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Zeta potential and electroosmotic
mobility in microfluidic devices fabricated
from hydrophobic polymers:

2. Slip and interfacial water structure

We discuss the structure of water at hydrophobic interfaces from the standpoint of its impact
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on electrokinetic phenomena in microfluidic devices fabricated from hydrophobic polymers
such as Teflon® or Zeonor®. Water structuring at hydrophobic interfaces has been described
as a source of interfacial charge (see Part 1, this issue), and dewetting phenomena, whether

via depletion layers or nanobubbles, contribute to slip and enhanced apparent electrokinetic
potentials. Issues concerning the impact of hydrodynamic slip and the role of diffuse inter-
facial structures are discussed. These issues are coupled with each other and with interfacial
charge concerns, providing challenges for measurements of individual parameters.
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1 Introduction

Water is among the most intriguing of materials. In addition
to its ubiquity and engineering relevance, water poses chal-
lenges owing to the complexity of its interactions with itself,
solutes, and interfaces. These complexities have made it dif-
ficult to define molecular models for water that predict all
important phenomena.

The presence of a solid interface interferes with the
structure of water’s hydrogen-bonded lattice. For hydrophilic
surfaces, this can lead, for example, to orientation of water
dipoles [2] and an attendant reduction in electrical permit-
tivity [3]. For hydrophobic surfaces, the results are not as well
understood. The structure of water at hydrophobic interfaces
may be a driving factor for interfacial charge, and it is closely
related to observed hydrodynamic slip.

When considering the influence of hydrophobic surfaces
on electrokinetic phenomena, we focus on those aspects of
interfacial structure that affect the fluid mechanical problem,
namely the actuation of mobile charge (the key source term
in the hydrodynamic equations), and the influence on
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hydrodynamic slip (the boundary condition for the hydro-
dynamic equations). Study of electrokinetics in hydrophobic
substrates is more complicated than in hydrophilic sub-
strates because (i) modes of charge formation at the fluid-
solid interface are less well-understood [1] and (ii) the
hydrodynamic slip boundary condition is highly coupled
with macroscopically observable electrokinetic phenomena,
leading to inflated apparent electrokinetic potentials. Model-
ing slip is non-trivial since the origin of slip is also currently
in dispute [4]. Both slip and surface charge have been postu-
lated to depend on the molecular/supramolecular structure
of water at the hydrophobic interface; proposed structures
include ice-like hydrogen-bonded networks of water mole-
cules [5-7], regions of depleted water density [8], and nano-
bubbles [9].

In the companion to this paper [1], we have presented
fundamental electrokinetic relations and then discussed dif-
ferent models for the origins of charge on hydrophobic sur-
faces, most of which have few if any charged surface groups.
Here, we discuss slip phenomena and interfacial molecular/
supramolecular structures. As was the case in [1], we focus
on microfluidic devices with aqueous electrolyte solutions,
and exclude discussion of large amphipathic and organic
surfactants.

2 Electrokinetics

Here we consider electrokinetic phenomena following the
notation and discussion presented in [1]. We assume that
charge separation phenomena lead to a net charge at the
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interface between the aqueous solution and the microdevice
substrate, and that charge coincides with an interfacial
potential (the zeta potential, {) as well as a diffuse electrical
double layer that can be described with a Gouy-Chapman-
Stern model [10]. The electrical potential distribution is given
by the Poisson-Boltzmann equation:

2 P 1 oz e
V2 = _f, _EZ no,lezlexp(— kBT\IJ) (1)

and nondimensionalization of the Poisson-Boltzman equa-
tion leads to the Debye length Ay

SkBT
ho = \/222(T/2) @)

We interpret the effects of interfacial phenomena at hydro-
phobic surfaces primarily in the context of electroosmosis and
streaming potential. Electroosmosis is described in the Smo-
luchowski limit by the electroosmotic mobility, iz, given by
&g
Mgo = —— 3
EO N G)
while streaming potential in the Debye-Hiickel, thin double
layer, and Smoluchowski limits is given by

Ad = — AP, “4)

no

Our focus in this paper is deviation from Smoluchowski-type
relations such as Eq. (4).

3 Slip boundary condition at water-
hydrophobe interfaces

In most physical descriptions of microfluidic systems, no-
slip boundary conditions at solid-liquid interfaces are
assumed [20, 21]. Flows in hydrophobic microfluidic sys-
tems, however, have been shown to deviate from those pre-
dicted by models using no-slip boundary conditions [4, 22,
39]. Here, we focus on slip in hydrophobic systems with
careful attention to electrokinetically driven flow.

3.1 Quantifying slip

Navier [10] and later Maxwell [41] proposed a linear boundary
condition which remains as the standard description of slip. In
this formalism, the fluid velocity field component tangent to
the surface, u,, is proportional to the shear rate at the surface.

w=bn- (Vu+Vu')-(1—nn) (5)
where u, is the slip velocity, u is the fluid velocity field, b is the

slip length parameter, and n is the unit vector normal to the
wall. In a simpler form,
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where the differential length On is in the direction normal to
the wall. Here the proportionality constant, b, has the units of
length, and is referred to as the slip length. The slip length
can be interpreted as representing the distance beyond the
wall at which the fluid velocity field becomes zero, if the ve-
locity field is extrapolated linearly (Fig. 1). Physically, the slip
length is analogous to a surface friction coefficient, as it
relates a field property (shear rate) to the boundary condition.
Typically, experimental measurements of slip are reported as
slip lengths.

