N

N

Slip and friction mechanisms at polymer semi-dilute
solutions / solid interfaces
Marion Grzelka, Iurii Antoniuk, Eric Drockenmuller, Alexis Chenneviere,

Liliane Léger, Frederic Restagno

» To cite this version:

Marion Grzelka, ITurii Antoniuk, Eric Drockenmuller, Alexis Chenneviere, Liliane Léger, et al.. Slip
and friction mechanisms at polymer semi-dilute solutions / solid interfaces. Macromolecules, 2021, 54
(10), pp.4910-4917. 10.1021/acs.macromol.0c02804 . hal-03220262

HAL Id: hal-03220262
https://hal.science/hal-03220262

Submitted on 7 May 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03220262
https://hal.archives-ouvertes.fr

Slip and friction mechanisms at polymer semi-dilute solutions / solid interfaces

Marion Grzelka,! Iurii Antoniuk,? Eric Drockenmuller,? Alexis Chenneviére,? Liliane Léger,! and Frédéric Restagno!” *

! Université Paris-Saclay, CNRS, Laboratoire de Physique des Solides, 91405, Orsay, France
2Univ Lyon, Université Lyon 1, CNRS, Ingénierie des Matériauxz Polymeéres, UMR 5223, F-69003, Lyon, France
3 Laboratoire Léon Brillouin, CEA Saclay, 91191 Gif-sur-Yvette, France
(Dated: May 7, 2021)

The role of the polymer volume fraction, ¢, on steady state slippage and interfacial friction is
investigated for a semi-dilute polystyrene solutions in diethyl phthalate in contact with two solid

surfaces.

Significant slippage is evidenced for all samples, with slip lengths b obeying a power

law dependence. The Navier’s interfacial friction coefficient, k, is deduced from the slip length
measurements and from independent measurements of the solutions viscosity n. The observed
scaling of k versus ¢ clearly excludes a molecular mechanism of friction based on the existence of a
depletion layer. Instead, we show that the data of n(¢) and k(¢) are understood when taking into
account the dependence of the solvent friction on ¢. Two models, based on the friction of blobs or of
monomers on the solid surface, well describe our data. Both points out that the Navier’s interfacial

friction is a semi-local phenomenon.

I. INTRODUCTION

Forcing a polymer fluid, melt or solutions, to flow past
a solid wall is frequently encountered in a number of prac-
tical situations, ranging from polymer extrusion [1], sur-
face coating, or in microfluidic applications [2]. In order
to optimize the corresponding practical processes, it is of
out-most importance to be able to predict the exact flow
behavior, in terms of velocity profile and of boundary
condition for the flow velocity at the solid wall. Con-
trary to simple fluids, where it is usually assumed that
the fluid velocity at the fluid-solid interface is equal to
zero or small for classical flow rates [3, 4], a finite and
measurable flow velocity at the wall (or slip velocity) ap-
pears for polymer fluids [5-10]. Indeed, when the fluid
slides on the solid, the surface friction can be an impor-
tant contribution to the global dissipation in the system.
To characterize the friction at the solid interface, two
classical ways are described in the literature. The most
common one is to measure the slip length b, which is
the distance in the solid where the velocity profile would
extrapolate to zero (see Fig 1). Another approach pro-
posed by Navier [11], is to characterize the friction on
the wall by a friction coefficient k£ and assume that the
sliding of the fluid on the surface at the the slip velocity
V5 as defined in Fig. 1, creates a friction stress 7 = kVj.
The continuity of stresses at the solution/solid interface
allows one to write the slip length as:
n
b= v (1)
For polymer melts, the physical picture of the friction
when the fluid is flowing on an ideal surface is now well
established, and the interfacial friction appears to be a
local phenomenon, involving length scales comparable to
the size of a monomer. This idea, proposed by de Gennes
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in his seminal work [12], gives a physical understand-
ing of the large slip velocities reported in the literature
for polymer melts [13-16]. It allowed to predict a slip
length of polymer melts proportional to M3, where M,
is the molar mass [§]. It also allowed one to understand
the observed temperature dependencies of the slip length
of polymer melts [17] or the surprising equality between
the friction coefficient measured for elastomers and melts
made from the same chemical monomers [18]. The case
of polymer melts flowing on surfaces with either grafted
chains or adsorbed chains has also been extensively stud-
ied both experimentally [19-22] and theoretically [23-25]
and the overall picture seems largely understood.

