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Submicron Flow of Polymer Solutions: Slippage Reduction due to Confinement
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Pressure-driven flows of high molecular weight polyacrylamide solutions are examined in nanoslits
using fluorescence photobleaching. The effective viscosity of polymer solutions decreases when the
channel height decreases below the micron scale. In addition, the apparent slippage of the solutions is
characterized macroscopically on similar surfaces. Though slippage can explain qualitatively the effective
viscosity reduction, a quantitative comparison shows that the slip length is greatly reduced below the

micron scale. This result indicates that chain migration is suppressed in confined geometries.
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The transport of complex fluids through micro- and
nanochannels is important for many applications in various
fields, including energy conversion processes [1], nano-
technologies [2], and flows in porous media [3]. In par-
ticular, polymer solutions are widely used to control the
viscosity of the fluids. The increase in surface-to-volume
ratio and the decrease in length scales below the microme-
ter scale could involve various physical phenomena that
affect the flow [4]. Among them, violation of the no-slip
boundary condition has been recognized to be very impor-
tant for polymer solutions even above the micron scale
[5,6]. Indeed, the slip length b, defined by the Navier
boundary condition at the solid-liquid interface as b =
v,/7, where v, is the slip velocity at the channel wall
and 7y, the velocity gradient normal to the surface, could
be as high as a few micrometers [7]. As a consequence, the
flow of polymer solutions in submicrochannels should be
dominated by slippage. Such a situation has been inves-
tigated in porous media, leading to a decrease in the
effective viscosity of the solution (see, for example,
Ref. [8]).

The mechanisms responsible for these large slip lengths
depend on the concentration regime and the polymer wall
adsorption [6,9]. For polymer solutions on nonadsorbing
walls, there has been a lot of experimental evidence of the
existence of a depletion layer [10-13] close to the wall that
is responsible for an apparent slippage. Indeed, in the
presence of a thin layer of thickness & depleted in polymer
molecules, it is straightforward to estimate the slip length
as b= 86n/mn,, where n and n, are the solution and
solvent viscosity, respectively. The size of this layer has
been in debate since the 1980s (see Refs. [5,6], for a
review). It could be either of the order of the molecular
size (i.e., the radius of gyration R, in the dilute regime or
the correlation length ¢ in the entangled regime [14]) or
even greater than R, or £ [12,15]. Flow-induced migration
away from the wall would in the second case explain the
large depletion layers that are observed in heterogeneous
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stress flows, such as capillary ones. This effect could be
viewed as a consequence of hydrodynamic forces acting on
a deformable object, which are unbalanced if the flow is
nonhomogeneous.

During the past decade, this long-lived debate has
renewed attention due to the practical importance of trans-
port properties of DNA in nanochannels. Concerning the
theoretical part, this subject also benefits from the
improvement of several simulation approaches (molecular
dynamics, Brownian dynamics, dissipative particle dynam-
ics) [16-22]. In most of these studies, the polymer chains
migrate away from the wall. Meanwhile, direct observation
of such a migration has been reported by Fang er al.
[13,23,24]. However, only a qualitative agreement with
the models has been found. Moreover, the full understand-
ing of the role of concentration and polymer characteristics
(charges, flexibility) on cross-stream migration remains an
open question [22].

Recently, some simulations focused on the effect of
confinement on this stress-induced migration [25,26].
One of the main results is the observation of a reduction
of the migration when decreasing the channel size down to
a few radii of gyration. Hydrodynamic interactions
between polymer chains and the wall are screened by the
presence of an opposite wall [22]. Therefore, the usual
assumption that the slip length solely depends on the
wall stress would not be valid in nanofluidic channels.

Given the recent progress in nanofluidics [27], it is now
possible to confine polymer solutions at these length scales
on well-controlled smooth surfaces. Recently, we devel-
oped an experimental method to characterize pressure-
mean velocity dependence in nanoslits [28]. We reported
a reduction of the effective viscosity when the thickness is
below a few micrometers. This result is likely to be
explained by slippage. In this Letter, we report a direct
characterization of the wall slip in much larger channels
having similar surfaces, and extend the effective viscosity
measurements by varying the concentration, the molecular
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weight, and the ionic strength of polyelectrolyte solutions.
Such an approach allows us to access indirectly the slip-
page properties of polymer solutions in channels confined
below the micrometer scale.

