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Direct measurement of the apparent slip length
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We measure velocity profiles in water flowing through thin microchannels, using particle image velocimetry
combined with a nanopositioning system. From the velocity profiles, we determine the slip lengths in two
cases: Smooth hydrophilic glass surfaces, and smooth hydrophobic glass surfaces, grafted with a monolayer of
silane. The slip length is determined witHix100 nm), i.e., five times more accurately than previous work. In
all cases, we find that the slip length is below 100 nm.
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The no-slip hydrodynamic boundary condition for liquids [20,21. The presence of nanoscale gaseous structure has
states that velocities on solid walls are zero. This postulatdyeen shown experimentally beneath a hydrophobic wall and
consistent with decades of experimental work carried oug liquid at rest, thus providing indirect support to the theo-
with nonminiaturized systems, has recently been revised ofgtical hypothesi$22,23.
the basis of experimental evidence. One central notion is this In an effort to assess the experimental situation, we at-
area is the slip length, which characterizes the amount of sliggmpted to reproduce the measurements of Rél. Particle
at the surface. Its definition is embodied in the Navier boundimage velocimetryPIV) technique deserves particular atten-

ary condition which reads: tion because it provides a direct access to the slip phenom-
enon. In our work, we obtain an unprecedented precision on

o the PIV slip length measurement. The main result of this

UFz\N‘bE* communication is that the slip length we find is below

100 nm, an estimate closer to numerical findings, and much
whereuZ:ZW is the velocity at the wallp is the extrapolation smaller than those reported in REf2].
or slip length, anaz is the normal at the wall inwards to the ~ The experimental setup is shown in Fig. 1. The 4@
liquid. A series of experiments performed since 1999 brought< 100 um X1 cm microchannel is made in polydimethyl-
detailed measurements bf[1-17]. As a whole, it appears siloxane (PDMS), using a standard soft lithography tech-
that wetting liquids satisfy no-slip conditions on the bound-
aries. On the other hand, decreasing liquid-solid interactions _ _ - - _ - - -

(thus favoring nonwetting conditiongromotes large slip + TZ \

lengths. In the most extreme cases, slip lengths on the ordel i

of several microns for smooth hydrophobic surfaces were, __ ~ |
. —‘p\\

reported for a range of shear rates lying well below a mo- Y o, WU __Lfocal

lecular scald?2,12]. Although qualitately consistent with nu- | """"""" 5"’";, """"""" & plane!

merical studies, this set of measurements lies well above' -

- -
estimates based on direct numerical simulation for which slip \_,.\ Slasdinice” - - - -

lengths do not exceed thirty intermolecular scales, through- —~— In Out -
out a range of shear rates comparable to the experimen Stationary ﬂowh—ﬂ___?é‘
[18,19. Further experimental effort carried out in 2002— L I

2003 obtained lower slip lengths, raising issues concerning -

the robustness of large slip phenomena. Should the observe Objeective (NA=L13)
tions of Refs[2,12] be confirmed, this would have consid- Computer | .ossesssennn- ) 2 Piezo
erable implications for the domain of microfluidics: This €ermmmmnnnnn : (Z control)
would open a pathway to obtaining a substantial reduction of hH : ‘
the flow dissipation in channel of sizes comparablebto CCD camera |-===-- |/ "\"“ﬁ‘“-“*‘c““"“?
along with decreasing Taylor dispersion, which acts as a lim- e &
iting factor for miniaturized separation systems. UV Lamp

The observations 0f2,11,19 challenged the theory. To

date, the current theoretical hypothesis for accounting slip _ _
lengths reaching thousands of molecular scales bears on the FIG- 1. Scheme of the experiment. A stationary flow of fluores-
existence of a gaseous film, lying between the wall and th&ent tracers in deionized water is imposed in a PDMS/glass micro-

L - channel. The lower surface, a microscope coverslip, can be chemi-
liquid. Such a layer would generate a large apparent sli o ’ S .
q y 9 9 PP Ii)::ally modified before enclosure. The focal plane is controlled with a

piezo, a large numerical aperture objective allowing a narrow depth
of field. Velocity is measured by particle image velocimetry. The
*Electronic mail: pierre.joseph@espci.fr; www.mmn.espci.fr entire velocity profile is determined thanks to a scarezquosition.
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FIG. 2. 500 nmx 500 nm tapping mode AFM image of a hy-
drophobic surface(OTS grafted on glags rms roughness is FIG. 3. Determination of the wall position: Averaged intensity
0.45 nm. This surface is the one used in measurements of fBig. 4 of each adsorbed particle is fitted with a Lorentzian. The particle
radius is removed to the meanposition of the peaks to give the

nique. The lower boundary is a microscope glass coverslipictual glass location within £30 nm.

