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Solid surface structure affects liquid order at the polystyrene-self-assembled-monolayer interface
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We present a combined x-ray and neutron reflectivity study characterizing the interface between polystyrene
(PS) and silanized surfaces. Motivated by the large difference in slip velocity of PS on top of dodecyl-
trichlorosilane (DTS) and octadecyl-trichlorosilane (OTS) found in previous studies, these two systems were
chosen for the present investigation. The results reveal the molecular conformation of PS on silanized silicon.
Differences in the molecular tilt of OTS and DTS are replicated by the adjacent phenyl rings of the PS. We discuss
our findings in terms of a potential link between the microscopic interfacial structure and dynamic properties of

polymeric liquids at interfaces.
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I. INTRODUCTION

When downsizing devices, confinement and interface
effects grow enormously in importance. Apart from the funda-
mental interest in interfacial structure and dynamics, microde-
vice and nanodevice fabrication open new perspectives for ap-
plications in manufacturing, pharmaceutics, chemistry, and the
food industry [1-3]. Especially in the context of microfluidic
devices [1], the controlled motion of small amounts of liquid is
indispensable. As the solid-liquid friction dramatically impacts
hydrodynamics in these systems, the boundary condition (BC)
of flowing liquids, commonly quantified by the slip length [4],
has been extensively revised on a microscopic length scale [5].

Navier first supposed that a liquid may slip over a solid
surface [4] and introduced the slip length b, which is defined
as the distance z from the interface where the velocity profile
v(z) of the liquid extrapolates to zero:

b = v(0)[dv(z)/3z] " |.—0. (1)

The possibility of surface slippage was subsequently discussed
intensely. Since the mid 19th century, the no-slip BC had
been generally favored and in the 20th century, fluid dynamics
textbooks assumed it in general, often without reference to
its empirical origin. Experimental evidence of the failure of
the no-slip BC was often attributed to parasitic effects or the
lack of resolution, until de Gennes predicted theoretically
a large slip of entangled polymers in capillaries [6]. This
provoked many investigations and today the slippage of
entangled polymer melts is a well-known phenomenon [7].
In the late 1990s, slip of Newtonian liquids was observed
in molecular dynamics (MD) simulations [8] and shortly
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after that it was experimentally confirmed [9,10]. Although
interfacial slip developed into a well-recognized phenomenon,
its microscopic origin is still unclear, also hindered by the fact
that most experimental techniques used to determine the slip
length are invasive or indirect.

From a theoretical point of view, two different types of
slippage are distinguished [11]. Real slip occurs when the
liquid slides over the solid surface on an atomic scale. Alter-
natively, apparent slip arises where a microscopic boundary
layer exists that is structurally and/or dynamically different
from the bulk liquid. This boundary layer may lead to a
different viscosity and is observed as interfacial slip on a larger
length scale, although the no-slip BC may microscopically still
hold. The nature of such a boundary layer may be a depleted
density of the liquid [12] or an alignment of the near-surface
molecules [13].

Depletion effects of simple liquids have been observed in
various cases [14—17] using x-ray reflectometry (XRR) and
neutron reflectometry (NR). Their origin and the consequential
link to macroscopic properties of liquids on solid surfaces
such as hydrophobicity and also slippage are currently under
debate [16-18]. Density profile fluctuations and depletion
layers of polymer melts close to solid substrates were also
reported and attributed to altered molecular conformations
and locally modified segmental distributions [19]. In cases
of entangled polymer melts, dedicated chain conformations
at the solid-liquid interface are responsible for a decrease
in the entanglement density compared to the bulk and thus
substantially influence slippage [20].

In this work, we present a combined XRR and NR study
on polystyrene (PS) films on top of two different silanes:
octadecyl-trichlorosilane (OTS) and dodecyl-trichlorosilane
(DTS). As known from previous studies, PS melts show large
slippage when flowing over hydrophobized surfaces, depend-
ing on molecular weight [20], temperature, and substrate [21].
In contact with DTS, a slip length of roughly 1 um (see
Ref. [21]) has been found for PS of the same molecular
weight (13.7 kg/mol) and for the same annealing temperature
(120°C) used in this study. On OTS, however, the sip length is
about one order of magnitude shorter for the same parameters.
This strong effect on the slip length is surprising, as both
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are chemically identical self-assembled monolayers (SAMs)
that differ only by six backbone hydrocarbons in tail length.
We show that the difference between the two surfaces is a
lower grafting density of the DTS resulting in a tilt of the
hydrocarbon tails. We provide evidence that the SAMs induce
conformational changes within the interfacial polymer, which
may influence slippage.

