a forced-flow nucleated
gas pocket, it completely validates the emerging picture
of nanometric slip length (b � 18 nm) for the intrinsic
1-1 © 2006 The American Physical Society
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properties of nonwetting solid-liquid interfaces [4,8,9]
and allows us to address the case of more complex situ-
ations combining chemical modification and surface
structuration.

We first describe the general principle of our approach.
The diffusion dynamics of colloidal tracers is measured in
a confined geometry between two solid surfaces of interest,
using a homebuilt fluorescence correlation spectroscopy
(FCS) device (Fig. 1). Tracer dynamics is affected by
confinement, and this dependence reflects the hydrody-
namic boundary conditions that apply on both solid sub-
strates [17–19]. Results for different natures of the solid
substrates (in particular, varying wettability and surface
roughness) lead to measurable differences in the diffusion
coefficient, allowing us to deduce the corresponding sur-
face slippage.

Let us now enter into the details of the experimental
setup. Colloidal tracers [polystyrene (molecular probes) or
silica (Kisker) fluorescent beads with typical diameters
2a� 200 nm and concentration c � 1 bead=�m3] in
aqueous solution (10�5M NaOH; 8� 10�3M KCl) are
confined between two solid silica surfaces made from a
BK7 spherical lens in contact with a Pyrex plane (Fig. 1).
The thermal diffusion dynamics of the colloids is measured
in this confined geometry with a FCS device (Fig. 1). With
this technique, bead fluorescence is excited with an argon
laser focused with a long working distance microscope
objective (Leica 40� , numerical aperture of 0.8).
Fluorescence is then collected through the same objective
and sent to a detector (APD, Perkin-Elmer) connected to a
correlator via a dichroic mirror and a bandpass filter. While
in bulk measurements a confocal pinhole is inserted in the
detection pathway to get a spatially defined measurement
volume v, here the axial limits are set in practice by the two
confining walls so that v � ��w2�e, with w the beam waist
radius and e the wall to wall distance. With a bead con-
centration such that the mean number of tracers in the
detection volume is low (typically around 1 here) fluctua-
tions of the collected intensity I�t� arise due to the motion
of beads entering or leaving the measurement volume. The
characteristic time scale for such fluctuations corresponds
FIG. 1 (color online). (a) Scheme of the experimental cell with
FCS detection. Fluorescent colloids suspended in water are
confined between a plane and a spherical lens. FCS: (MD)
Dichroic mirror, (Obj.) microscope objective, (PH) pinhole,
(APD) avalanche photodiode. (b) Typical autocorrelation curve
together with theoretical fit according to Eq. (1).
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to the residence time �D � w2=D of a bead within volume
v, where D is the bead self-diffusion coefficient. More
quantitatively, considering a Gaussian radial intensity dis-
tribution for the illuminating laser beam, the fluorescence
intensity autocorrelation function reads

g��� �
hI�t�I�t� ��i

hI�t�i2
� 1�

1

n
1

�1� 4�=�D�
; (1)

from which the experimental average number of beads n
and their residence time �D can be extracted, as shown in
Fig. 1. As the bead diffusion coefficient D depends on the
location zwithin the gap, we eventually obtain an averaged
value over all the accessible positions within the thickness
e [17,18]. To ensure good statistics, values for each con-
finement e=2awere accumulated from over 100 000 events
(associated with one bead passage) split between many
different T � 120 s autocorrelation runs and from at least
5 different experimental cells. Runs belonging to different
cells may slightly differ in absolute transit time and aver-
age number of beads due to small day to day variations in
temperature, concentration, or focus location. We accord-
ingly normalized data from each cell by a reference point
(�0; n0) for (almost) unconfined beads, located at e=2a �
16:8, for which excellent statistics was already achieved in
the time frame of a single cell experiment. Experimental
values from individual runs are normalized by the cell
reference point and then averaged for each confinement.
Error bars are obtained from the rms of the individual run
distribution to which is added the error bar associated with
the normalizing reference point.

For any location of the sphere-plane geometry where we
measured n and �D, the wall to wall distance e was simul-
taneously measured using the interference pattern gener-
ated by the two confining surfaces (Newton’s rings).
Because of the chosen bead size (2a� 200 nm), data point
collection was restricted to the dark fringes (setting a gap
increment �e � 183 nm), therefore optimizing the signal
to noise ratio. Owing to the large radii of curvature of the
lenses used (from 250 to 500 mm), e is known (and
constant over the measurement spot size 2w� 1 �m) to
better than 0.4%.