whose roughness and wetting properties are controlled. We

worked with hydrophmc bare g|ass and hydrophobic graftedthree partiCle radiUS, a condition verified for all beads in our
glass. In the hydrophilic case, the roughness measured tystem(see discussion belgwin addition, it was recently
atomic force microscopyAFM) technique prior to closing Stressed that the streaming electric field induces the electro-
the channel is less than 0.5 nm root-mean sqaane). Hy-  phoresis of the beads, which may lead to an apparent slip
drophobic surfaces are obtained by coating the glass witlength for the tracers, even though the solvant verifies the
hydrophobic monolayers of silanes, either octadecyltrichlono-slip boundary conditiof26]. For our case—zeta potential
rosilane(OTS) or chlorodimethyloctylsilanéCDOS. Graft- ~ measured to be 50 mV and 100 mV for the particles and the
ing is achieved in anhydrous toluene, after cleaning and advall, respectively, Debye lengthy=100 nm—the error in-
tivating the surface with an oxygen plasma. The contactroduced on the slip length is inferior to 10 nm.

angle of water on the prepared surface is 95°, with less than The observation is made with a charge coupled device
10° hysteresis between advancing and receding angle§CCD) camera coupled to a LEICA epifluorescent micro-
Tapping-mode AFM images reveal a rms roughness of aboutcope, with a 108 oil immersion large numerical aperture
0.45 nm(see Fig. 2 The flowrate is set by controlling the objective (NA=1.3), which depth of field is 700 nm. The
inlet and outlet pressures. The pressure drop along the chafticroscope objective is mounted onto a piezotransducer. The
nel is lower than 5 mbar, the outlet being held at atmospheri¢ocation of the focal plane in the vertical axig) is known
pressure. The working solution is deionized water seedewith a 10 nmrelative precision. Owing to the fact that the
with fluorescent particles, I8in volumetric concentration. ray crosses different optical medias, the acwpbsition of
Velocity is measured by micro-particle image velocimetry, athe focal plane isz=(n,/n;)z, wherez, is the piezoposi-
technique which is now well documenté¢a4]. Briefly, it  tion, n, andny; oil and water index of refraction. A scan on
consists in tracking the peaks of the intensity cross correlaz axis with 50 nm step increments is realized from the bot-
tion of a cell, at two different times. In our case, the celltom (glass wall to the top(PDMS wal) of the channel, so as
dimensions are 12mx25 um and the time separation is to entirely determine the velocity profile(z) across the

20 ms. The results are further averaged over 25 pairs of imehannel. By thresholding on the intensity and then selecting
ages. The velocity histograms are symmetric with respect tthe particles in focus, the optical depth of the PIV volume is
their mean, so the choice of the average process shows mxzx=500 nm; we thus obtain an imaged zone defined as a
visible influence on the result. The fluorescent beads we usesD0 nmx 12 um X 25 um parallelepiped. By assuming uni-
have diameters equal to 100 or 200 nm. These sizes yield &rm bead concentration, and noting the flow is uniform in
acceptable spatial resolution for the velocity measurementshe horizontal plane, the actual velocity we measure at a
on the other hand, the tracers are large enough to be littlixed z represents the average velocity over the probing vol-
affected by brownian motion. Brownian diffusion not only ume.

adds noise to the measurement, but may also let some par- In order to determine the slip length, it is crucial to accu-
ticles exit the focal plane between two successive imagesately determine the wall position. This is done by taking
decreasing the locality of the measurement. As a whole, iadvantage of the presence of a few particles, unavoidably
results in a few percent noise in the velocity measuremenidsorbed onto the lower wall. The window of observation is
this level is reduced below 1% by averaging. Close to theeonsequently chosen to include two or three such beads. The
solid, the particles develop hydrodynamic interaction withintensity emitted by each of them is plotted on Fig. 3. By
the walls, and their trajectories cease to be those of the fluiditting such a curve with a Lorentziaisee Fig. 3—a func-