II. EXPERIMENT

The Si(100) wafers (Wacker/Siltronic, Burghausen, Ger-
many, boron p-dotation, 10-20 €2 cm resistance) were hy-
drophobized with OTS and DTS monolayers [22], which
resulted in a static contact angle of 67° 4= 3° for PS on the
silanized wafers in both cases. The advancing water (Milli-Q
synthesis system, Millipore, USA, organic impurities less than
6 parts per 10°, resistance at 25°C: 18.2 MQcm) contact
angle was 116° on OTS and 114° on DTS. The receding
contact angle was 110° in both cases. The atactic PS with
a molecular weight of 13.7 kg/mol (M,,/M, = 1.03) and the
deuterated PS (dPS) with a molecular weight of 12.3 kg/mol
(M, /M, = 1.05) were purchased from PSS, Mainz, Germany.
Polystyrene films between 50 and 60 nm were prepared by spin
casting a toluene (Merck, Darmstadt, Germany) solution onto
mica and floating on Millipore water, from where they were
picked up by the hydrophobized wafers. Then the samples
dedicated for the reflectivity experiments were annealed above
the glass-transition temperature 7, at 120 °C for 30 s just before
the onset of dewetting. Results of the dewetting studies and
the slip length determination can be found elsewhere [21]. The
bare silanized substrates were measured unannealed.

The x-ray measurements were conducted at beamline
BL9 [23] of the Dortmund Electron Accelerator (DELTA),
Germany, with photon energies of 11 and 15.2 keV and beam
sizes of 0.2 x 2.5 and 0.1 x 1 mm?, respectively, with an
angular resolution of 0.008° [full width at half maximum
(FWHM)]. We observed no beam damage during the x-ray
measurements. The NR measurements were performed on the
ADAM Reflectometer [24] at the Institut Laue-Langevin in
Grenoble, France, using a 0.5 x 10 mm? beam with a constant
angular resolution of 0.08° (FWHM). Precharacterization of
the samples dedicated for neutron scattering by means of XRR
was done on the laboratory reflectometer XPert Pro PW3020,
Panalytical, Netherlands. Fitting of the reflectivity data was
obtained by using corefinement of a slab model with Motofit
[25]. The error bars given by the fit correspond to one standard
deviation, whereas the parameter ranges indicated in this work
correspond to the variation between two measurements of
equal samples from different batches.

III. RESULTS

A. X-ray reflectivity of bare silane substrates

The x-ray reflectivities normalized to the Fresnel curve, i.e.,
the reflectivity for an ideally flat silicon surface, are shown in
Figs. 1(a) and 1(b). To get a quantitative description of the
measured results, we first analyze the silanized Si wafers and
assume a three-slab model, consisting of silicon oxide (Si0,), a
silane headgroup, and a hydrocarbon tail [26]. This reproduces
the measured data, as can be seen by the solid lines in Fig. 1.
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The SAM parameters (see Table I) reflect the characteristics
of completely grown silane layers [26,27]: On top of the
(9—10)-A-thick Si0,, with densities of 2.24-2.25 g/ cm’, there
is a silane headgroup, which is 5.6-5.95 A thick, followed
by the silane tail. The roughness between subsequent layers
is between 1 and 4 A. Note that the roughness of the bare
DTS tail of 2.9 4 0.08 A is comparable to the roughness of
2.73 £ 0.01 A measured for OTS. This rules out the possibility
of surface roughness as a potential cause for difference in
slippage between OTS and DTS. Moreover, in-plane rocking
curves at different g, values on the reflectivity show no
significant broadening of the specular peak on both silanized
surfaces, which underlines the flatness and homogeneity of
both samples. The only significant difference between the
DTS and the OTS layer, apart from the tail length, is a
higher grafting density of the OTS, which appears as a higher
electron density of the silane head and tail. The headgroup
of the DTS has an electron density of 0.476 +0.007 A~3,
compared to 0.53240.004 A=3 in the case of the OTS.
Likewise, the density of the DTS tail (0.82 & 0.01 g/cm?)
corresponds to 88% of an alkane crystal’s density [28], whereas
the OTS reaches 100% (0.936 + 0.004 g/cm?). This difference
is also observed when comparing the thicknesses of the
layers with the calculated length of an all-trans hydrocarbon
chain [26]. The (21.31 +0.05)-A OTS tail length matches
99% of the calculated fully stretched molecule (21.5 A). The
(12.0 = 0.1)-A DTS tail length, however, corresponds to only
86% of the calculated 13.9 A, which is commonly explained
as a randomly tilted SAM [26,29] and yields a tilt angle of
30° for DTS in this case. This difference between DTS and
OTS is regularly observed [30], which may be due to the less
optimal preparation temperature (room temperature) of DTS
in comparison to the OTS [31].