The first element we focused on is the evolution of the
mean bead number with the confinement defined as e=2a.
This evolution is shown in Fig. 2 (inset) where we recover a
linear behavior for the averaged number of beads in the
volume v as expected: n � hci��w2�e. This measurement
provides an important check that the beam waist w and the
average bead concentration hci are constant over the differ-
ent measurements’ locations. No depletion or adsorption
due to bead-surface interaction is therefore detectable in
our system, other than a layer of excluded volume close to
the surfaces [20]. The thickness of this layer is measured
from the extrapolation of the mean beads number down to
zero, obtained at e=2a � 1:2 in the inset of Fig. 2. This
layer is associated with the additional ‘‘excluded volume’’
resulting from electrostatic repulsions between the wall
1-2
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FIG. 2. Evolution of the normalized diffusion time with the
confinement e=2a between hydrophilic walls for various colloi-
dal tracers: (�) Silica beads (2a � 218 nm); (
) Polystyrene
beads (2a � 210 nm); (solid line) Theoretical prediction using
Femlab and assuming no slip at both walls. Inset: Evolution of
the bead number with the confinement. (
) Polystyrene beads
(2a � 210 nm); (dotted line) linear regression.
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and the beads. Under the present conditions, our experi-
mental measurements using the extrapolation procedure
quoted above leads to dexcl ’ 20 nm for bare silica walls
(with both polystyrene and silica beads), and a slightly
thinner one for silica beads close to silanized walls, dexcl ’
13 nm. This lower value of dexcl in the latter case is a
signature of the expected decrease of the surface charge on
silanized surfaces. The values obtained for dexcl are more-
over in good agreement with the estimate obtained from
the balance between thermal energy and electrostatic wall-
bead repulsion energy (calculated using the experimental
Debye length and typical zeta potentials for silica).

We now come to the measurement of the residence
time—or reciprocally to the diffusion coefficient—of the
beads as a function of the confinement e=2a, for different
surface properties. As a starting point, we first considered
the case of two hydrophilic confining walls, for which we
expect the usual no-slip BC to hold [4,8,9,21]. In such a
wetting situation, the bead mobility should be strongly
reduced by the walls’ proximity as was already verified
experimentally by a few groups [22,23]. Figure 2 summa-
rizes our results for the measured diffusion times together
with theoretical predictions assuming the no-slip boundary
condition on both walls. For low confinements e=2a	 1,
a very sound, approximate solution for the mobility can be
constructed on the basis of the Faxen approximate solution
for one wall [18], by adding the independent contribution
of each wall to obtain the theoretical bead mobility.
However, to avoid theoretical approximations, we con-
ducted numerical resolution of the Stokes equation for a
(nonslipping) sphere moving parallel to the two confining
solid walls [each characterized by a (possibly different)
slip length b]. A finite element method was implemented
using Femlab© (see [18] for details). This theoretical
prediction for the mobility was then averaged over acces-
sible z (from a� dexcl to e� a� dexcl) for comparison
04610
with experiments [17,18]. We, however, point out that
changing dexcl in this averaging procedure leads to very
weak modifications of the averaged diffusion coefficient,
which are quantitatively below our experimental error bars.
The changes in diffusion we are measuring are, indeed,
mostly a signature of the hydrodynamic long-ranged influ-
ence of the confining walls, which does affect the whole
fluid thickness [18]. As is evidenced in Fig. 2, the agree-
ment between experiments and theory with no-slip BC on
the walls is excellent up to the strongest confinements.
Moreover, this agreement is obtained for two types of
beads with very different chemistry, showing again that
our system is free from specific surface-bead interactions,
beside the measured electrostatic repulsion leading to dexcl.