3.2 Measurement of slip in microsystems

Slip lengths can be measured directly or inferred through
measurements of the macroscopic properties of a micro-
fluidic system. In order for slip to have a significant and
measurable effect on the macroscopic properties of a sys-
tem, the slip length should approach the same order as the
characteristic length scale for the system (roughly the
length over which fluid velocity in the bulk solution
changes to the value at the wall). There is a great deal of
variation in slip length measurements, and we do not
attempt to list slip lengths for various materials here (see
[4] for a summary of slip length measurements). In
hydrophobic materials, slip lengths are typically on the
order of nanometers, though some have recorded slip
lengths of microns [29, 30]. In electroosmotic flow, the
characteristic length, the Debye length, is typically on the
order of nanometers, so slip can have a very significant
impact on bulk flow properties.

Several observables have been used to infer slip proper-
ties, including the flow rate-pressure relation in a channel,
drainage forces observed between sufaces moved in relation
to each other, and electrokinetic phenomena. One standard
indirect method for measuring slip is to apply a known
pressure gradient across a channel and measure the flow rate

No-slip Partial Slip Total Slip
' L
b=0 O<b<ce b=cc

Figure 1. Scheme showing an interpretation of the slip length, b.
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[23, 25, 42—-44]. Slip in the system will lead to a larger flow
rate than that expected from a model based on the no-slip
boundary condition. For a circular microchannel,

Qo(b) 4b
=14+— 7
Oxs e ")

where Q is the slip flow rate, Qys is the flow rate if no-slip is
assumed, and a is the radius of the channel. Another mac-
roscopic technique involves measuring the viscous force
opposing the drainage of a liquid film between hydrophobic
surfaces [26, 45-49] and comparing to theoretical models [8,
50-53]. The presence of slip in the system reduces the
apparent viscous resistance to draining. Two techniques for
measuring drainage force have been developed; the surface
force apparatus (SFA) and atomic force microscopy (AFM).
The SFA was originally invented to measure van der Waals
forces through a gas [54], but was adapted to measure forces
between solids immersed in liquids by Israelachvili et al. [45].
An SFA uses interferometry to measure the distance be-
tween a stationary solid surface and a mobile one, and a
spring attached to the mobile surface to measure the force
acting on the surfaces. The SFA is now routinely used for
measurements of slip length [32]. In AFM, a colloidal sphere
attached to a flexible cantilever with known mechanical
properties is brought in close proximity to a surface, and the
deflection of the cantilever is measured [22, 34, 37]. Sedi-
mentation has also been used to measure slip [22], where
colloids experiencing slip sediment faster than expected.

Electrokinetic phenomena result in macroscopically
observable quantities that are expected to be largely affected
by slip, due to the localization of shear to the double layer,
which is typically small as compared to the dimensions of a
microchannel. Churaev et al. [24] used streaming potential to
study slip in methylated quartz capillaries. Streaming
potentials measured in the presence of slip are expected to be
larger than those measured in the absence of slip (see Sec-
tion 3.4, specifically Eq. 11). When compared to traditional
techniques, there is a key problem with electrokinetic obser-
vation, which limits its use in measurement of slip. Stream-
ing potential and electroosmosis are both functions of two
unknowns that are difficult to measure independently: the
electrokinetic potential, {, and the slip length, b. In order to
get an estimate of {, Churaev et al. used a non-ionic tri-
siloxane surfactant to render their methylated quartz hydro-
philic, claiming that the surfactant influenced the surface
potential only weakly, and made the surface no-slip. Precise
measurements of slip lengths through electrokinetic obser-
vation, however, require either a method for measuring the (-
potential that is unaffected by slip, or a combination of tech-
niques that are affected by slip differently.

Various velocimetry techniques have been used for
measuring slip at the solid-liquid interfaces more directly. In
particle image velocimetry (PIV), passive tracer particles are
added to the flow and observed optically [27, 29, 30, 55]. In
microfluidics applications, the tracer particles can be hun-
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dreds of nanometers in diameter, and the technique is refer-
red to as micro-PIV [27, 29, 30]. The resolution of micro-PIV
is limited by the depth of field of the observation optics, and
since tracer particles must be small enough to negligibly
affect the flow field, errors may be introduced from particle
diffusion, which must be corrected in post processing [29,
30]. Evanescent field illumination has beeen utilized in order
to increase the resolution of PIV, in which case the technique
is referred to as nano-PIV [55, 56]. When using velocimetry
methods to observe electroosmotic flow, it is important to
take the electrophoretic mobility of the tracer particles into
account [50].

3.3 Dependence of slip on physical parameters

The origin of slip in microfluidic systems is not well under-
stood. In general, hydrophilic systems have been shown to
have very small or negligible slip lengths [26, 28, 48, 49],
while hydrophobic systems have significant slip [22-39]. Al-
though the slip length does systematically increase with hy-
drophobicity of the substrate, it is only weakly correlated with
its contact angle [4]. Examining the dependence of slip on a
variety of physical parameters can help in understanding
how the surface properties of hydrophobic substrates lead to
the generation of slip.