B. X-ray reflectivity of PS on silane substrates

When the silanized substrates are brought into contact
with PS and annealed well above the bulk 7, of PS, the
data analysis reveals an interface layer with lower density
between the SAM tail and the PS as can be seen in Fig. 1. To
check whether this density-reduced layer is just an artifact of a
roughness mismatch of the adjacent layers due to, for example,
insufficient annealing we calculated the electron density profile
of the interface between the OTS and PS layers by just adding
both profiles measured in air before contact, assuming no
change in the layers themselves. The simulated scattering
length density (SLD) profile and the resulting reflectivity are
denoted by black dotted lines in Figs. 1(b) and 1(d). This
assumption does not reproduce the measured curve; obviously
the PS has changed in contact with the SAM. The SLD profile
corresponding to the best fit to the reflectivity data, which is
shown by the solid lines in Figs. 1(b) and 1(d), features a sharp
density change of the interface layer towards the residual PS
film, which indicates that a smooth interface has emerged on
a molecular level. The relevant fit parameters are summarized
in Table I. The major difference between the DTS and OTS
interfaces is the thickness of the density-reduced interface
layer. The (4.2 £ 0.14)-A-thick layer at the PS-DTS interface
is considerably thinner than the (6.79 4 0.04)-A-thick layer at
the PS-OTS interface.
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FIG. 1. (Color online) X-ray reflectivity curves normalized to the Fresnel reflectivity on a log;o scale of the bare silicon wafers covered
with (a) DTS (lower purple bars) and (b) OTS (lower green bars) as well as the reflectivities for the silanized samples covered with PS (shifted
by one, upper red and blue bars, respectively). The solid lines represent fits. (c) and (d) Corresponding scattering length density (SLD) profiles
in the same color code as the reflectivity data. To exclude interfacial roughness as the origin of the depletion layer, the dotted black line in (d)
was obtained by adding the SLDs of the OTS and PS profiles in air. The resulting simulated reflectivity (dotted line) in (b) demonstrates that
the experimental reflectivity data cannot be explained by just a roughness mismatch between OTS and PS. In order to highlight the difference
in the depletion layer thickness for OTS and DTS, the blue dash-dotted lines in (a) and (c) denote a simulation of the DTS data with a thicker

interfacial layer.

C. Neutron reflectivity of PS on silane substrates

In order to obtain information about the chemical compo-
sition of the interface layer between OTS or DTS and PS,
we have performed NR experiments on the same system. In
contrast to x rays, which are sensitive to the electron density of
the sample, neutrons are scattered by nuclei and the scattering
length difference between a proton (—3.7 fm) and a deuteron
(6.7 fm) is noticeable. This makes NR particularly sensitive to
protonated-deuterated interfaces.

Replacing the PS by dPS, we obtained the NRs shown in
Fig. 2. As the neutron measurements suffer from a considerably
smaller momentum transfer range as compared to XRR,
their spatial resolution is much lower. Thus we fixed all fit
parameters when analyzing the NR measurements by the
corresponding x-ray values of the hydrogenated samples and
varied only the SLD of the interfacial layer (and the SLD and
thickness of the PS layer). For those parameters neutrons are
more sensitive than x rays due to the large contrast between
protonated silane (with a SLD of —0.4 x 107® A=2) and
deuterated PS (with a SLD of 6.6 x 107¢ A=2) (for x rays
the contrast is about 10 times smaller). This gives us a clear

picture of the isotope composition of the interfacial layer. A
purely protonated silane layer would result in a small negative
SLD, whereas a deuterated PS layer would show up in a layer
with a SLD of about 4.5 x 107% A2

In the inset of Fig. 2 it is evident that neither of the two
scenarios is observed for the SLD of the interfacial layer.
Instead both interfaces seem to consist of both protonated and
deuterated material. By taking the electron density from the
x-ray SLD and the nuclear density of the NR SLD the exact
amount of PS and silane of the density-reduced layer can be
calculated. For the OTS interface, this results in (66 & 4)%
PS and (11 &£ 3)% silane as compared to their bulk density
and in case of the DTS (32 £+ 12)% PS and (43 +12)%
silane are present. This means that the observed low-density
layer in the x-ray measurements comprises parts of the SAM
and the adjacent PS. This result is in line with recent x-ray
reflectometry studies of water at hydrophobic surfaces [15,16]
and clarifies that the density-depleted liquid often observed
at solid-liquid interfaces is partly due to the presence of the
hydrogen termination of the hydrophobic SAM whose SLD is
close to O for x rays.
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TABLE 1. Fitting parameters of the silane tail and the interfacial layer at the SAM-PS interface measured with
x-ray reflectometry. The terms d, N,, and o correspond to the thickness, scattering length density, and roughness of

the respective layers, respectively.