The situation appears more confused for polymer solu-
tions. For dilute solutions, where the chains are not over-
lapping, the general picture for non-adsorbing surfaces is
that a depletion layer develops close to the surface, so
that pure solvent contacts the surface. The thickness
of this depletion layer can be affected by the shear due
to hydrodynamic interactions [26-28] but the generally
admitted idea is that no noticeable slip is expected for
dilute solutions. Despite its strong interest in many sit-
uations such as enhanced oil recovery, cosmetics, food
industry, the case of semi-dilute polymer solutions still
remains poorly understood. Only few experimental data
are available [10, 29-33], and they lead to contradictory
conclusions.

We present below the results of an extensive investi-
gation of the slip and friction mechanisms at semi-dilute
good solvent polymer solutions/solid interfaces. We used
a recently developed velocimetry technique, based on the
monitoring of the flow-induced deformation of a thin line
printed into the fluid by local fluorescence photobleach-
ing [17], which is an optimization of that initially devel-
oped by Migler et al. [5, 19]. With the aim of gaining
insight into the basic molecular mechanisms of interfa-
cial friction, we have defined model systems composed
of a series of solutions of a well-defined ultra-high molar
mass polystyrene (PS, M, = 10.2Mg - mol™ ', B =1.08),
in a non-volatile good solvent (i.e. diethyl phthalate,
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FIG. 1. Definition of the slip length b measured by velocime-
try using photobleaching. A drop of homogeneous polymer
solution of viscosity 1 and thickness h, sheared at a velocity
Vihear, slips on the bottom surface with a slip velocity Vs. The
length at which the extrapolation of the velocity profile v(z)
reaches zero is called the slip length b.

DEP), and of two different model solid surfaces (i.e. sil-
icon substrates with and without a dense grafted layer
of short PS chains). The paper is organized as follows:
after a brief description of the materials and methods,
the results for the dependence of the slip length b, on
the polymer volume fraction in the solution ¢, are pre-
sented for the two surfaces. These data, along with direct
measurements of the solutions viscosities allow one to de-
termine the polymer volume fraction dependence of the
Navier’s interfacial coefficient k. The observed scaling
are compared to available theoretical models and provide
precise lines of thought for a discussion on the molecular
origin of the friction in these systems. In polymer semi-
dilute solutions, mostly solvent is in contact with the
solid wall. However, contrary to polymer melts were the
interfacial friction is driven by local phenomenon involv-
ing monomer sizes, in solutions the strong dependence of
the interfacial friction on the polymer volume fraction,
appears to be compatible with the idea that it is mainly
driven by the screening length of hydrodynamic inter-
actions. This opens a new route to finely manipulate
interfacial friction in such systems.

II. MATERIALS AND METHODS

Polymer solutions

Series of semi-dilute solutions of a high molar mass
polystyrene (PS) with chosen polymer volume fraction ¢
in diethyl phthalate (DEP), a non-volatile solvent, have
been used, so that the polymer volume fraction could
be kept constant during the duration of the flow char-
acterization experiments. The protocol used to prepare
the solutions is detailed in [31]. We briefly recall here
its main steps. PS (M, = 10.2Mg - mol ', P = 1.08,
Polymer Source Inc.) and ca. 1wt% of a photobleach-
able polystyrene (PS di-NBD, M, = 429kg - mol™', P
= 1.05) were dissolved in diethyl phthalate. Toluene was

used as a co-solvent to accelerate the dissolution. So-
lutions were gently stirred for at least 3 weeks before
evaporating the toluene under vacuum at room temper-
ature for at least one week. The photobleachable la-
beled polystyrene contains nitro-benzoxadiazole (NBD)
fluorescent groups emitting at 550 nm when excited at
458 nm at both chain ends. The synthesis and charac-
terization of PS di-NBD are detailed in the SI of [31].
The Newtonian viscosity 1 and the terminal relaxation
(reptation) time T Of each solution were measured by
oscillatory rheology at 22 °C using an Anton-Paar MCR
302 rheometer in a cone plate geometry (2° cone angle,
25 mm diameter) (see Fig. S3). Small angle neutron scat-
tering experiments were performed in order to check 1)
that DEP is indeed a good solvent for PS and 2) that
the prepared solutions were in the semi-dilute concentra-
tion regime (see Supporting information). The blob size
could thus be determined in a large range of tempera-
tures: T € [10—55] °C (see Fig. S2). Table I summarizes
the characteristics of the PS in DEP solutions samples
used in the present study.

¢ Trep [8] 1 [Pass] € [A]
00230 27 64 61
0.0314 83 401 48

0.0397 16.3 1,147 40
0.0495 24.3 3,840 34
0.0608 50 12,000 29

TABLE 1. Characteristics of semi-dilute solutions of PS
(M, = 10.2Mg-mol~', P=1.08) in DEP. The viscosity 7 and
reptation time 7;p have been measured by oscillatory rheol-
ogy. The blob size £ is deduced from the SANS measurements,
through the scaling law £ = a¢~""® with a = 0.36 nm the ef-
fective size of a PS monomer unit.