Molecular dynamics simulations [57] and experiments
[38, 49, 58] have shown that roughness tends to decrease slip.
This is critical because microfluidic devices are usually the
product of chemical etches (on glass or silicon) and/or tem-
plated synthesis (soft lithography, hot embossing, injection
molding, replica molding, etc.), and these processes typically
lead to a surface that is rough on the atomic level. Results on
atomically-smooth mica [37, 45, 58] or even organosilane-
modified Si wafers [59-63] may not be representative of the
results on microfluidic substrates, nor can colloidal results
with oil droplets be assumed to be representative of the
roughness expected on the surfaces of microfluidic devices.
Roughness induces local flows which lead to viscous dis-
sipation of mechanical energy; essentially the same mech-
anism which leads to the no-slip boundary condition in typi-
cal flows. A number of experiments have also shown slip to
depend on the shear rate (b = b(})) [23, 25, 26, 38, 39, 64-67],
in which case Eq. (6) is non-linear. Models that have been
developed for shear-dependent slip are often based on the
postulate that a layer of gas bubbles exists at the interface [8,
68-72]. A layer of gas in between the bulk solution and the
solid channel wall has in general a non-zero velocity at the
fluid-fluid interface, which defines a local apparent slip
length as

b:h(z—i—l) (8)

where h is the thickness of the low viscosity layer, 1, is the
bulk solution viscosity and n, is the viscosity of the gas layer.
Some slip measurements are unsteady, which means that
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the size of the gas/bubble layer will be a function of the
instantaneous pressure distribution in the fluid. As is the
case with interfacial charge formation, the structure of water
at the interface can have a large effect on slip (see Section 4).

Slip has been shown to depend on the type and quantity
of dissolved gas in solution [22, 73, 74], supporting the
notion of nanobubbles or a region of depleted water density
at fluid-hydrophobe interfaces. In [22], Boehnke et al.
demonstrated that (1) solvophilic beads had sedimentation
velocities that were not a function of dissolved gas and (2)
beads in degassed solution had sedimentation velocities that
were not a function of the solvophilic/solvophobic nature of
the material; however, they showed that solvophobic beads in
solutions in contact with air had higher sedimentation ve-
locities than the same system in contact with vacuum. Using
an SFA to study a tetradecane interface, Granick et al. [73]
showed that a system saturated with CO, obeyed no-slip
boundary conditions, while a system saturated with Ar
deviated significantly from no-slip. This can be explained by
specific bonding of CO, with H,0, which differentiates it
from other gases such as Ar, N,, and O,, and is also respon-
sible for the anomalously high solubility of CO, [75-77].
With PIV experiments, Tretheway et al. [74] measured the
slip length as a function of absolute pressure, and showed
that the measured slip length decreases with increasing
absolute pressure. From these observations, it is clear that
dissolved gases influence slip phenomena, though the
mechanism by which it occurs is unclear (to be discussed
more in Section 4).

3.4 Slip in electrokinetic systems

If the slip boundary condition given by Eq. (6) is applied to
electroosmotic flow, then in the Debye-Hiickel limit with
uniform fluid properties, the resulting electroosmotic veloc-

ity, ugo is
E .
qu=—%c<1+b> 9)

where b”" = b\, is the slip length normalized by the Debye
length. Similarly, in pressure driven flow, the streaming
potential with the slip boundary condition becomes [24]

eAP B
A¢:_n_0C(l+b ) (10)

where once again the Debye-Hiickel limit and spatially uni-
form solution conductivity have been assumed. In both
cases, if the effect of slip is ignored, the measured or
apparent zeta potential, {,, inferred from electrokinetic
measurements will be larger than the potential drop across
the EDL.

G =C+b) (11)

The Debye parameter, Ap, can be quite small (~ 10 nm when
the counterion concentration is 1 mM), so slip can have a
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significant effect on electrokinetic systems. Since slip leads
to an effective {-potential that has precisely the same form in
both the electroosmotic velocity and the streaming potential,
measurements of these two quantities cannot be used to
infer both the slip length and the {-potential in the Debye-
Hiickel limit. In order to decouple the slip length parameter
from the {-potential, either a {-potential measurement which
is not affected by slip, or an independent measurement of
the slip length is necessary.

In the Debye-Hiickel limit, Yang and Kwok have expand-
ed this result for infinite flat plates. They have reported via an
analytical result for thin double layers [78] that an additional
correction term needs to be added, which accounts for the
relative increase in flow-induced ion transport (current)
attendant with increasing slip:

G =L 12)
1+- —¢
a nD
where 2a is the distance between the plates and D is the dif-
fusivity of the ions. Relaxing the thin DL limit, they have
reported results numerically for flat plates [79], circular
channels [80], and rectangular channels [81], with qualita-
tively similar results.

In the presence of slip, the errors introduced by lineariz-
ing the Poisson-Boltzmann as in Eq. (9) can be quite large. It
is illustrative to examine the full non-linear Poisson Boltz-
mann equation for the case of a symmetric z:z electrolyte on
a flat plate with a given {-potential. The apparent zeta poten-
tial, {,, now takes the form

_ <2 (ZE
Ca_C{l—Q—b Z(g*blnh(2 )} (13)
where {* = : Apparent {-potentials are plotted in Fig. 2

kT /2
for a variety (ff p/arameters. It is clear from all of the plots in
Fig. 2 that the linearized solution fails as { increases. In addi-
tion, the non-linear Poisson-Boltzmann equation introduces a
dependence on the valence of the electrolyte, z, which is not
present in the linearized solution. Comparison of Fig. 2a to
Fig. 2b (or Fig. 2c to Fig. 2d) shows that the Debye-Hiickel
approximation becomes worse for ions of larger valence.
Finally, Figs. 2c and 2d show that the Debye-Hiickel approx-
imation becomes worse as the slip length increases.