Parameter DTS in air OTS in air PS on DTS PS on OTS
NS (1070 A-2) 20£0.1 20£0.1 20 £0.1 20£0.1
oS0z () 33408 1.1+0.1 33408 1.1+0.1
d51%2 (A) 9+1 10+£0.1 9+1 10+ 0.1
NS (A2) 18.840.3 19.08 4 0.05 18.840.3 19.08 4 0.05
o Si02/head (&) 2.1+05 1.4+0.1 2.1+0.5 1.4+0.1
dhead (R) 5.93 +0.02 5.62 & 0.02 5.93 4 0.02 5.62 £ 0.02
Nped (1076 A-2) 13.44+0.2 154+0.1 13.44+0.2 15+0.1
o head/ail (R) 25+0.2 2.19 £ 0.04 25402 2.19£0.04
duil (A) 1240.1 21.31 £0.05 8.84 +0.08 17.86 £+ 0.03
NEL (1070 A-2) 7.9+0.1 9.07 £+ 0.02 7.94+0.1 9.07 £0.02
o tailair (A) 2.9 4+0.08 2.73 £+ 0.01

o tail/interf (R 1.14 (fixed) 1.14 +0.03
dinert (A) 4.194+0.14 6.79 £ 0.04
NPt (1070A2) 5.99 £ 0.03 6.44 £ 0.03
o interf/PS (R 0 (fixed) 0+0.2
drs (A) 539.9 £ 0.6 615.3 0.5
NS (1070 A-2) 82405 82405
o PShair (R) 3.240.02 3.31+£0.04

IV. DISCUSSION

To produce the sharp density step of PS in contact with the
SAMs, as seen by the electron density profile, the adjacent
PS chains cannot be randomly oriented. Instead we assume
that a rather well-ordered arrangement of contacting chain
segments is formed. Considering the molecular composition
of PS, only an orientation with the phenyl groups pointing
to the SAM complies with all parameters extracted from the
scattering experiments. This scenario is sketched in Fig. 3(a).
The distance between the hydrocarbon backbone of the PS and
the end of the phenyl group, including the covalent radius of the
hydrogen, is 5.6 A. The projected bonding length of the OTS
hydrogen termination including its covalent radius is 0.65—
1.25 A, depending on whether the covalent radius of the linked
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FIG. 2. (Color online) Neutron reflectivities on a log;g scale of the
OTS (blue bars, shifted by one) and DTS (lower red bars) substrates
covered with deuterated PS. The solid lines are fits corresponding
to the SLD profile from the inset in the same color code as the data
points (dPS on OTS on the left).

carbon is subtracted or not. In total this adds up to 6.25-6.85 A,
in accordance with the 6.8-A-thick interface layer observed
at the PS-OTS interface. Due to three possible orientations
of the phenyl group around a flat PS backbone, on average
only every third one would be incorporated in the interface
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FIG. 3. Sketch of the molecular conformation at the (a) PS-OTS
and (b) PS-DTS interfaces as explained in the text.
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layer. In the bulk, one and a half out of three phenyl rings are
projected on one side of the PS backbone. This explains the
density of deuterated material, reduced by one-third, in the
interface layer revealed by NR. If we additionally assume that
the phenyl rings follow the orientation of the SAM, they would
be tilted by 30° as depicted in Fig. 3(b) in contact with DTS.
This would lead to a reduced interface layer of 4.18-4.78 A,
which matches very well with the 4.2-A-thick interface layer
observed at the DTS. In contrast to one hydrogen atom pointing
into the interface layer at the OTS, two hydrogen atoms are
present in the interface layer of the tilted DTS. Additionally,
the interface layer at the DTS is thinner than the OTS one and
hence the proportional amount of protonated silane should be
considerably higher at the DTS, at the expense of the relative
amount of deuterated PS. This is in accord with the 43% silane
and 32% dPS as revealed by NR for the DTS interface.