Materials.—We use several aqueous solutions of par-
tially hydrolyzed polyacrylamide flowing in glass channels
(a negatively charged surface that can be considered as
nonadsorbent [29]). For two polymer molecular weights
of 2X 10° and 8 X 10° g/mol (referred hereafter as
HPAM200k and HPAMSM, purchased from Sigma-
Aldrich and obtained from SNF, respectively), the concen-
tration is varied below or of the order of the concentration
¢, above which the chains are entangled. Note that, for
polyelectrolytes, this concentration is well above the over-
lap concentration ¢* [30]. All solutions are characterized
using standard rheometry. The HPAM200k solutions ex-
hibit a Newtonian behavior on the entire range of concen-
tration and shear rate tested, while the HPAM8M ones
exhibit a shear-thinning behavior (see Supplemental
Material [31]).

Effective viscosity in nanoslits.—Let us first describe the
specific setup used to characterize the flow of these solu-
tions in nanoslits.

The experimental device, sketched in Fig. 1, consists in
two parallel microchannels, linked by nanoslits series, all
etched in glass precisely like the microchannels used for
the slip velocity measurements. The microchannels’ height
varies between 10 and 40 pwm, whereas the nanoslits have
much lower heights from 180 to 4500 nm. The nanoslits’
widths ranges from 10 to 40 wm (the biggest width corre-
sponds to the biggest height). Parallel plate approximation
is thus appropriate. The etched glass wafer is bond either to
another glass wafer by thermal bonding or to a silicon
wafer by anodic bonding [32]. The second procedure is
preferred to the first one for the thinnest nanoslits studied
since it does not induce a buckling of the channels. The
channels’ thicknesses are determined through a hydrody-
namical calibration [28]. An unbalanced pressure differ-
ence is imposed by a pressure regulator (MFCS 4C,
Fluigent) at the inlets and outlets of microchannels (see
Fig. 1). Since the contribution of the flows in the nanoslits
to the ones in the microchannels is negligible, the pressure
gradient in the microchannel is uniform. Using the notation
of Fig. 1, the pressure drop applied on the ith nanoslit is
then simply given by AP; = (P, — P;)(L — L;)/L.

It is not possible to obtain a z-resolved velocity profile in
nanoslits due to their small thickness. However, the mean
velocity of the flow is achieved by a time-resolved photo-
bleaching experiment. Briefly, a fluorescent dye, fluores-
cein isothiocyanate (FITC), is dissolved in the solution at
0.1 X 1072 mol/L and a line perpendicular to the flow
direction is illuminated with a laser beam (488 nm,
100 mW) at a maximum power of 100 mW during 3—5 ms
to cause bleaching of the molecules. After this illumina-
tion, the channel is imaged at a much lower laser intensity,
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FIG. 1 (color online). Scheme of the microfluidic device and
principle of the velocity measurement. Pressure-driven flows are
established in nanoslits and imaged after a bleaching procedure.
The intensity profiles are fitted with Gaussian functions to
extract the mean velocity.

and the displacement of the bleached region is monitored
(see Fig. 1). The fluorescence intensity is averaged in the
direction perpendicular to the flow and then fitted using
Gaussian profiles in order to extract the displacement of the
bleached region. Given the small thicknesses investigated
and the time scale of the experiments, the fluorescent dye
diffuses along the channel height, and the measured veloc-
ity v, corresponds to the mean velocity. The pressure drop
is systematically varied so that the wall shear stress ranges
between 0.1 and 20 Pa. These experiments thus lead to
a pressure drop/mean velocity relation, which, for
Newtonian liquids and no slip at the wall, is simply related
to the viscosity of the liquid by v, = ho,,/67, in the
parallel plate approximation. This setup has been validated
using various water-glycerol mixtures [28].

We applied this method to several concentrations of the
two HPAM used for the slippage measurements. Figure 2
shows some examples of the mean velocity measurements.
In all cases, we find a linear dependency with the wall shear
stress, even for the solutions of HPAM8M, which exhibits
shear-thinning behavior. This is probably due to the fact
that the flow at these scales is dominated by slippage, for
which we experimentally find a linear dependence with the
wall shear stress (see the following section).
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FIG. 2. Examples of mean velocity results in nanoslits of
thicknesses from 180 to 4500 nm as a function of the wall shear
stress, for HPAM200k at 0.5% (left) and for HPAMSM at 0.1%
(right). Each series is fitted by a linear function.
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Since it is not possible to dissociate experimentally the
slippage at the wall from the shear flow, we analyze these
results in terms of an effective viscosity 7., which would
be that of Newtonian fluid with no slip at the wall, i.e.,
Neit = ho,,/6v,. Figure 3 shows the evolution of the
effective viscosity as a function of the channel height.
For all the solutions tested, a reduction of the effective
viscosity is observed. This reduction is rather high for the
most concentrated solutions.

