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Experiments and simulations suggest that simple liquids may experience slip while flowing near
a smooth, hydrophobic surface. Here we show how precursors to molecular slip can be observed in
the complex response of a liquid to oscillatory shear. We measure both the change in frequency
and bandwidth of a quartz crystal microbalance (QCM) during the growth of a single drop of
water immersed in an ambient liquid. By varying the hydrophobicity of the surface using self-
assembled monolayers, our results show little or no slip for water on all surfaces. However, we
observe excess transverse motion near hydrophobic surfaces due to weak binding in the corrugated
surface potential, an essential precursor to slip. We also show how this effect can be easily missed
in simulations utilizing finite-ranged interaction potentials.

The conventional “no-slip” boundary condition for lig-
uid flow near a solid wall assumes that the velocity is con-
tinuous. A more general boundary condition, first intro-
duced by Navier in 1823, allows for a discontinuity in the
tangential velocity, Av, = b(dv;/On), where n is the nor-
mal direction pointing into the liquid, and b is the “slip
length” [1]. Although negligible on the macroscale, slip is
especially important for nanoscale transport in confined
[2, 3] and biological flows [4], and for technological pro-
cesses involving nanofiltration [5], desalination [6], and
energy harvesting [7]. Highly structured, superhydropho-
bic surfaces can lead to effective slip lengths greater than
1 pm due to residual gas bubbles trapped in surface fea-
tures. However, on smooth surfaces, reported values of
b range from 0 to 100 nm or more, and are sensitive to
issues such as nano-confinement [8-10] and surface con-
tamination or roughness [11-16].

Two parameters are thought to determine slip in
Newtonian liquids on molecularly smooth surfaces, yet
there is little agreement between theory and experiments.
First, surface hydrophobicity, often measured by the
equilibrium contact angle in air, enhances slip through
weak surface interactions. However, for water on hy-
drophobic surfaces, slip lengths reported in simulations
[17, 18] are systematically lower than those reported in
experiments [12, 19-23]. Second, a large shear rate at
the liquid-solid interface will induce slip if the resulting
shear stress is sufficiently strong [24-26]. However, ex-
periments often operate at shear rates of ¥ < 10° s7!,
whereas simulations exceed 4 = 10% s~!, making direct
quantitative comparisons ambiguous.

Here we directly connect theory and experiments con-
cerning molecular slip for water by systematically varying
the surface hydrophobicity at large experimental shear
rates. We find little or no slip (]b| < 3 nm) on all sur-
faces for 63, < 120°, where 0% is the advancing contact
angle of a water drop in air. Before slip can occur near a
surface, the liquid molecules must experience some aver-
age elastic displacement in local surface potential wells.
We are able to measure these “precursors” to slip, and
show that the amplitude of displacement increases with

surface hydrophobicity, providing a direct connection be-
tween the nanometer-scale liquid dynamics and surface
interactions. In addition, our results allow us to predict
when slip should occur at higher shear rates, and esti-
mate the depletion length between the liquid and solid.
Finally, we show how numerical techniques which are uni-
versally employed to simulate nanoscale flows, such as a
cut-off radius for molecular interactions, can strongly in-
fluence measured slip lengths for hydrophobic surfaces.

Our experiments utilize a QCM exposed to an un-
confined liquid bath. The maximum shear rate is ¥ =
7.7 x 10° s~ [27], which is nearly an order of magnitude
larger than other experimental techniques used to mea-
sure slip. QCMs have been previously used to measure
liquid-solid boundary conditions [28-33] and are known
to be sensitive to temperature and elastic stress [34].
To achieve sub-nanometer resolution, we implemented
a new, pseudo-differential method which compares the
boundary condition between a wetting liquid (undecane),
and a non-wetting liquid (water). Figure 1 shows our
experimental setup. An AT-cut QCM operating at its
fundamental frequency (fo = 5 MHz) is immersed in a
temperature-controlled bath of undecane. After a few
hours of equilibration, a drop of water is slowly grown
on the surface consisting of bare gold, gold coated with
SiOg, or gold coated with various self-assembled mono-
layers (SAMs) using a thiol-based chemistry [27]. All
liquids were degassed prior to the experiment in order to
minimize the effects of surface nanobubbles [35].