At the low Reynolds numbers investigated here, this effection representing the intensity distribution around a local
can be quantifief25]. The tracers velocity is that of the fluid source/27]—and substracting the bead radius, the wall loca-
within less than 1% for distances from the wall larger thantion is determined within 30 nm.
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FIG. 4. (a) Velocity profile and parabolic fit for a smooth and
hydrophilic substratéglass. The dashed-dotted line shows the po-  FIG. 5. Slip lengthb as a function of the shear rate at the wall,
sition of the solid wall. The inset corresponds to the variation of thefor water flowing on different surface&) hydrophilic glass an¢b)
slip length when changing the origiry of the fit zone, for a fixed hydrophobic monolayers of OTS on glasghite circles and CDOS
endz=12 um. (b) Averaged velocity and parabolic fit for a hydro- on glass(black diamonds
phobic monolayer of silan€OTS) grafted on glass.

Typical velocity profiles obtained for hydrophilic and hy- syrements near the PDMS walthere electrostatic and hy-
drophobic substrates are shown in Fig. 4. Measurements p&godynamic effects similar to those discussed for the glass

formed at a distance from the wall inferior thz/2 have g psirate occiirare not included. The asymptotic valuelof
been corrected to take into account the fact that the probm% taken as the slip length

éolumi mporporatei V\ll.a” reg?}lons,_v;/]here the(;g 'ano pa.rt;]qle. A summary of the slip length measurements using hydro-
ne o tains a parabolic profile, with a protuding OOt.V\.”t M bhilic glass is shown in Fig. (®), whereb is plotted as a
the first hundreds nanometers from the walls. It ongmateé) : f the sh . h I With
from the electrostatic repulsion between the particles and thémcuon_0 the shear ratg, at the wall. With an average
wall. The beads are depleted at a minimum distance from th)é"’“ue.b_.50 nm, and a §tandard deviation 50 nm, these re-
wall of about 300 nm, which prevents particles and substrat§U!tS indicate that the slip length of water on a smooth glass
Debye layer to overlap, as discussed in R28]. The mini- surche is inferior to ;OO nm, consistently with a number of
mum velocity one may measure by micro-PIV is that holdingStudies performed with similar systerfis,12]. The results
at that distance—hydrodynamics within the electric doublgfor smooth hydrophobic surfaces are shown in Figp Sor
layer on slipping surfaces, not investigated here, is discusséd TS (white circles and CDOS(black diamondson glass.
in Ref. [29]. Data outside this region are not perturbed byThe measured slip lengths for these two systems show no
these effects, and do represent actual fluid velocities. We thudependence on the shear rate, the average valued are
fit such Poiseuille-type profiles with a parabola: The slip=—35+100 nm for OTS an=57+100 nm for CDOS. The
lengthb is the difference between the measured position ofmain result is then that there is no huge slip effect for water
the wall and the extrapolation of this parabola to zero. The fiflows on hydrophobic and smooth substrates. One may recall
is realized for different measurement windows. In the insetshat the range of shear rates at the wall investigated here
of Fig. 4, we keep the end of the window constdaf  (up to y,=450 s?) is comparable to that used by Tretheway
=12 um), and shift its origin, on the left side, from=z, and Meinhar{12], who measured the apparent slip length of
(the wall position to 4 um. One finds thab levels off at a water equal to Jum+450 nm, on a monolayer of silane
well defined value foizy—z,>500 nm. This observation is similar to ours—roughness and contact angle measured on a
consistent with the fact that PIV measurements tend to beeference section to be respectively 3 A and 120°. The
perturbed close to the wall, as discussed previously. Thdiscrepancy between the two measurements underlines the
value ofz (the end of the window used for the)fithows no  difficulty to obtain large slips in a robust way. Further
influence on the mean value of the plateau, as long as megrogress on the subject may probably rest on the detailed
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investigation of possible gaseous structure in the first tens dftructures, as suggested in recent numerical sty@@sand
nanometers from the wall. From a practical viewpoint, ourexperimentg31].

results indicate that it is uncertain to rely on the sole pres-

ence of smooth hydrophobic surfaces to obtain large slips in Centre National de la Recherche Scientifique and Ecole
microfluidic systems. A more reliable approach could be mi-Supérieure de Physique et Chimie Industrielle de Paris are
cropatterning the surfaces so as to sustain permanent gaseauratefully acknowledged for their support.
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