The interfacial order that we deduce from our scattering
experiments is in line with recent MD simulations, where
a crystalline surface was able to induce order in polymeric
liquids [32]: The first liquid layer showed an almost perfect
reproduction of the preset periodic crystal structure. Recent
experiments confirm that in thin polymer films chain segments
may order [33] and in particular that certain orientations
of the PS phenyl rings can be induced by the presence of
interfaces [34], even in the absence of specific interactions:
As demonstrated by nonlinear optical techniques such as
sum-frequency generation spectroscopy, the interplay of in-
tramolecular and intermolecular interactions causes the phenyl
rings to point away from the bulk polymer film perpendicular to
the polymer-air interface [35] and also towards a hydrophobic
substrate [36].

Concerning slippage, MD studies report slip lengths on the
order of several monomer lengths [32], which are quantita-
tively not comparable to the large experimental slip lengths
(up to several um close to T,) for unentangled polymer
melts on silanized surfaces [21]. Experimentally determined
slip lengths may incorporate apparent slip in addition to real
slip. Apparent slip of polymeric liquids may be explained by
a higher segmental mobility in the vicinity of the interface
due to either (i) an interfacial depletion effect [12] or (ii)
layering [8,37] and/or alignment [13] of the liquid near the
interface. As a third potential mechanism (iii), a reduced
segmental friction coefficient between the adjacent polymer
chains and the substrate may be caused by particular polymer
conformations near interfaces. Recent MD simulations on
slipping oligomers [38] highlight that the most significant
part of the energy transfer (friction) between the solid and
the liquid is dissipated in the first liquid layer and only minor
energy transfers occur between subsequent layers.

The structural data of our study imply a flat arrangement of
the adjacent PS chain segments and a sharp step in the density
profile between the interfacial layer and the residual polymer
film. The density was shown to be reduced down to 75-77%
in a depletion zone of 4-7 A thickness. Mechanism (i) does
not apply to our system since the small extent of the depletion
zone cannot account for the large experimental slip lengths
measured. Regarding mechanism (ii), apparent slip due to
layering implies more than one layer of polymer to be aligned.
However, density oscillations indicating molecular layering
were not detected. Such shear-induced effects have been
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observed in in situ experiments for a different system while
applying shear flow [39]. Our experiments clearly demonstrate
a distinct orientation of the phenyl rings of the PS melt due
to the structural properties of the adjacent substrate (OTS and
DTS). Hence, compared to the nonoriented bulk liquid, the
presence of locally deviating dynamical properties such as
friction and viscosity in the interfacial region are very likely.

Theoretical studies report a suppression of slip for a higher
degree of substrate-induced liquid ordering near a flat smooth
surface (see Ref. [40] and references therein). This is qualita-
tively in line with the difference in slip length that has been
experimentally observed for PS on OTS and DTS. In general,
an ultralow surface roughness of the substrate, as found in the
cases of OTS and DTS, is a precondition for the presence of
ordering effects. In the limit of commensurability of spatial
dimensions of the surface corrugations and the molecular size
of the liquid, a strong suppression of slip can be achieved [40].
This might explain small slip length values (between 0 and
100 nm at maximum) that have been experimentally found
for the same PS on an amorphous substrate exhibiting slightly
larger surface roughness [20]. Studies of the interface structure
of the latter system are ongoing.

In the literature, experimentally observed differences in slip
length of Newtonian liquids on different substrates have been
widely attributed to surface properties such as roughness and
the strength of the interaction between liquid molecules and
the substrate [9,41]. We stress the fact that these parameters are
found to be identical for PS on DTS and on OTS. For these sys-
tems, we provide evidence of a molecular interplay of the inter-
facial structure of the liquid and the surface order of the solid,
which might affect a macroscopically detectable parameter,
namely, the amount of slip of a PS film on silanized surfaces.

V. SUMMARY AND OUTLOOK

We have revealed that the surface structure of a self-
assembled monolayer affects the conformation of polymer
chain segments adjacent to the solid boundary. The results of
combined x-ray and neutron scattering studies show that the
adjacent polystyrene chain segments lie completely flat and,
moreover, that the orientation of the phenyl rings replicates
the self-assembled monolayer structure. Both facts appear to
be clues to understanding (a) substantially different polymer
slippage on silanized surfaces exhibiting identical surface
energies and polystyrene contact angles and (b) large effective
(comprising real and apparent) slip, both observed experi-
mentally. Our findings corroborate ongoing research claiming
conformational changes at the interface in the case of entangled
polymeric liquids [20] and the interfacial liquid structure in
the case of nonentangled oligomers as important parameters
governing macroscopic slip [17,42]. Additionally, our results
might also shed light on further interfacial phenomena such
as depletion layers or glass-transition temperatures of thin
polymer films. Since the orientation of the phenyl rings of
the polystyrene is linked to the aforementioned ordering
phenomena, molecular dynamics simulations investigating
slippage of polymer melts should intend to account for their
entire monomeric structure to achieve full comparability to
experimental situations.