Upon immersion into a liquid with a no-slip boundary
condition, the change in the resonant frequency and half-
bandwidth of the QCM (Fig. le) are given by [27, 34, 36]
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where Z, is the acoustic impedance of quartz, and n (p)
is the dynamic viscosity (mass density) of the liquid. The
pseudo-differential technique requires matching the com-
plex frequency response of the QCM to each liquid. This
was done using the correct choice of liquids and exper-
imental temperature. At 48°C, the growth of a water
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FIG. 1. (a) Diagram of the experimental setup. The QCM is immersed in a temperature-controlled bath of undecane as a water
drop is slowly grown and imaged on the surface. (b-c) The QCM emits a decaying shear wave which penetrates a characteristic
distance § &~ 200 nm into the liquid. (d) The hydrophobicity of the QCM surface is modified by oxygen plasma cleaning and/or
coating with self-assembled monolayers. (e) The liquid’s interaction with the surface adds inertia and damping to the crystal’s
motion, which decreases the resonant frequency by Af and increases the half-bandwidth by AT

drop in undecane should result in Afgrop = Al'grop = 2_
0 since Nypw = Nupu, Where the subscripts refer to wa- n
ter (w) and undecane (u) throughout. Thus, deviations g
from zero reveal information about the differences in the 5-2-
liquid-solid boundary condition for each liquid. -4t
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associated with the decaying shear wave (Fig. 1c), and

is typically a few hundred nanometers for low-viscosity FIG. 2. (a) Af scales linearly with Ag.op on SiO2 surfaces
liquids such as water. If the liquid is slipping, then Eqn. (blue), and gold and gold-SAM surfaces (red). (b) The slip

2 predicts length b is defined by extrapolating the linear velocity profile
at the surface. The dashed lines in (a) represent b, = + 2

Ad’r‘op f 02 Pw Pu nm, assuming b, = 0. (c) Differential slip length between wa-

Alfarop =2 Agctive Z4 b — _w u (4) ter and undecane from Eqn. 4 versus advancing contact angle

of the water. The dashed line is a theoretical prediction [17],
upon the growth of a water drop with a contact area as described in the text. Symbol shapes correspond to dif-
Adrop, where Agerive = 37.1 mm? is the measured active ferent surface chemistries, and symbol fills indicate different
area of the QCM surface [27]. experiments for a given surface. Error bars represent vari-
ations from multiple experiments, linear fitting of the data,

Figure 2c shows the differential slip length from Eqn. and optical contact area measurements.

4 as a function of the advancing contact angle for a water
drop in air, %. The data can also be interpreted as the



absolute slip length of water on the various surfaces if we
assume b, = 0. Naively, this is a reasonable assumption
since undecane wets (02 = 0°) all surfaces used in the
experiment [27]. These results are consistent with recent
simulations of water [17, 38] indicating that slip only oc-
curs for very hydrophobic surface interactions, although
the shear rate used in the simulations (10° s=1) was
orders of magnitude larger than any experiment. The
dashed line in Fig. 2c represents a theoretical prediction
for water [17], b, = 0.5(1 + cos(6%))~2 nm. The nega-
tive slip lengths consistently observed on SiOs surfaces
may be related to the formation of solid-like water lay-
ers, which is enhanced by hydroxylation through oxygen-
plasma cleaning [39] (Supplemental Fig. 4 [27]).

Apparent slip can also be due to a thin surface layer
of low density and viscosity [27, 40], especially near hy-
drophobic surfaces where depleted, gas-like layers are ex-
pected to exist [41]. However, figure 2¢ shows no obvi-
ous trend in the data for increased hydrophobicity. Con-
versely, Fig. 3b shows an increase in AI" as the water drop
displaces the undecane, an effect which is larger for hy-
drophobic surfaces. The increase in dissipation is roughly
linear in the contact area, and is not due to energy loss
in the form of capillary waves, for example. We have
verified this by reversing the role of the liquids in the ex-
periment, i.e. growing an undecane drop on the surface
in a water bath, where AI' decreases by the same magni-
tude (Supplemental Fig. 3 [27]). An increase in AT, with
no corresponding change in Af, is not easily explained.
Variations in the liquid density or viscosity near the sur-
face would primarily affect the resonant frequency of the
QCM, not the bandwidth [27].