For cases of a general electrolyte solution, Eq. (1) must be
solved numerically. Numerical results for an electrolyte with
a 2:1 ratio of monovalent anions to divalent cations are
shown in Fig. 3. Interestingly, the ratio ,/{ goes through a
minimum as a function of { for large enough slip lengths.
This simple analysis demonstrates that the presence of slip
in electrokinetic systems can lead to large deviations from
no-slip behavior. It should be noted, however, that this anal-
ysis assumes a constant slip length to facilitate analytical
treatment. At present, the true nature of slip and its depend-
ence on input parameters is largely unknown.
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Figure 2. Plots of (a) {", vs. (" fora 1:1 electrolyte, (b) (", vs. (" for a 3:3 electrolyte, (c) {,/C vs. { for a 1:1 electrolyte, and (d) {,/{ vs. { fora 3:3
electrolyte. Closed symbols and solid lines correspond to the nonlinear solution to the Poisson-Boltzmann Equation (Eq. 13). Open sym-
bols and dashed lines correspond to the Debye-Hiickel approximation (Eq. 9). (", = {,/kgT/e and (" = {/kg T/e. For reference, kg T/e at room

temperature (293K) is 25 mV.

Few experiments directly addressing the effects of slip in
electrokinetic systems have been conducted. As discussed
earlier, Churaev et al. [24] used streaming potential meas-
urements in an attempt to infer the slip length for methy-
lated quartz in aqueous solution. They used a surfactant to
render the substrate hydrophilic, and claimed that the mod-
ified quartz gave a good estimate for the true (slip-free)
C-potential. This is at best an estimate, however, and in gen-
eral it is very difficult to decouple b from C.

MD simulations of electrokinetics in hydrophobic
microfluidic channels at finite temperature predict a break-
down of the Boltzmann approximation assumed in Eq. (1)
[82]. Ton concentration distributions oscillate near the fluid-
solid interface, in a manner consistent with some modified

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Poisson-Boltzmann approaches. The immobile Stern layer of
charges is present in hydrophilic surfaces, but absent in
hydrophobic surfaces. Motion of ions near the interface
results in slip in the hydrophobic case, which is well-de-
scribed by Egs. (6) and (9). In [82] Joly et al. chose to describe
charge interaction via an effective dielectric media. This
description was very successful in demonstrating the role of
condensed ion layers effects in slip, though full atomistic
simulation of the water molecules may be necessary in order
to understand the interplay between slip and charge forma-
tion at the interface. Such a simulation is very challenging,
since electrostatic interactions are long range, and computa-
tions of long range pair potentials for significant numbers of
molecules are very costly.
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Figure 3. Numerical solutions to Eq. 1 for a 2:1 ratio of monovalent anions to divalent cations over a flat plate. (a) {; vs. (" for a positively

charged plate, (b) ¢, vs. (" for a negatively charged plate, (c) {,/{ vs. {" for a positively charged plate, and (d)

[

La/C vs. (" for a negatively

charged plate. {, = (,/kgT/e and (" = {/kg T/e. For reference, kg T/e at room temperature (293K) is 25 mV.

3.5 Slip: Conclusions and recommendations

Slip can be of utmost importance in electrokinetic systems;
however, detecting its presence is difficult owing to the close
coupling between the slip length and the interfacial poten-
tial, both of which are typically unknown a priori. The com-
plexities involved in these phenomena are closely related to
ion condensation and ambiguity in the location of the outer
Helmbholtz plane [83] — both of these issues lead to additional
challenges when linking origins of surface charge to electro-
kinetic phenomena. Slip most likely is ubiquitous in hydro-
phobic systems, though the relationship between slip and
any measurable quantification of hydrophobicity (e.g. contact
angle) is unclear. The presence of dissolved gases has con-
sistently been shown to affect slip, possibly through inter-
facial gas/vapor layers (to be discussed further in Section 4).

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Slip is especially important in electrokinetic systems, owing
to the high shear rates present in the double layer during
electroosmosis, and the sensitivity of electrical currents to
fluid motion near the channel wall in streaming potential.
We have shown through simple analytical/numerical calcu-
lations that the presence of slip reduces the applicability of
the Debye-Hiickel approximation; an effect that is worse for
electrolyte ions of larger charge. Furthermore, the slip
length, b, and the electrokinetic potential, {, are coupled in
macroscopically observable electrokinetic phenomena, mak-
ing their independent measurement difficult.