Solid substrates

Two different model substrates were used: a bare sili-
con wafer and a silicon wafer covered with a dense layer of
grafted-to short PS chains. The bare silicon wafer (2" di-
ameter, 3 mm thick, Si-Mat Inc.) was cleaned by UV /O3
treatment for at least 30 min before each measurement.
The grafted PS layer was prepared following the protocol
detailed in [34]. The grafted PS (M, = 5.0kg - mol ™,
P =1.17, Polymer Source Inc.) layer was 2.8 nm thick,
as measured by ellipsometry, and could be considered as
a dense polymer brush, owing to extensive previous in-
vestigations.

Slip length measurements

Slip lengths were measured by a velocimetry technique
based on local photobleaching. The technique has been
previously described in details [18]. We only describe
here what is necessary to understand the present results.
As schematically shown in Fig. 1, a drop of polymer so-
lution is sandwiched between two planar substrates, sep-
arated by spacers of thickness h. A thin line is photo-
bleached through the fluorescent liquid while at rest. The
liquid is then sheared at a constant velocity Vipear during
a shear time tgpear. Monitoring the evolution of the pho-



tobleached pattern under the effect of the shears allows
one to directly determine the full velocity profile and to
measure the slip length b at the bottom surface. The real
shear rate can be directly deduced from the slip length
measurement:

Vvsear
= shear (2)

I1III. DEPENDENCE OF THE SLIP LENGTH ON
THE POLYMER VOLUME FRACTION

The slip lengths were measured for the various semi-
dilute solutions, different shear velocities Vgpear and dif-
ferent shear times tgpear. As recently reported [31], a
transient onset of slip at small shear times was observed
for all investigated solutions. This transient onset of slip
has been shown to result from the initial viscoelastic re-
sponse of the solutions to the sudden onset of the shear,
and to last for 57p [31]. In the present paper, we focus
on the steady state regime of slippage, corresponding to
shear times larger than 57..p,. All data presented here
correspond to shear rates lower than the critical shear
rate 4. = 1/7Tyep above which the fluid enters the shear
thinning regime. The flow behavior of the semi-dilute
solutions is thus only probed in their Newtonian regime.

The data obtained for the slip length b as a function
of the real shear rate experienced by the solution on (a)
the PS grafted layer and (b) on the bare Si wafer, are
reported in Fig. 2 for shear times larger than 57yp.

Even if the polymer volume fraction ¢ remains small,
typically only a few percent, the observed slip lengths
are large, with values of the order of hundreds of mi-
crometers and even millimeters. This underlines that slip
phenomena cannot be neglected in semi-dilute polymer
solutions, with orders of magnitudes for the slip lengths
quite comparable to what has been reported for polymer
melts [5, 8, 18].

As can be seen in Fig. 2, for some of the investigated
systems {¢,surface}, two regimes of slip are evidenced: at
low shear rates, b first increases with , until it reached
a plateau for 4 > 4*, with the critical shear rate 5§*
depending on both the substrate and the polymer vol-
ume fraction. A similar transition from weak to large
slip has already been observed for both melts [5, 35, 36]
and polymer solutions [6, 10]. It has been attributed to
the progressive disentanglement between the bulk flow-
ing chains and few chains adsorbed on the substrate. For
shear rates lower than §*, entanglements between the
surface attached chains and the bulk ones are respon-
sible for a large interfacial friction, and thus to small
slip at the wall. The surface attached chains can, how-
ever, deform under the effect of the friction forces, and
become sufficiently elongated to, for large enough shear
rates, be completely disentangled from bulk chains, so
that high slip develops, with a high shear rate friction
regime comparable to what is expected for ideal surfaces
on which no adsorption takes place [24]. The presence of
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FIG. 2. Slip length b as a function of the real shear rate + for
semi-dilute solutions of high molar weight PS in DEP flowing
on (a) grafted layer of PS brushes and (b) on a bare Si wafer.

two slip regimes in the present experiments suggests that
an adsorbed layer of PS can form, on both investigated
surfaces.

We now focus on the high slip regime. As shown in
Fig. 2, at 4 > 4*, the slip lengths b(%) become essentially
independent of the shear rate for each polymer volume
fraction. We recall that the range of studied shear rates
has been limited to the Newtonian regime for each solu-
tion, in order to avoid entering into the shear thinning
regime.