Nevertheless, an isolated change in AI' can be ex-
plained by an additional elastic deformation between the
liquid molecules and the SAM surface [27, 32, 34]. For
hydrophillic surfaces, the near-surface liquid molecules
are sufficiently bound to the SAM layer so that they
move synchronously with the QCM, and the amplitude
of liquid motion is identical to the amplitude of solid mo-
tion. However, as the surface hydrophobicity increases,
the near-surface molecules will experience excess defor-
mation in their local potential minima, leading to a larger
amplitude of motion in the liquid compared to the solid.
Such deformation must occur prior on the onset of slip.
Thus, upon the growth of a water drop, to leading order
we expect [27]

A T0; Dw - Du
AFdrop - 2A drop < D > Arliqa (5)
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where D,, (D,,) is the amplitude of motion of the water
(undecane) at the surface, and Dy is the amplitude of the
solid, as shown in Fig. 3b. Figure 3c shows the fractional
increase in amplitude as a function of the advancing con-
tact angle of the water drop in undecane, 62 ,. For the

QCM voltages and liquids used in our experiment, the
crystal amplitude is D; &~ 3.3 nm [27], so the data in
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FIG. 3. (a) AT increases linearly with Agop on SiO2 sur-
faces (blue), and on gold and gold-SAM surfaces (red). (b)
Schematic showing a larger amplitude of motion in the liquid
in comparison to the solid surface. (c) Difference in motional
amplitude between the water and undecane at the solid sur-
face, normalized by the amplitude of the solid, versus the ad-
vancing contact angle of the water drop in undecane. Symbol
shapes correspond to different surface chemistries, and symbol
fills indicate different experiments for a given surface. Error
bars represent variations from multiple experiments, linear
fitting of the data, and optical contact area measurements.

Fig. 3c suggest the excess amplitude in the liquid is of
order 0.1-0.3 A which is necessarily smaller than the typ-
ical lattice spacing for SAMs, given by 0., ~ 5 A [42].

This excess elastic deformation can not be provided
by the SAM monolayer since the typical modulus of a
SAM (~ 20 GPa [43]) is orders of magnitude too large to
produce the observed effect. Thus, deformation must be
occurring at the liquid-SAM boundary. We can estimate
the surface potential, V;, experienced by a liquid molecule
as the sum of all molecular pair-wise interactions across
the interface. Near the surface, V; will have transverse,
periodic variations due to the underlying lattice struc-
ture. The peak-to-peak amplitude of the variations, V,,,
will decay exponentially with surface separation [26]. If
the liquid is dragged along by the motion of the surface,
then the stress provided by the transverse gradient in the
potential must be sufficient to balance the shear stress in
the liquid. This idea is illustrated in Fig. 4a for a simple
one-dimensional model.

Locally, the potential is parabolic near a minimum, so
the maximum stress provided by the transverse gradient

is (t-VV) /o2, ~ 272V, (D; — D,)/o?,, where t is a
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FIG. 4. (a) One-dimensional model showing a liquid molecule
moving in the transverse potential during left and right os-
cillatory motion of the surface. The excess amplitude of the
liquid is D; — Ds. (b) Illustration of an fcc lattice of dimen-
sions w X w X w/2 and a liquid molecule at a center-to-center
distance h above the top surface molecular plane. (c) Local
peak-to-peak variation in potential, V},, normalized by the
interaction energy, versus h. The local potential depends on
the size of the lattice, as well as the cut-off radius o used for
the pair potential. Unless specified, ro = oco.

unit tangent vector to the surface, and the subscript [
refers to the liquid phase. For the damped shear wave
in the liquid, the maximum shear stress at the surface
is Dy(27f0)3/2(np)'/? [27, 34]. Equating the two stresses
gives

D, ot (mpfi\ '
( o) (6)

p, =t Vip \ 7
where the approximation is valid when D;/Ds — 1 < 1.
Thus, for weak-binding substrates, the liquid will be, on
average, further away from the surface, so Vj,, is smaller,
leading to a larger compliance and an increase in the
measured dissipation.