012306-5



PHILIPP GUTFREUND et al.

ACKNOWLEDGMENTS

We thank Michael Paulus and Christian Sternemann for the
x-ray beam time on DELTA and we gratefully acknowledge

PHYSICAL REVIEW E 87, 012306 (2013)

financial support from the BMBF (Grant No. 05K10PC1) and
the DFG Grants No. ZA161/18 and No. JA905/3 within the pri-
ority program (SPP) 1164 and the graduate school GRK1276.

[1] T. M. Squires and S. R. Quake, Rev. Mod. Phys. 77, 977 (2005).

[2] T. Thorsen, S. Maerkl, and S. Quake, Science 298, 580 (2002).

[3] H. D. Rowland, W. P. King, J. B. Pethica, and G. L. W. Cross,
Science 322, 720 (2008).

[4] C. L. M. H. Navier, Mem. Acad. R. Sci. Inst. Fr. 6, 389 (1823).

[5] C. Neto, D. Evans, E. Bonaccurso, H. Butt, and V. Craig, Rep.
Prog. Phys. 68, 2859 (2005); E. Lauga, M. P. Brenner, and H. A.
Stone, in Springer Handbook of Experimental Fluid Mechanics,
edited by C. Tropea, A. L. Yarin, and J. F. Foss (Springer, Berlin,
2007); L. Bocquet and J.-L. Barrat, Soft Matter 3, 685 (2007).

[6] P. G. de Gennes, C. R. Acad. Sci. Ser. B 288, 219 (1979).

[7]1 O. Baumchen and K. Jacobs, J. Phys.: Condens. Matter 22,
033102 (2010).

[8] J.-L. Barrat and L. Bocquet, Faraday Discuss. 112, 119 (1999).

[9] R. Pit, H. Hervet, and L. Léger, Phys. Rev. Lett. 85, 980 (2000).

[10] Y. Zhu and S. Granick, Phys. Rev. Lett. 87, 096104 (2001).

[11] S. Granick, Y. Zhu, and H. Lee, Nat. Mater. 2, 221 (2003).

[12] E. Ruckenstein and P. Rajora, J. Colloid Interface Sci. 96,
488 (1983); M. Maccarini, R. Steitz, M. Himmelhaus, J. Fick,
S. Tatur, M. Wolff, M. Grunze, J. Janecek, and R. R. Netz,
Langmuir 23, 598 (2007).

[13] S. Heidenreich, P. Ilg, and S. Hess, Phys. Rev. E 75, 066302
(2007).

[14] M. Maccarini, Biointerphases 2, MR1 (2007).

[15] B. M. Ocko, A. Dhinojwala, and J. Daillant, Phys. Rev. Lett.
101, 039601 (2008); A. Poynor, L. Hong, I. K. Robinson,
S. Granick, P. A. Fenter, and Z. Zhang, ibid. 101, 039602 (2008);
M. Mezger, F. Sedlmeier, D. Horinek, H. Reichert, D. Pontoni,
and H. Dosch, J. Am. Chem. Soc. 132, 6735 (2010).

[16] S. Chattopadhyay, A. Uysal, B. Stripe, Y.-g. Ha, T. J. Marks,
E. A. Karapetrova, and P. Dutta, Phys. Rev. Lett. 105, 037803
(2010); M. Mezger, H. Reichert, B. M. Ocko, J. Daillant, and
H. Dosch, ibid. 107, 249801 (2011); S. Chattopadhyay,
A. Uysal, B. Stripe, Y.-g. Ha, T. J. Marks, E. A. Karapetrova,
and P. Dutta, ibid. 107, 249802 (2011).

[17] P. Gutfreund, M. Wolff, M. Maccarini, S. Gerth, J. Ankner,
J. Browning, C. Halbert, H. Wacklin, and H. Zabel, J. Chem.
Phys. 134, 064711 (2011).

[18] D. M. Huang, C. Sendner, D. Horinek, R. R. Netz, and
L. Bocquet, Phys. Rev. Lett. 101, 226101 (2008).

[19] C. Bollinne, V. Stone, V. Carlier, and A. Jonas, Macromolecules
32,4719 (1999).