As b(%) is constant in this high slip regime, a mean slip
length b, at long shear times can be deduced for each
polymer volume fraction. The corresponding data are
presented as a function of the polymer volume fraction ¢,
for each substrate, in log scales, in Fig. 3. On both sub-
strates, by, increases with the polymer volume fraction ¢,
with, at a fixed volume fraction, b, on the Si wafer larger
than on the PS grafted layer. The dotted lines in Fig.3
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FIG. 3. Mean slip length b as a function of PS volume
fraction ¢ for solutions of PS in DEP flowing on a bare Si
wafer and a grafted layer of PS brushes. The dotted lines
represent fits boo o< ¢%.

are best fits to power laws, leading to b.o, pg o 3403
on the PS grafted layer and to by s o< ¢>7*%2 on the
bare Si wafer. These results differ from the extrapolated
data reported by Methar et al. [6] and Sanchez-Reyes
et al.[10], mainly because these last experiments were
performed in the shear thinning regime of the solutions.
The scaling exponents found on both substrates are close
to each other. This suggests that the molecular mecha-
nisms driving the interfacial friction are similar on these
two model surfaces.

A first naive approach to try to rationalize these data
consists in assuming that, as it has been observed in
polymer melts, the interfacial friction is a local phe-
nomenon, involving length scales comparable to the size
of a monomer or of a solvent molecule (indeed, for the
rather weak polymer volume fraction used, essentially
solvent molecules are in contact with the substrate). It
would assume k to be independent of the polymer volume
fraction. The slip length should then follow exactly the
same scaling as the viscosity. The scaling description of
semi-dilute polymer solutions gives for the viscosity:

Ny = "7solventj:)3(253'75 ) (3)

with P the number of monomers per polymer chain and
Nsolvent the solvent viscosity. This would allow predicting:

solven P3p3-75
b= Tlsol tk: ¢ , (4)

The scaling exponents obtained for the volume fraction
dependence of the slip length on the two surfaces are

quite close to what predicts this simple naive approach
but it relies on the assumption that the viscosity indeed
follows the scaling prediction for polymer semi-dilute so-
lutions, which may be questionable.

We thus have decided to independently characterize
the volume fraction dependence of the viscosity (see data
in supplementary material and TableI), so that the in-
terfacial friction coefficient k could be directly deter-
mined from the slip length data, relying on the Navier-de
Gennes approach summarized by equation (1). Fig.4a re-
ports the interfacial friction coefficients thus obtained as
a function of the polymer volume fraction, k(¢). One
can notice that, as we focus on the Newtonian regime
for all investigated solutions, the resulting friction coef-
ficients all are independent of the shear rate in the high
slip regime.

The interfacial friction coefficient is found to strongly
increase with ¢ for both surfaces, ruling out the first
naive hypothesis presented above. The dotted lines in
Fig.4a are best fits by power laws, with respectively
kpg o< o1 9793 on the PS grafted layer and kg; oc ¢t 6%02
on the bare Si wafer.

IV. DISCUSSION

Two main molecular descriptions have been proposed
in the past to account for flow with slip in polymer so-
lutions, depending on the organization of the polymer
chains in the immediate vicinity of the solid surface, as
schematically shown in Fig. 4b and Fig. 4c. We briefly
present these two scenarios, and compare their predic-
tions to our interfacial friction data.

Scenario 1. The first scenario applies to surfaces
which are repulsive for the polymer. Then a depletion
layer forms close to the interface meaning that pure sol-
vent is in contact with the solid surface. When sheared,
the polymer solution flows on top of this pure solvent
layer in which a large part of the velocity gradient con-
centrates, due to the much lower viscosity of the solvent.
No noticeable slip at the wall is expected for the sol-
vent/solid interface, like for any simple fluid [4]. The
polymer solution thus only displays apparent slip. One
can estimate the slip length, bgcp, balancing the shear
stresses at the solvent/polymer solution interface:

bdep:5< ¢ —1), (5)

Tlsolvent
with 7solvent and 71y the respective viscosity of the pure
solvent and of the polymer solution with volume fraction
¢. ¢ is the thickness of the depletion layer. As for semi-
dilute polymer solutions in good solvent 7solvent <K 74,
the slip length can be approximated as:

2 (6)

bdep ~ 6
Tlsolvent

The question is then to decide what fixes . For semi-
dilute polymer solutions in contact with a repulsive wall,
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FIG. 4. (a) Navier’s coefficient k = boo/n as a function of
PS volume fraction ¢ for solutions of PS in DEP flowing on
a bare Si wafer and a grafted layer of PS brushes. The red
and blue dotted lines represent fits boo o ¢°. The green and
purple dotted lines correspond to the expected scaling laws ac-
cording respectively to the blob friction model, the monomer
friction model or the depletion layer model. (b) Illustration
of the depletion model (scenario 1). § is the thickness of the
depletion layer. (c) Illustration of the blob friction model
(scenario 2) and the monomer friction model (scenario 2bis).
£ is the blob size.