Since the presence of slip increases the importance of the
non-linearity of the Poisson-Boltzmann equation, it may be
possible to design experiments where deviations from the
Debye-Hiickel approximation are measurable. Induced-
charged electrokinetic effects may play a role, since they

www.electrophoresis-journal.com
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provide more convenient access to large surface potentials,
though these limits also require more advanced double layer
modeling [84. 85]. In that case, different electrokinetic phe-
nomena, such as streaming potential and electroosmosis,
may exhibit measurably different dependencies on b and C. It
may also be possible to find surfactants that remove slip
from electrokinetic systems, but leave the surface potential
unchanged, as was attempted in [24]. More experiments
characterizing such surfactants are necessary, though deter-
mining their effect on the electrokinetic potential is non-
trivial. Owing to the challenges involved, very few attempts
have been made to measure slip in electrokinetic systems,
but such experiments are necessary in order to better under-
stand the interplay between slip and electrokinetics.

4 Interfacial water structure

Both the molecular (~1 A) and nanofluidic (~1-100 nm)
structure of water at hydrophobic interfaces are related to the
electrokinetic performance of microfluidic devices through
their roles in interfacial slip, chemistry, and adsorption. For
hydrophobic substrates in particular, water structuring
effects may even dominate the surface properties, e.g., inter-
facial charge, slip, and viscosity [86], in which case they
would also dominate the electrokinetic response of the sys-
tem. Macroscopic thermodynamic modeling suggests that
changes in entropy drive the formation of ordered water
structures at hydrophobic interfaces [87], and that such
structures can facilitate preferential adsorption of ions [88,
89]. In the context of slip in hydrophobic microfluidic de-
vices, the interfacial structure has been described in terms of
a vapor/gas layer or a layer of depleted water density [68, 69].
Data from recent AFM experiments supports an alternative
description, where instead of a continuous gas layer, there
exist unstable gaseous nanobubbles at the hydrophobic
interface [90].

uly)

Bulk Sodution

b

Deplation Layer

-3
3

(a) (b)

)
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4.1 Depletion layers

When examining slip in hydrophobic systems, Ruckenstein
et al. [68] considered the possibility of a gaseous gap existing
between the solid surface and the liquid due to partial or
complete dewetting, rather than treating the molecules of
liquid as slipping directly on the channel wall. This idea was
later extended to include the role of dissolved gases in deter-
mining the size and density of the gap [69, 70], and general-
ized into a notion of a boundary layer of depleted liquid
density (Fig. 4a) [8]. This depletion layer would have a lower
viscosity than the bulk solution (leading to apparent slip as
described by Eq. 8), but need not be an essentially frictionless
liquid-gas interface. In addition to introducing apparent slip,
the existence of a depletion layer also alters the surface
chemistry and ion adsorption [86], which could lead to some
of the ion concentration effects measured at air water inter-
faces discussed in [1].

X-ray reflectivity [62, 63, 91], neutron reflectivity [60, 61,
92], and AFM [93] experiments have been used to observe
depletion layers at various hydrophobic interfaces, allowing
for quantitative estimates of depletion layer thicknesses and
densities (Table 1). X-ray reflectivity measurements generally
report depletion layer thicknesses on the order of Ang-
stroms, while the neutron reflectivity measurements report
thicknesses on the order of nanometers. MD simulations [6,
91, 94] tend to agree more closely with the x-ray measure-
ments than with the neutron experiments. Reported deple-
tion layer densities vary in both types of measurement,
though there is some ambiguity involved in defining both
the thickness and the density. For example. Doshi et al. [61]
fit their measured density profile to error functions, and
defined the depletion layer thickness as the point at which
the water density is equal to half the bulk value; Grigera et al.
[94] examined the angular distribution function of water
molecules near the surface, which becomes constant in the
bulk. AFM has also been used to measure a depletion layer

fe)

Figure 4. Schematics of (a) a depletion layer, (b) roughly hemispherical nanobubbles, and (c) structuring of water
on hydrophobic microfluidic substrates. In (c), the dipole moment direction on a representative water molecule is

indicated by an arrow.
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Table 1. Summary of depletion layer measurements

Microfluidics and Miniaturization 1109

Interface Contact Depletion layer Pdepletion layer
Angle thickness (A) Phulk

Jensen et al. [91]: Water-paraffin 112° 15 0.9
X-ray reflectivity and MD

Poynor et al. [62]: Water on methylterminated octadecyl silane monolayers > 100° 2-4 0.4
X-ray reflectivity

Mezger et al. [63]: Water-0TS > 100° 3.8 0.71
X-ray reflectivity

Steitz et al. [92]: D,0 -polystyrene - 20-50 0.88-0.94
Neutron reflectivity

Schwendel et al. [60]: D,0 on SAMs - 41.8 0.869
Neutron reflectivity

Doshi et al. [61]: D,0 -0TS 100.7-113.4° 28-35 0.5
Neutron reflectivity

Knoben et al. [93]: Stearylated silica in water 100-110° 10 nm -
AFM

Mamatkulov et al. [6]: SPC/E-water model with hydrophobic alkane slab - 25 -
MD

Grigera et al. [94]: SPC/E-water model with a wall of neutral atoms - 4 -
MD

thickness of 10 nm for stearylated silica particles in water
[93], but AFM gives no information about the density. For
water-octadecyl trichlorosilane (OTS) interfaces, Mezger et al.
[63] also explored the effect of dissolved gases (Ar, Xe, Kr, N,,
0,, CO, CO,, and HCI), and concluded that they did not sig-
nificantly influence the depletion layer. Doshi et al. however,
also worked with OTS interfaces, and found that the deple-
tion layer thickness varied across Ar-treated, CO,-treated,
degassed and naturally aerated solutions, though the varia-
tions were not more than 25%. Observation of the existence
of a depletion layer even in degassed solutions [61-63] is
quite significant, because it suggests that dissolved gases are
not required for dewetting, and that the depletion layer is
inherent to water-hydrophobe interfaces. Thus under-
standing of micro/nanofluidics in hydrophobic substrates
requires careful attention to these non-uniform fluid density
effects at the interface.