In order to better understand how V,,, depends on the
distance from the surface, we compute the net potential
from finite slabs of an fcc lattice of atoms with lattice
constant o5y = 5 A and dimension w x w x w/2, as
shown in Fig. 4b. The liquid-solid interaction is mod-
eled using a standard 12-6 Lennard-Jones pair potential,
V(r) = 4e((o15/7)*2 — (015/7)%) + K11 + K2, where r is
the center-to-center separation and o;; = 3.37 A is the

length scale of the interaction between water and carbon
[38]. The constants K; and K, are adjusted to satisfy
V(ro) =0 and V'(rg) = 0, where rg is the cut-off radius,
set to infinity where noted. The total potential is found
from summing over the particles in the lattice. Figure
4c shows the sensitivity of Vj, to the finite size of the
system and range of the potential. Here, V}), is defined
as the minimum potential barrier in any transverse di-
rection along the surface. For w — 0o, V}, exponentially
decays away from the surface. For small slabs, the po-
tential inverts (V,, — 0) before saturating. The largest
effect is seen when the potential is cut off at rg = 0.84
nm [38].

Fig. 3c shows that (D,, — D,,)/D; = 0.01 for the most
hydrophobic surfaces in our experiments. Assuming for
simplicity that D, = D, since % = 0 for all surfaces,
Eqn. 6 predicts that V,, ~ 4.2 x 1072 J for the water-
solid interaction. For 6% ~ 120°, we can estimate a
liquid-solid interaction energy, € ~ 5x 10722 J [38]. Thus
Vpp/€e = 8.4 x 107°, corresponding to a surface separa-
tion z =~ 0.85 nm in Fig. 4c. The corresponding depletion
length would be h — o5 = 5.1 A , which is in excellent
agreement with both neutron [41] and x-ray reflectivity
measurements [44] of depletion layers for SAM-water in-
terfaces, although some controversy exists on the latter
[45, 46].

We expect slip to occur by increasing the hydropho-
bicity (decrease V), or by increasing the shear stress
(increase ). The maximum gradient in the poten-
tial occurs at 1/4th the lattice spacing from the local
minimum, as shown in Fig. 4a. This corresponds to
(D; — Dg)/Ds = 055/4D;s =~ 0.04. Thus, increasing the
shear rate by a factor of 4 would exceed the maximum
tangential force provided by the surface, resulting in slip
for 02 ~ 120°. This would correspond to % =~ 3.1 x 106
s~1 which is a factor of 100 less than the smallest shear
rates in molecular dynamics simulations where slip is of-
ten reported.

Nevertheless, several experimental studies report slip
lengths of order b ~ 10—100 nm for water on hydrophobic
surfaces composed of smooth glass coated with a silane-
based SAM [3, 12, 16, 20, 22, 23], as opposed to the
gold-thiol based surfaces reported here. Although a more
recent study with higher experimental sensitivity show
data consistent with b = 0 nm on silanized surfaces [47],
our results highlight that equilibrium contact angle alone
is not sufficient to characterize the slip behavior of liquids
near smooth surfaces. Of equal importance is the shear
rate threshold for slip [26], which is directly related to
transverse variations in the surface potential, and can
not be captured by continuum models where slip is con-
fined to a near-surface layer [40]. For silane-based SAMs,
we hypothesize that the consistently low degree of trans-
lational ordering [48] may lead to a broad distribution
of energy barriers in the corrugated surface potential, so
that slip may be induced at low shear rates, however,



such a hypothesis would need to verified.

In summary, we have demonstrated that precursors to
slip can be observed for hydrophobic surfaces at large
experimental shear rates, a result which connects exper-
iments and simulations that are necessarily separated by
orders of magnitude in dynamical time scales, and will
impact multiple fields of research involving nanoscale lig-
uid dynamics near material and biological interfaces. In
addition, although the range of the interaction poten-
tial in simulations has been considered for static quanti-
ties such as the equilibrium contact angle [38], we have
shown here that it is equally important for the interfa-
cial dynamics. As applications necessitate even smaller
length scales for flows, confinement effects become more
important, as well as increased shear rates, both of which
remain open questions for ongoing research efforts.
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