it has been predicted [37, 38] that the thickness of the
depleted layer 6 should scale with the polymer volume
fraction ¢ as the correlation length of the excluded vol-
ume interactions in the solution, &:

5~ 5 ~ a¢—0.75 , (7)

with a the Kuhn’s length. Lee et al.[39] and Ausserré et
al.[40] verified this scaling by direct measurements of the

depleted layer for polystyrene solutions at air interface
and xanthan solutions on a silica surface respectively.
This first scenario thus predicts an interfacial friction
scaling as

ko~ nsoZrent ¢0_75. (8)

Scenario 2. The second available scenario applies to
ideal surfaces, and, relies on the scaling description of
semi-dilute polymer solutions. In this framework, as long
as disentanglements are not involved, the solution be-
haves as a closed packed suspension of blobs of size &,
de-correlated from each other both for static and hydro-
dynamic interactions. When submitted to a shear, blobs
slide on the surface. Their friction coeflicient with the
other blobs in the solution is the Stokes friction:

C ~ gnsolvent . (9)

The interfacial friction coefficient of one blob can thus be
written as

k (10)

~ §_2
Both scenarios predict exactly the same scaling for the
volume fraction dependence of the interfacial friction
with an exponent 0.75, which strongly differs from the
measured ones. It is interesting to notice that the first
scenario assumes a repulsive surface for the polymer,
which is probably not the case in the present experi-
ments, as evidenced by the observed transition from weak
to large slip, indicative of the presence of an adsorbed
polymer layer on the solid surface. Concerning the sec-
ond scenario, it relies on the classical scaling description
of the dynamics of semi-dilute polymer solutions, which
validity may be questionable.

It is then interesting to look closer to the polymer vol-
ume fraction dependence of the viscosity that has been
experimentally obtained for the PS/DEP polymer solu-
tions (see Fig. 5 and S5). The predicted scaling for the
viscosity dependence versus the polymer volume frac-
tion is clearly not obeyed (dashed line in Fig.5), and
the measured viscosities present a much steeper increase
with the polymer volume fraction (dotted line in Fig.5)
than expected from classical scaling arguments. This
is not an isolated observation [6, 10, 41-44], as visible
in Fig. S5. Such deviations to scaling prediction have
been attributed to an additional polymer volume frac-
tion dependence of the solvent friction which appears as
a prefactor in the scaling laws. Such an additional vol-
ume fraction dependence has been evidenced long ago, in
particular through self diffusion measurements of small
molecular probes as a function of the polymer volume
fraction [45, 46]. When taken into consideration, these
solvent friction dependencies versus the polymer volume
fraction allowed one to recover good agreement with the
scaling predictions. Such a sensitivity of the solvent
viscosity to the polymer volume fraction has classically
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FIG. 5. Zero shear viscosity n4 for PS (M, = 10.2Mg-mol ™ *,
D = 1.08) in DEP semi-diluted solutions for 5 volume frac-
tions ¢. The dotted line represents the best fit, the dashed
line indicates the expected scaling law.

been attributed to the dependence of the glass transition
temperature of the solutions versus the polymer volume
fraction, so that, at fixed experimental temperature, the
data for different polymer volume fractions correspond
to different temperature distances to the glass transition
temperature of the solution T, [47]. As a consequence,
the solvent viscosity which appears as a prefactor in the
scaling predictions for all dynamic quantities, and more
specifically in equation (3) is not a constant quantity, but
depends on the distance to 7T, and thus on the polymer
volume fraction. This applies too for the prefactor of
the Stokes friction of one blob in equation (9), leading to
C "~ Tsolvent (T - Tg(¢))€(¢7 T) Ferry [48] and Berry and
Fox [49] have already discussed the complex dependence
of the Stokes friction on the polymer volume fraction.

Notice that we have shown through SANS experiments
that the screening length of the excluded volume inter-
actions, £ , follows the expected scaling law with ¢: no
effect of the glass transition temperature is expected for
this static quantity. Whatever the exact origin of the
sensitivity of the solvent viscosity versus the polymer vol-
ume fraction, one can insert in equation (9) the polymer
volume fraction dependence experimentally determined
from the viscosity measurements nsotvent (I’ —7g(¢)). This
leads to an apparent power law dependence for the inter-
facial friction versus the polymer volume fraction with
an exponent 2.3. For an easy comparison to experimen-
tal data, such a power law is reported in Fig.4a as the
green dotted line, and appears to be much closer to the
experimental data than the 0.75 exponent predicted by
the simple scaling or the depletion layer approaches.

As in the depletion layer description, pure solvent is
supposed to be in contact with the solid surface, there is
no reason to introduce any correction to the scaling as-

sociated to distance to the glass transition temperature
varying with the polymer volume fraction. For the de-
pletion layer, the 0.75 scaling exponent comes from the
identification of the depletion layer thickness to the cor-
relation length of the excluded volume interactions in the
solution, which is a static quantity and thus insensitive to
glass transition temperature effects, or any other specific
dynamic effects.