Slippage characterization.—Then, we characterize the
slip velocity of the same solutions in a microchannel, where
confinement effects should be negligible, by using a
z-resolved micro—particle image velocimetry technique. A
pressure-driven flow is set up in a large aspect ratio micro-
channel of height 4 = 43 pm, width 520 pum, and length
[ = 48.5 mm, etched in glass using standard photolithog-
raphy and wet etching [33]. The solution contains fluores-
cent tracers of diameter 1 um (Fluorosphere, purchased
from Invitrogen) and the flow is imaged thanks to confocal
microscopy. It is usually not easy to accurately measure a
slip velocity, mainly due to the fact that the exact distance
between the tracers and the wall is not well known. The
method used is briefly described below. In order to achieve a
satisfying vertical resolution, we combine particle tracking
velocimetry and a continuous vertical scan. The acquisition
rate is chosen so that a tracer is seen on a few successive
frames (typically between 5 and 20). The velocity of the
tracer is directly measured through the determination of its
successive displacements. Meanwhile, we correlate the
fluorescence intensity to the z position of the confocal
plane. It is maximum when the confocal plane coincides
with the exact location of the tracer. The velocity profile is
then obtained by combining the velocities of many tracers
and their vertical position. Figure 4 shows some examples
of measured profiles. Determination of the slip velocity also
requires one to know with a good precision the position
of the wall. The latter is obtained thanks to a vertical
scan of the device, as the solution also contains a molecu-
lar dye: FITC (at 0.1 X 1073 mol/L purchased from

10”

v v 7
v¥ v v A
0 v 0 v °
& 102 w al ¢
= v L L2
T A o §10
= ° ] = o

ap
>
3
2% >
-
o
L >4

i

Yy
o
o s M : 10 10°

10 107 10 10
h (m) h(m)

s

FIG. 3 (color online). Effective viscosity as a function of
channel thickness in comparison with bulk viscosities (empty
symbols). Left: HPAM200K solutions at 5% (down triangles),
1% (up triangles), 0.5% (circles), 1% + 10 g/L NaCl (squares).
Right: HPAM8M solutions at 0.2% (down triangles), 0.1% (up
triangles), 0.05% (circles), 0.1% + 10 g/L NaCl (squares).

Sigma-Aldrich). The inflection point of the intensity profile
is taken to be the position of the surface. This method is
validated with several water-glycerol mixtures. A very good
agreement with Poiseuille law is found with no slip at the
wall, within a typical error of less than 5%.

This method is applied systematically to several poly-
mer solutions, for wall shear stress o,, = APh/2l ranging
from 0.5 to 50 Pa. The velocity profile allows us to access
the viscosity of the solution and we find a good agreement
with the one acquired by standard rheometry experiments.
We focus here on the slippage velocity. For both polymers,
the slip velocity is found to be proportional to the wall
stress at first approximation, as shown in Fig. 4. The
corresponding slip length b = v,n/0,, ranges from 5 to
15 pm with 5 the solution viscosity, v, the slippage
velocity, and o,, the wall shear stress. Note that for the
shear-thinning polymer solutions, a reference shear stress
of 1 Pa is chosen here and in the following. Interpreting the
slippage as a consequence of a depletion layer of thickness
8 = bn,/n, we find, as shown in Fig. 4, that § is of the
order of a few hundreds of nanometers and decreases when
the concentration increases. This order of magnitude is
much higher than the correlation length of the polymer
solutions tested which ranges between 10 and 50 nm (see
Supplemental Material [31]). Since electrostatic interac-
tions should be screened at these length scales (the Debye
length is of the order of 1 nm), such a high depletion layer
should be due to a flow-induced migration away from wall.