We now turn to nonwetting surfaces, for which very dif-
ferent partial slip behaviors have been reported [3]. For that
purpose the silica plane was covalently coated with hydro-
carbon chains using octadecyltrichlorosilan (OTS). The
resulting residence time of silica beads is plotted for differ-
ent confinement against the previous results for wetting
plane (plain silica). When beads are confined enough
(e=2a < 5), residence times are measured to be systemati-
cally shorter close to hydrophobic surfaces than to hydro-
philic ones. This effect is more easily captured when
normalizing this evolution by the theoretical behavior in
the absence of slip: Dexpt�e=2a�=Dno-slip�e=2a�. A failure
of the no-slip boundary condition should result in a depar-
ture of this ratio from 1. This is, indeed, what is observed in
the inset of Fig. 3 where the systematic trend described
above is best evidenced. Moreover, it is possible to capture
accurately this departure by introducing a finite slip length
b in the theoretical calculations [18,19]. The fitted behav-
ior agrees remarkably well with the experimental data
providing a slip length on smooth OTS coated silica planes
of b � 18� 5 nm. This ‘‘zero shear rate’’ value is identi-
cal to the one obtained in Ref. [8] on the very same
surfaces, for shear rates up to 5� 103 s�1 and in agree-
ment with recent predictions based on noninvasive neutron
reflectivity measurements [24]. In the present situation, no
external forcing is applied, thus avoiding nucleation or
interaction of flow with gas pockets. We therefore probe
the intrinsic (native) liquid-solid hydrodynamic properties.
Our experimental results definitely rule out the possibility
of a shear rate dependency to slippage in these conditions;
be it a threshold or a slip length variation.

We eventually show that slippage on hydrophobic sur-
faces is strongly modified by the presence of moderate
roughness of the solid substrates. Coupling roughness to
(non)wettability, the effective slippage on such composite
surfaces will strongly depend on their ability to trap gas
pockets [5]. As a first step in this direction, we have tested
here the combination of hydrophobicity (OTS coated
silica) and moderate roughness [3 nm rms roughness due
to isolated 40 nm high spikes, obtained by soaking silica
planes 30 min in (1 vol H2O2, 2 vol H2SO4) [25] prior to
silanization]. When compared to previous smooth hydro-
1-3
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FIG. 3. Evolution of the normalized diffusion time of silica
beads (2a � 218 nm) with confinement between a hydrophilic
silica lens and a planar surface with varying surface property:
(�) smooth (<1 nm peak-to-peak roughness), hydrophilic sur-
face; (�) smooth hydrophobic wall (OTS coated silica); (�)
rough (40 nm peak-to-peak roughness) hydrophobic wall (OTS
coated silica). Theoretical predictions are obtained using
Femlab, assuming no slip on the lens, and different BC on the
plane: (solid line) no slip; (dashed line) partial slip b � 18 nm;
(dash-dotted line) no slip at a distance zs � 40 nm from the
optically determined surface location (see text for details). As a
guide, the dotted line shows the theoretical prediction for a b �
100 nm slip length, illustrating the method sensitivity.
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phobic surfaces (<1 nm peak to peak), Fig. 3 shows that
bead mobility is strongly reduced close to the rough hydro-
phobic surfaces. This corresponds to the expected rough-
ness influence in the absence of trapped bubbles between
the spikes [5,10,26]. In such a case, a rough interface (even
slippery) amounts to a smooth nonslipping one, located at a
position zs between roughness spikes. In our measurement,
the surface optical location (as determined from e) is
expected to be close to the bottom of the roughness (due
to the small average contribution of the spiky structure),
and we, indeed, found that experimental data are well
accounted for by a no-slip surface located at zs � 40�
20 nm from the optical surface location (and therefore
close to the top of the roughness) [27].

In this Letter, we have shown that the thermal motion of
confined colloidal tracers allows one to characterize the
nanohydrodynamics of simple liquids close to surfaces, at
‘‘zero shear rate,’’ and with an excellent (nanometric)
accuracy. This complementary approach provides informa-
tion able to clarify experimental controversies concerning
the intrinsic liquid-solid slippage: this slippage is shown to
occur only on nonwetting surfaces, with a nanometric b �
18� 5 nm slip length that is shear rate independent from
zero shear rate and up to 5�103 s�1 [8]. Exploring a more
complex situation with combined roughness and hy-
drophobicity, it shows that moderate (nanometric) rough-
ness only leads to increased surface friction (in line with a
very recent work [10]) and that the pursuit of giant (micro-
metric) slip lengths necessitates superhydrophobic sur-
faces with designed roughness to trap a massive amount
04610
of gas [5,6]. We believe our technique, where no forced
flow can interact with gas pockets, will prove valuable for
the understanding and tuning of such composite interfaces.
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