It is then tempting to conclude that the observed poly-
mer volume fraction dependence of the interfacial friction
in this particular case is the signature of a friction mech-
anism associated to blobs sliding on the surface when
subjected to shear, in the specific conditions of our ex-
periments (large enough shear times and large enough
shear rates so that the effect of the few polymer chains
adsorbed at the interface can be neglected).

Scenario 2bis. An additional scenario can however be
imagined, slightly differing from scenario 2, while start-
ing from very similar basis, which are sketched in eq. (10).
This new scenario, that we call 2bis, just because it is
quite close to scenario 2 in its principles, can be sum-
marized as follows: first, as either solvent molecules or
monomers are in contact with the surface, it seems not
unreasonable to assume that the interfacial friction can
be evaluated at the scale of a monomer or of a solvent
molecule, a. This is then the length scale to be entered
in equations (9) and (10) instead of the screening length
of the hydrodynamic interactions £. This is why we call
scenario 2 bis, the "monomer friction model". We have
shown experimentally however that the solvent friction
was depending on the polymer volume fraction. That
solvent viscosity solvent(¢) is the prefactor which enters
into eq. (9), and its dependence in the polymer volume
fraction will thus induce a dependence of the interfacial
friction coefficient k£ on the polymer volume fraction. The
non local character of the interfacial friction, is, in this
scenario, assumed to only come from the solvent viscos-
ity. The corresponding scaling, with a 1.55 scaling expo-
nent, is shown in light dotted green in Fig. 4. It appears
to be quite close to the friction data on the bare silicon
wafer, while the scaling corresponding to the blob friction
model appears closer to the friction data obtained on the
grafted brush layer, so that we have no clear indications
allowing one to chose between scenario 2 and 2bis. The
larger friction coefficient systematically observed on the
PS grafted substrate, could be attributed to the struc-
tural and dynamical features of the adsorbed polymer
layer in the vicinity of the interface which is not taken
into account here. One can notice however that there is a
kind of intrinsic contradiction in scenario 2bis, as locality
at the scale of the monomer is assumed, while non local-
ity is introduced through the polymer volume fraction
dependence of the solvent viscosity. This could possibly
be justified provided the fundamental origin of such a de-
pendence could be fully identified. This would certainly
need additional work, including systematic exploration
of the temperature dependence, in order to evaluate the
possible incidence of glass temperature effects, along with



direct measurements of the local and semi-local friction,
for example through self diffusion measurements of small
molecular probes of various sizes, as a function of the over
all polymer volume fraction. Part of such a program is
presently underway.

Interestingly enough, this means that, for semi-dilute
polymer solutions in this case, and whatever the ex-
act origin of this effect, the interfacial friction is not
only ruled by local friction phenomena developing at
the scale of a monomer or of a solvent molecule. It
is rather ruled by semi-local phenomena, developing at
scales larger than a monomer, for which the screening
length for the hydrodynamic interactions in the solution
may play a role. Our data, however, point out clearly
that this screening length is not the only length scale
entering into play. Essentially solvent molecules are in
contact with the solid surface and their whole dynamics
is affected by the presence of the polymer, through two
effects: the hydrodynamic correlations at the scale of the
blob, and, more locally, by the fact that the whole solvent
dynamics is affected by the polymer, possibly through the
proximity of the glass transition temperature of the so-
lution, which strongly depends on the polymer volume
fraction.

V. CONCLUSION

Thanks to a velocimetry technique based on local fluo-
rescence photobleaching, we have measured in a system-
atic manner how the polymer volume fraction was affect-
ing interfacial slip and interfacial friction in model semi-
dilute PS-DEP solutions sheared on model surfaces. Us-
ing independent measurements of the viscosity of the so-
lutions, we determined the Navier-de Gennes friction co-

efficient at the fluid-solid interface. The observed strong
dependence of the interfacial friction coefficient versus
the polymer volume fraction is the signature of a fric-
tion mechanism ruled by semi-local length scales. It can
be interpreted in terms of blobs sliding on the surface,
meaning that the important length scale is the correla-
tion length of the hydrodynamic interactions in the poly-
mer solution. The interfacial friction appears, however,
to be a more subtle quantity: for the particular polymer
solvent system used, additional polymer volume fraction
effects have to be considered on top of the classical scal-
ing approach, due to the variation of the glass transition
temperature with the polymer volume fraction in the so-
lution. Such additional effects clearly show up in the
dependence of the solution viscosity versus the polymer
volume fraction. If introduced as corrections to scaling,
they lead to a neat improvement of the description of
the experimental data for the volume fraction depen-
dence of the interfacial friction, compared to available
models. More extensive experiments will certainly be
needed on other polymer/solvent systems to fully con-
firm the present interpretation. It seems clear, however,
that, even if essentially solvent molecules are in contact
with the solid surface, the polymer organization inside
the solution do fix the semi-local length scale which drives
interfacial friction in polymer solutions. This gives tools
allowing one to manipulate this interfacial friction, and
the level of slip at the wall by adjusting the polymer vol-
ume fraction.