4.2 Nanobubbles

Nanobubbles, irregular networks of unstable gas bubbles
approximately 30 nm in height and 100-300 nm in radius
(Fig. 4b), are an alternative (though not necessarily contra-
dictory) description of the structure of hydrophobic inter-
faces [9]. The existence of nanobubbles at water-hydrophobe
interfaces was initially postulated to explain the long-range
(10-100 nm) attraction observed between two hydrophobic
surfaces, where the attractive force as a function of separa-
tion distance was found to have large step changes [95, 102].
These step changes are attributed to the coalescence of
nanobubbles, and the magnitude of the expected attractive
force change resulting from a bridging event has been shown

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to be thermodynamically consistent with experimental
observations [95, 103].

Though nanobubbles are compelling in light of the
hydrophobic force measurements, they are controversial
owing to the fact that their thermodynamic stability requires
nanocavities, double layer interactions, diffusive non-equi-
librium, or a breakdown in the applicability of classical
descriptions of surface tension and its effects via the Young-
Laplace equation. The Young-Laplace equation gives the
relationship between a bubble’s size and its internal pres-
sure.

2
Pin = Pout + 2 (14)
b

where P, and P, are the pressures inside and outside of the
bubble respectively, v is the surface tension, and Ry, is the
radius of curvature of the nanobubble. Thus, a nanobubble
10 nm in radius requires an internal pressure of about 144
atm, meaning that it cannot be in equilibrium with the at-
mosphere, and is expected to dissolve very quickly. An esti-
mate of the time scale for the dissolution of nanobubbles is
given by the time scale for diffusion of a spherical gas bubble
into the liquid [104, 105].

Mp,a” PoRo
~ 14222 15
! DcoRT( = (1)

where M is the molar mass, p, is the far field pressure, D is
the diffusion coefficient of the gas in the liquid, ¢, is the
concentration of the gas, T is the temperature, R is the gas
constant, Ry, is the radius of the bubble, and v is the surface
tension. Lauga et al. [4] point out that t = 10 ps for R, =
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10 nm, though it is important to realize that Eqgs. (14) and
(15) strictly apply for a gas bubble surrounded by fluid in
equilibrium with the atmosphere; they do not take into
account the presence of a hydrophobic surface, which
through surface interactions may slow the kinetics of dis-
solution. Nevertheless, nanobubbles have experimentally
been shown to be stable for much longer than expected. One
possible explanation is offered by Attard et al. [9, 95, 98, 103],
who showed that if the bubbles are not in diffusive equilib-
rium with the atmosphere over macroscopically observable
timescales (i.e. they are in a supersaturated solution), the
nanobubbles can be thermodynamically stable, and should
be modeled using an isobaric chemical potential (fixed
number of gas molecules) rather than the grand potential
(global equilibrium). For this to be possible, they further
proposed that the nanobubbles are in equilibrium with a
locally supersaturated solution, though the origin of the
supersaturation is unclear. Attard et al. also showed that it is
thermodynamically feasible for the interfacial structures to
instead take the form of supramolecular vapor voids, a
description supported by Ljunggren et al. [105]. Experiments
show the bubbles/voids to be stable for hours, which could
be indicative of a diffusion limited process. The presence of
nanocavities allow nanoscale gas regions to exist without
nanoscale curvature, which further explains nanobubble
stability. The microscale analogy of nanocavities is super-
hydrophobic surfaces [106].

Perhaps the most compelling evidence for the existence
of nanobubbles comes from direct observation of water-
hydrophobe interfaces with tapping mode AFM [9, 59, 90, 92,
107-110]. Hydrophobic surfaces in water have distinct
roughness features, which are absent in dry hydrophobic or
wet hydrophilic surfaces. Phase AFM images reveal that the
roughness features consist of a much softer material than
the bulk substrate [9]. Furthermore, the roughness features
are not observable with contact mode AFM imaging, sug-
gesting that the force applied in contact mode destroys or
displaces these roughness features. These roughness fea-
tures have thus been postulated to be gas nanobubbles.
Typical values for nanobubble morphology are summarized
in Table 2. Descriptions of the general features of nano-
bubble morphology have differed among different investiga-
tors. Attard’s group has generally observed bubbles of irre-
gular cross-section [9, 90, 107], while others have observed

Table 2. Summary of AFM nanobubble measurements
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hemispherical objects of regular circular cross-section [59,
92, 108-110]. Both descriptions may be correct, as the nano-
bubble morphology is likely to be a function of both the so-
lution conditions and the substrate material. For example,
experiments by Tyrrell et al. [107] showed that nanobubble
morphology varies as a function of solution pH. At pH 3, the
bubbles coalesced into larger regular structures, while at
pH 9.4, the mean area of the bubbles was reduced and the
distinction between nanobubble domains was enhanced.
They propose that this is likely due to enhanced surface
charge on the bubbles at higher pH, leading to stabilization
due to electrostatic repulsion.