Discussion.—The effective viscosity reduction is likely
to be due to the fact that these solutions exhibit a rather
large slippage. Indeed, removing the no-slip boundary
conditions, we could express the mean velocity as vy =
v, + 6ha,, /7 in the case of a Newtonian liquid. Using the
slip length definition b = nv,/ o, the normalized effective
viscosity is given by
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FIG. 4 (color online). (a) Examples of velocity profiles (from
the bottom to the top, o,, = 1.8, 4.4, 8.9, 17.7 Pa), for solutions
of HPAM200k at 1%. Each data point corresponds to a single
tracer. The solid lines are the best fit to the data given by v =
v, + o,,z(h — z)/h7. (b) Slippage velocity as a function of the
wall shear stress for HPAM200k solutions of weight fraction
0.5% (down triangles), 1% (up triangles), 5% (squares), and 1%
containing 10 g/L NaCl (circles). The solid lines are the best
linear fit to the data. (c) Slip length b = nv,/o and (d) thickness
of the depletion layer 8 = bmn,/n, plotted as a function of
the concentration ¢/c,, for solutions HPAM8M (circles) and
HPAM?200k (squares).
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FIG. 5 (color online). (a) Normalized effective viscosity as a
function of normalized channel thickness. Filled symbols corre-
spond to HPAM200K solutions, whereas the empty ones corre-
spond to HPAMSM solutions. The solid lines represent the
normalized effective viscosity predictions, under the assumption
of a macroscopic and constant slippage Eq. (1). (b) Effective slip
length as a function of the channel thickness for HPAM200K
solutions at 5% (down triangles), 1% (up triangles), 0.5%
(circles), 1% + 10 g/L NaCl (squares). Black symbols corre-
spond to the macroscopic direct slip measurements.
(c) HPAMSM solutions at 0.2% (down triangles), 0.1% (up
triangles), 0.05% (circles), 0.1% + 10 g/L NaCl (squares).
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where n* = n/a, b* = b/a, and a = 1 for a Newtonian
fluid. For the shear-thinning solutions that verify o =« y”,
we reach a similar expression by fixing the wall shear stress
at a constant value of 1 Pa. Only the value of « is changed
and equals 3n/(2n + 1).

This prediction of the normalized effective viscosity is
plotted together with the experimental data in Fig. 5(a),
assuming that the slip length is for all thicknesses equal to
the one characterized in the large channels and that the
viscosity is that of the bulk. For all cases, this prediction is
much lower than the measured effective viscosity. Despite
the scatter in data, the discrepancy between measurement
and prediction suggests that the bulk viscosity increases
and/or the slip length decreases with confinement, as com-
pared to the macroscopic values. By comparing the slip
velocities directly measured in a microchannel and the
mean velocities measured in the nanoslits, we even note
that the slip velocity is higher than the mean velocity in
nanoslits for a given wall shear stress. This means that the
slippage is necessarily reduced in confined geometry.

Although one may wonder whether confinement induces
filtration, or enhances shear thinning, these effects would
lead to a decrease of an effective viscosity, whereas it is
found to be higher than expected. The channel height is
always greater than or of the order of the chain size. We thus
expect neither a strong filtration [34] nor a great modifica-
tion of the viscosity. Thus, only a reduction of the slip length
would account for the discrepancy concerning the effective
viscosity evidenced in Fig. 5(a). Assuming now that
the viscosity remains close to the bulk value, Eq. (1) is
finally used to calculate an effective slip length, which
now depends on the channel height. It is displayed in

Figs. 5(b) and 5(c). Despite important uncertainties, the
effective slip length is greatly reduced below the micron
scale, by at least 1 order of magnitude. This effect is
stronger for the HPAM?200k solutions and for the
HPAMSM solutions containing 10 g/L of NaCl. The
smaller the chain dimension, the bigger the slippage reduc-
tion. The results obtained in the presence of saltindicate that
this effect should also exist in the case of neutral polymers.

Such a reduction of slip length has been observed in
Brownian dynamics [25] or molecular dynamics [26] simu-
lations, and can be interpreted in terms of chain migration.
Indeed, migration is coming from hydrodynamic interac-
tions, which are screened in confinement [22,25]. Let us
recall that only migration can explain the large thickness of
the depletion layer observed in our system. In a large
channel, the depletion layer thickness is between 100 and
800 nm, which is of the order of or even bigger than the
channel height. Therefore, it is not surprising to find a
modification and a reduction of the depletion layer in
nanoslits. A distinction between surface and bulk proper-
ties is no longer valid. Consequently, the flow of polymer
solutions could not be accounted for by macroscopic
rheological and slippage properties, even in moderate
confinement.

In conclusion, we have taken advantage of both direct
measurements of slip lengths of polyelectrolyte solutions
in microfluidic channels and characterizations of effective
viscosities in nanoslits ranging from 0.1 to a few micro-
meters to characterize the wall slip at scales smaller than
the depletion layer. Although we observe an important
reduction of the effective viscosity below 1 um, this
reduction is much lower than expected. This result is
interpreted in terms of a reduction of the slip length due
to confinement. Since the strong slippage observed is likely
to be due to migration away from the wall, this result
strongly indicates that the latter is canceled in nanochan-
nels, in agreement with some recent simulations. This
work calls for additional theoretical work in order to
capture the effects of concentration, chain lengths, and
ionic strength. From an experimental standpoint, it would
be interesting to measure directly the variation of the
depletion layer and to extend both the concentration range
and the polymer properties.
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