Acknowledgments: This work was supported by
ANR-ENCORE program (ANR-15-CE06-005). We
strongly benefited from discussions with Stéphane
Jouenne, Joshua McGraw, Alexandre Vilquin and
Frangois Boué. We thank Annie Brulet for her help on
SANS experiments.

[1] M. Denn, Extrusion instabilities and wall slip, 33, 265.

[2] H. A. Stone and S. Kim, Microfluidics: Basic issues, ap-
plications, and challenges, 47, 1250.

[3] E. Lauga, M. Brenner, and H. Stone, Microfluidics: The
no-slip boundary condition (Springer, New-York) pp.
1219-1240.

[4] C. Neto, D. R. Evans, E. Bonaccurso, H.-J. Butt, and
V. S. J. Craig, Boundary slip in newtonian liquids: a
review of experimental studies, 68, 2859.

[5] K. B. Migler, H. Hervet, and L. Léger, Slip transition of
a polymer melt under shear-stress, 70, 287.

[6] V. Mhetar and L. A. Archer, Slip in entangled polymer
solutions, 31, 6639.

[7] S.--Q. Wang and P. A. Drda, Stick-slip transition in capil-
lary flow of polyethylene. 2. molecular weight dependence
and low-temperature anomaly, 29, 4115.

[8] O. Baumchen and K. Jacobs, Slip effects in polymer thin
films, 22, 033102, publisher: IOP Publishing.

[9] S. Granick, Y. Zhu, and H. Lee, Slippery questions about
complex fluids flowing past solids, 2, 221.

[10] J. Sanchez-Reyes and L. A. Archer, Interfacial slip vio-
lations in polymer solutions: Role of microscale surface
roughness, 19, 3304.

[11] C. L. Navier, Mémoire sur les
lois du mouvement des fluides, in
Mémoire de ’académie des sciences de I'institut de France
(Imprimerie royale) pp. 389-440.

[12] P-G. De Gennes, Ecoulements viscométriques de
polymeres enchevétrés, 288B, 219 ().

[13] G. Reiter and R. Khanna, Real-time determination of the
slippage length in autophobic polymer dewetting, 85,
2753.

[14] J. M. Piau and N. El Kissi, Measurement and modelling
of friction in polymer melts during macroscopic slip at
the wall, 54, 121.

[15] N. El Kissi and J.-M. Piau, The different capillary
flow regimes of entangled polydimethylsiloxane polymers:
macroscopic slip at the wall, hysteresis and cork flow, 37,
55, publisher: Elsevier.

[16] J. D. McGraw, T. S. Chan, S. Maurer, T. Salez, M. Ben-
zaquen, E. Raphaél, M. Brinkmann, and K. Jacobs,




Slip-mediated dewetting of polymer microdroplets, 113,
1168.

[17] M. Hénot, A. Chenneviére, E. Drockenmuller, L. Léger,
and F. Restagno, Comparison of the slip of a PDMS
melt on weakly adsorbing surfaces measured by a new
photobleaching-based technique, 50, 5592 ().

[18] M. Hénot, E. Drockenmuller, L. Léger, and F. Restagno,
Friction of polymers: from PDMS melts to PDMS elas-
tomers, 7, 112 ().

[19] E. Durliat, H. Hervet, and L. Léger, Influence of grafting
density on wall slip of a polymer melt on a polymer brush,
38, 383.

[20] M. Ilton, T. Salez, P. D. Fowler, M. Rivetti, M. Aly,
M. Benzaquen, J. D. McGraw, E. Raphaél, K. Dalnoki-
Veress, and O. Badumchen, Adsorption-induced slip inhi-
bition for polymer melts on ideal substrates, 9, 1172.

[21] M. Miiller, C. Pastorino, and J. Servantie, Flow, slippage
and a hydrodynamic boundary condition of polymers at
surfaces, 20, 494225, publisher: IOP Publishing.

[22] J.-P. Montfort, Polymer chain dynamics and dynamic
surface force apparatuses, 41, 5024.

[23] C. Gay, Grafted surface sheared by short polymers and
the total entanglement threshold, 6, 335, publisher: EDP
Sciences.