[20] O. Bdumchen, R. Fetzer, and K. Jacobs, Phys. Rev. Lett. 103,
247801 (2009).

[21] R. Fetzer, K. Jacobs, A. Miinch, B. Wagner, and T. P. Witelski,
Phys. Rev. Lett. 95, 127801 (2005); R. Fetzer, A. Miinch,
B. Wagner, M. Rauscher, and K. Jacobs, Langmuir 23, 10559
(2007); O. Béumchen, R. Fetzer, A. Miinch, B. Wagner, and

K. Jacobs, in Procceeding of the IUTAM Symposium on
Advances in Micro- and Nanofluidics, edited by M. Ellero,
X. Hu, J. Frohlich, and N. Adams (Springer, Berlin, 2009).

[22] J. B. Brzoska, 1. B. Azouz, and F. Rondelez, Langmuir 10, 4367
(1994).

[23] C. Krywka, M. Paulus, C. Sternemann, M. Volmer, A. Remhof,
G. Nowak, A. Nefedov, B. Poter, M. Spiegel, and M. Tolan, J.
Synchrotron Radiat. 13, 8 (2006).

[24] M. Wolff, K. Zhernenkov, and H. Zabel, Thin Solid Films 515,
5712 (2007).

[25] A. Nelson, J. Appl. Crystallogr. 39, 273 (2006).

[26] 1. M. Tidswell, B. M. Ocko, P. S. Pershan, S. R. Wasserman,
G. M. Whitesides, and J. D. Axe, Phys. Rev. B 41, 1111
(1990).

[27] I. M. Tidswell, T. A. Rabedeau, P. S. Pershan, S. D. Kosowsky,
J. P. Folkers, and G. M. Whitesides, J. Chem. Phys. 95, 2854
(1991).

[28] J. M. Crissman, E. Passaglia, R. K. Eby, and J. P. Colson, J.
Appl. Crystallogr. 3, 194 (1970).

[29] K. Bierbaum, M. Kinzler, C. Woell, M. Grunze, G. Haehner,
S. Heid, and F. Effenberger, Langmuir 11, 512 (1995).

[30] T. Vallant, J. Kattner, H. Brunner, U. Mayer, and H. Hoffmann,
Langmuir 15, 5339 (1999).

[31] S. Onclin, B. J. Ravoo, and D. N. Reinhoudt, Angew. Chem. Int.
Ed. Engl. 44, 6282 (2005).

[32] N. V. Priezjev, Phys. Rev. E 82, 051603 (2010).

[33] S. Rivillon, P. Auroy, and B. Deloche, Phys. Rev. Lett. 84, 499
(2000).

[34] M. K. Mukhopadhyay, L. B. Lurio, Z. Jiang, X. Jiao, M. Sprung,
C. DeCaro, and S. K. Sinha, Phys. Rev. E 82, 011804 (2010).

[35] K. S. Gautam, A. D. Schwab, A. Dhinojwala, D. Zhang,
S. M. Dougal, and M. S. Yeganeh, Phys. Rev. Lett. 85, 3854
(2000).

[36] P. T. Wilson, L. J. Richter, W. E. Wallace, K. A. Briggman, and
J. C. Stephenson, Chem. Phys. Lett. 363, 161 (2002).

[37] P. A. Thompson and M. O. Robbins, Phys. Rev. A 41, 6830
(1990); N. V. Priezjev and S. M. Troian, Phys. Rev. Lett. 92,
018302 (2004); Y. Zhu and S. Granick, ibid. 93, 096101 (2004).

[38] A. Vadakkepatt, Y. Dong, S. Lichter, and A. Martini, Phys. Rev.
E 84, 066311 (2011).

[39] M. Wolff, A. Magerl, and H. Zabel, Physica B 350, 196
(2004).

[40] N. V. Priezjev and S. M. Troian, J. Fluid Mech. 554, 25 (2006).

[41] Y. Zhu and S. Granick, Phys. Rev. Lett. 88, 106102 (2002);
L.Léger, J. Phys.: Condens. Matter 15, S19 (2003); T. Schmatko,
H. Hervet, and L. Léger, Langmuir 22, 6843 (2006).

[42] T. Schmatko, H. Hervet, and L. Léger, Phys. Rev. Lett. 94,
244501 (2005).