Examination of the role of dissolved gases [96, 99, 102,
110, 111] on the formation and morphology of nanobubbles
may elucidate information about their composition (gas vs.
vapor), and may also help determine the effect of nano-
bubbles on the performance of electrokinetically driven
microfluidic devices. Measurements of the hydrophobic
force with AFM/SFA have shown that its range decreases in
degassed solutions [96, 99, 102, 111]. Using an optical cavi-
tation method, Vinogradova et al. [112] found that the addi-
tion of dissolved gases enhances nucleation of nanobubbles
on hydrophobic surfaces. This contradicts the findings of
Ishida et al. [102], who found with AFM measurements of
OTS on Si substrates that dissolved gases had no effect on
the range of the hydrophobic force. However, they also found
that surfaces that were not exposed to air before they were
immersed in water and measured with AFM did not have
nanobubbles, while surfaces which had been exposed to air
prior to measurement did [59]. Zhang et al. [110] compared
tapping mode AFM images of water-mica interfaces taken
with non-degassed and degassed solutions, and found that
the nanobubble density decreased from 2.9 per um? to nearly
zero with degassing. Further study is required in this area in
order to draw conclusions about the composition of nano-
bubbles, but it is clear that exposure to air and/or dissolved
gases leads to nanobubble morphology changes, which can
lead to uncertainties in electrokinetic actuation in hydro-
phobic microfluidic devices.

As with depletion layers, nanobubbles can drastically
affect the electrokinetic performance of microfluidic devices
by introducing a slip boundary condition and altering the
surface chemistry. Lauga et al. [4, 71, 72] have modeled the
effect of nanobubbles on slip, and point out three key differ-

Interface Bubble radius of curvature (nm) Bubble height (nm)
Ishida et al. [59] Water-OTS 220-600 38
Tyrrell et al. [9, 90, 107] Water-methylated glass 100-300 20-30
Lou et al.[108] Water-graphite - -
Steitz et al. [92] Water-polystyrene 25-60 20
Simonsen et al. [109] Water-polystyrene

Zhang et al. [110] Water-mica

66.7 6.6

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ences between nanobubbles and depletion layers. First, the
flow inside nanobubbles recirculates, decreasing the slip
length estimate given by Eq. (8). Second, no-slip regions be-
tween the bubbles decrease slip further. Third, nanobubbles
are generally not flat, which decreases the slip further. In
addition, owing to instabilities and coalescence, nanobubbles
are dynamic, which means that their formation and dissolu-
tion over time will lead to transients in the electrokinetic re-
sponse of a system. This can be crucial in hydrophobic
microfluidic devices, since solvent and/or temperature
changes can lead to the nucleation and dissolution of nano-
bubbles.

4.3 Hydrogen-bonded water molecule networks

The structure of water at the interface is likely to dominate
the thermodynamics of binding events for ion adsorption
onto hydrophobic surfaces in aqueous media [5, 87]. In
addition to the macroscopic (depletion layers) and supra-
molecular (nanobubbles) structures which have already
been discussed, the molecular structure of water at hydro-
phobic surfaces has been shown to impact both slip and
ion adsorption [5-7, 89, 113-116]. Using MD simulations,
Lee et al. [113] showed that water forms an oriented ice-like
structure at extended hydrophobic surfaces. The molecules
nearest to the surface are oriented such that only one
hydrogen bonding group faces the surface, an arrangement
referred to as dangling hydrogen bonds (Fig. 4c). This
structure results from the competition between the ten-
dencies of the liquid to maximize hydrogen bonds, and to
maximize packing density. Zangi et al. [7] further showed
that the ordered structure leads to an electrical potential
gradient that strongly and favorably interacts with the
dipole moments of hydroxyl ions, leading to their sponta-
neous adsorption. Additional MD studies have shown that
oriented water molecules can also stabilize adsorbed ions,
and that the dynamics of ion hydration play a significant
role during an electrolyte ion’s approach to a hydrophobic
surface [5, 6, 114]. Mamatkulov et al. [6] observed the for-
mation of a depletion layer as a result of the water’s mo-
lecular structure, relating the structure of water at the
hydrophobic interface to slip phenomena.

The tendency of water to form ordered hydrogen-bonded
structures near extended hydrophobic surfaces has been
confirmed experimentally through spectroscopic measure-
ments of air-water interfaces [89, 115, 116]. Raduge et al. [115]
used sum frequency generation (SFG) to observe the inter-
face between air and aqueous sulfuric acid. They reported
three characteristic peaks at 3670 cm™!, 3200 cm™! and
3400 cm ™!, which correspond to dangling OH bonds at the
surface, hydrogen bonded OH groups associated with ice-
like structures, and less ordered local bonding structures
respectively. As they increased the H,SO, concentration, they
found that the 3670 cm™ peak disappeared, which they at-
tributed to the interaction of H,SO, molecules with the dan-
gling OH groups. Baldelli et al. [116] obtained similar results,
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but interpreted them differently, stating that ionic species
tend to orient water molecules into ordered structures more
than in the neat air-water interface. Using SFG and ATR-
FTIR (attenuated total reflection Fourier transform infrared)
spectroscopy, Liu et al. [89] demonstrated that different ions
can affect the hydrogen bonded water structure differently.
The water structure in the presence of smaller ions such as F1
and Cl is very similar to that of the neat air-water interface,
while larger ions such as Br and I tend to distort the hydro-
gen bonded network significantly. Consequently, Liu et al.
also observed enhanced concentration of the larger ions only,
suggesting that the distortion and/or reorientation of the
hydrogen bonded network plays a crucial role in preferential
ion adsorption. This is critical in microfluidics, as it affects
the surface charge, and ultimately the electrokinetic perfor-
mance of hydrophobic devices.