[24] F. Brochard-Wyart, C. Gay, and P.-G. de Gennes, Slip-
page of polymer melts on grafted surfaces, 29, 377, pub-
lisher: American Chemical Society.

[25] M. Deng, X. Li, H. Liang, B. Caswell, and G. E. Kar-
niadakis, Simulation and modelling of slip flow over sur-
faces grafted with polymer brushes and glycocalyx fibres,
711, 192.

[26] H. A. Barnes, A review of the slip (wall depletion) of
polymer solutions, emulsions and particle suspensions in
viscometers: its cause, character, and cure, 56, 221.

[27] M. D. Graham, Fluid dynamics of dissolved polymer
molecules in confined geometries, 43, 273.

[28] H. Ma and M. D. Graham, Theory of shear-induced mi-
gration in dilute polymer solutions near solid boundaries,
17, 083103.

[29] P. E. Boukany, O. Hemminger, S.-Q. Wang, and L. J.
Lee, Molecular imaging of slip in entangled DNA solution
105, 10.1103/PhysRevLett.105.027802.

[30] L. A. Archer, Y. Chen, and R. G. Larson, Delayed slip af-
ter step strains in highly entangled polystyrene solutions,
39, 519.

[31] M. Grzelka, I. Antoniuk, E. Drockenmuller, A. Chen-
neviére, L. Léger, and F. Restagno, Viscoelasticity-
induced onset of slip at the wall for polymer fluids, ,
924.

[32] C. Barraud, B. Cross, C. Picard, F. Restagno, L. Léger,
and E. Charlaix, Boundary flow of viscoelastic polyelec-

trolyte solutions, ().

[33] C. Barraud, B. Cross, C. Picard, F. Restagno, L. Léger,
and E. Charlaix, Large slippage and depletion layer at
the polyelectrolyte/solid interface, 15, 6308 ().

[34] A. Chenneviére, F. Cousin, F. Boué, E. Drockenmuller,
K. R. Shull, L. Léger, and F. Restagno, Direct molecular
evidence of the origin of slip of polymer melts on grafted
brushes, 49, 2348.

[35] G. Massey, H. Hervet, and L. Léger, Investigation of the
slip transition at the melt polymer interface, 43, 83.

[36] M. Hénot, E. Drockenmuller, L. Léger, and F. Restagno,
Sensing adsorption kinetics through slip velocity mea-
surements of polymer melts 41, 10.1140/epje/i2018-
11697-4 ().

[37] P.-G. De Gennes, Polymer solutions near an interface.
adsorption and depletion layers, 14, 1637 ().

[38] J. F. Joanny, L. Leibler, and P. G. D. Gennes, Effects of
polymer solutions on colloid stability, 17, 1073.

[39] L.-T. Lee, O. Guiselin, A. Lapp, B. Farnoux, and J. Pen-
fold, Direct measurements of polymer depletion layers by
neutron reflectivity, 67, 2838.

[40] D. Ausserre, H. Hervet, and F. Rondelez, Concentration
dependence of the interfacial depletion layer thickness for
polymer solutions in contact with nonadsorbing walls,
19, 85, publisher: American Chemical Society.

[41] K. Osaki, M. Fukuda, and M. Kurata, Relaxation spectra
of concentrated polystyrene solutions, 13, 775.

[42] P. K. Bhattacharjee, J. P. Oberhauser, G. H. McKinley,
L. G. Leal, and T. Sridhar, Extensional rheometry of en-
tangled solutions, 35, 10131.

[43] M. V. Acharya, P. K. Bhattacharjee, D. A. Nguyen, and
T. Sridhar, Are entangled polymeric solutions different
from melts?, 1027, 391.

[44] M. Hénot, Glissement de polymeéres liquides, Phd disser-
tation thesis, paris Saclay.

[45] M. F. Marmonier and L. Léger, Reptation and Tube Re-
newal in Entangled Polymer Solutions, Physical Review
Letters 55, 1078 (1985), publisher: American Physical
Society.

[46] N. Nemoto, M. R. Landry, I. Noh, T. Kitano, J. A.
Wesson, and H. Yu, Concentration dependence of
self-diffusion coefficient by forced Rayleigh scattering:
polystyrene in tetrahydrofuran, Macromolecules 18, 308
(1985), publisher: American Chemical Society.

[47] T. G. Fox, Influence of diluent and of copolymer compo-
sition on the glass temperature of a polymer system, 1,
123.

[48] J. D. Ferry, Viscoelastic Properties of Polymers (Wiley).

[49] G. C. Berry and T. G. Fox, The viscosity of
polymers and their concentrated solutions, in
Fortschritte der Hochpolymeren-Forschung, Advances in
Polymer Science, Vol. 5 (Spinger) pp. 261-357.