012306-6


http://dx.doi.org/10.1103/RevModPhys.77.977
http://dx.doi.org/10.1126/science.1076996
http://dx.doi.org/10.1126/science.1157945
http://dx.doi.org/10.1088/0034-4885/68/12/R05
http://dx.doi.org/10.1088/0034-4885/68/12/R05
http://dx.doi.org/10.1039/b616490k
http://dx.doi.org/10.1088/0953-8984/22/3/033102
http://dx.doi.org/10.1088/0953-8984/22/3/033102
http://dx.doi.org/10.1039/a809733j
http://dx.doi.org/10.1103/PhysRevLett.85.980
http://dx.doi.org/10.1103/PhysRevLett.87.096104
http://dx.doi.org/10.1038/nmat854
http://dx.doi.org/10.1016/0021-9797(83)90050-4
http://dx.doi.org/10.1016/0021-9797(83)90050-4
http://dx.doi.org/10.1021/la061943y
http://dx.doi.org/10.1103/PhysRevE.75.066302
http://dx.doi.org/10.1103/PhysRevE.75.066302
http://dx.doi.org/10.1116/1.2768902
http://dx.doi.org/10.1103/PhysRevLett.101.039601
http://dx.doi.org/10.1103/PhysRevLett.101.039601
http://dx.doi.org/10.1103/PhysRevLett.101.039602
http://dx.doi.org/10.1021/ja910624j
http://dx.doi.org/10.1103/PhysRevLett.105.037803
http://dx.doi.org/10.1103/PhysRevLett.105.037803
http://dx.doi.org/10.1103/PhysRevLett.107.249801
http://dx.doi.org/10.1103/PhysRevLett.107.249802
http://dx.doi.org/10.1063/1.3549895
http://dx.doi.org/10.1063/1.3549895
http://dx.doi.org/10.1103/PhysRevLett.101.226101
http://dx.doi.org/10.1021/ma990363n
http://dx.doi.org/10.1021/ma990363n
http://dx.doi.org/10.1103/PhysRevLett.103.247801
http://dx.doi.org/10.1103/PhysRevLett.103.247801
http://dx.doi.org/10.1103/PhysRevLett.95.127801
http://dx.doi.org/10.1021/la7010698
http://dx.doi.org/10.1021/la7010698
http://dx.doi.org/10.1021/la00023a072
http://dx.doi.org/10.1021/la00023a072
http://dx.doi.org/10.1107/S0909049505035685
http://dx.doi.org/10.1107/S0909049505035685
http://dx.doi.org/10.1016/j.tsf.2006.12.025
http://dx.doi.org/10.1016/j.tsf.2006.12.025
http://dx.doi.org/10.1107/S0021889806005073
http://dx.doi.org/10.1103/PhysRevB.41.1111
http://dx.doi.org/10.1103/PhysRevB.41.1111
http://dx.doi.org/10.1063/1.460886
http://dx.doi.org/10.1063/1.460886
http://dx.doi.org/10.1107/S0021889870005988
http://dx.doi.org/10.1107/S0021889870005988
http://dx.doi.org/10.1021/la00002a025
http://dx.doi.org/10.1021/la9900977
http://dx.doi.org/10.1002/anie.200500633
http://dx.doi.org/10.1002/anie.200500633
http://dx.doi.org/10.1103/PhysRevE.82.051603
http://dx.doi.org/10.1103/PhysRevLett.84.499
http://dx.doi.org/10.1103/PhysRevLett.84.499
http://dx.doi.org/10.1103/PhysRevE.82.011804
http://dx.doi.org/10.1103/PhysRevLett.85.3854
http://dx.doi.org/10.1103/PhysRevLett.85.3854
http://dx.doi.org/10.1016/S0009-2614(02)01171-5
http://dx.doi.org/10.1103/PhysRevA.41.6830
http://dx.doi.org/10.1103/PhysRevA.41.6830
http://dx.doi.org/10.1103/PhysRevLett.92.018302
http://dx.doi.org/10.1103/PhysRevLett.92.018302
http://dx.doi.org/10.1103/PhysRevLett.93.096101
http://dx.doi.org/10.1103/PhysRevE.84.066311
http://dx.doi.org/10.1103/PhysRevE.84.066311
http://dx.doi.org/10.1016/j.physb.2004.04.025
http://dx.doi.org/10.1016/j.physb.2004.04.025
http://dx.doi.org/10.1017/S0022112006009086
http://dx.doi.org/10.1103/PhysRevLett.88.106102
http://dx.doi.org/10.1088/0953-8984/15/1/303
http://dx.doi.org/10.1021/la060061w
http://dx.doi.org/10.1103/PhysRevLett.94.244501
http://dx.doi.org/10.1103/PhysRevLett.94.244501