4.4 Interfacial water structure: Conclusions and
recommendations

Interfacial charge formation and slip on hydrophobic sur-
faces are likely to be dependent on (i) the structure of water at
the interface, and (ii) the presence of dissolved gases. The
existence of ordered water structures at hydrophobic inter-
faces is predicted by MD simulations [5—-7], which are in good
agreement with spectroscopic experiments [89, 115, 116].
The impact of these structures on interfacial charge forma-
tion is an area that warrants further investigation. MD
simulations have shown that ordered water structures can
facilitate adsorption of hydroxyl ions [7], though to the
authors’ knowledge, direct experimental evidence for
ordered water structuring is lacking. The distortion of these
water structures has been shown via spectroscopic measure-
ments to correspond with preferential anion adsorption [89];
future investigations here should be focused on thermo-
dynamic modeling of these systems.

Observed regions of depleted water density near the
interface are likely to be related to water structuring [6]. From
neutron/X-ray reflectivity [60-63, 91, 92] and AFM [93]
experiments, the characteristics of the depletion layer appear
to be only marginally affected by the presence of dissolved
gases, if at all. These depletion regions are also generally
observed regardless of whether solutions are degassed.
Though the composition of the depletion layer is essentially
unknown, these data suggest that the depletion region is
better described as a vapor layer, rather than as a gas layer. In
either case, the fluid in the depletion region has properties
that differ from their bulk values (e.g., viscosity, permittivity);
this lends credibility to the postulate that a low viscosity layer
near the interface leads to slip. Nanobubbles are likely to
exist at hydrophobic interfaces in addition to the depletion
region, though unlike depletion layers, they tend to be less
prolific in degassed solutions [59, 96, 99, 102, 111]. This
suggests that the bubbles are more likely to contain gas
rather than vapor, though their composition is also unchar-
acterized at this point. Future experiments should focus on
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determining the composition of these interfacial structures
either spectroscopically or chemically. Nanobubbles also
introduce slip at the interface, though there are fundamental
differences between depletion layers and nanobubbles in this
respect, as discussed in [4].

Since nanobubbles are unstable, and likely to be linked
with slip and interfacial charge, they are expected to lead to
transients in the macroscopically observable properties of
hydrophobic microfluidic systems as they form/dissolve over
time. Thus, it would interesting to see how changes in the
molecular/nanofluidic structures at water-hydrophobe inter-
faces correspond to changes in the macroscopic properties of
the system when the input parameters (i.e. pH, ionic
strength, etc.) are varied, and over time.

5 Concluding remarks

It has been shown that the complex interplay between dif-
fuse interfacial structures, interfacial chemistry, and slip
phenomena result in electrokinetic behavior that is difficult
to predict, and is highly dependent on both the solvent and
the electrolytes considered. Despite the general complexity of
these systems and a dearth of firm and rigorous conclusions,
several noteworthy trends have been demonstrated.

Given interfacial charge and the attendant zeta potential
as discussed in [1], we discuss the impact of interfacial slip
on microdevice performance. The presence of slip can be
crucial in hydrophobic electrokinetic systems, due to the
presence of high shear rates owing to the localization of
shear to the double layer. Electrokinetic measurements in the
presence of slip are especially difficult, since the slip length
and electrokinetic potential are coupled in macroscopically
observable phenomena, and both are unknown a priori. The
concentration of dissolved gas in solution has consistently
been shown to affect slip, suggesting that presence of gas or
vapor at the interface could be the fundamental origin of slip.
Given the important roles of dissolved gases in many bio-
analytical systems, most microdevices will use working
solutions with dissolved gases, and the effects of these gases,
especially when perturbed by experimental protocols, must
be taken into account. Through simple analytical and
numerical calculations, we have shown that slip in electro-
kinetic systems also limits the applicability of the Debye-
Hiickel approximation. The Debye-Hiickel approximation
fails at lower (-potentials in systems with larger slip lengths;
this effect worsens with ions of larger valence.

Both slip and interfacial charge are likely to be affected by
interfacial nanostructures on molecular or supramolecular
scale. Hydrogen-bonded water networks at hydrophobic
interfaces, which are important in both electrolyte and hy-
droxyl ion interfacial adsorption [1], may also correspond
with a region of depleted water density at the interface,
which has reduced viscosity when compared to the bulk so-
lution, and generates an apparent slip boundary condition on
the fluid velocity. Nanobubbles observed at these interfaces
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have a peculiarly slow dissolution rate, given their classically
predicted instability. Thus the thermodynamics of nano-
bubble formation/dissolution are particularly interesting
and challenging, though not currently well understood.
Nanobubble dynamics are of critical interest when consider-
ing design of electrokinetic systems, as the dissolution of
nanobubbles over time will lead to transient electrokinetic
behavior owing to changes in surface chemistry and slip.

The authors have declared no conflict of interest.
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