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ABSTRACT

The formation of a bridging gas meniscus via cavitation or nanobubbles is considered the most
likely origin of the submicrometer long-range attractive forces measured between hydrophobic
surfaces in aqueous solution. However, the dynamics of the formation and evolution of the gas
meniscus is still under debate, and in particular in the presence of a thin air layer on a
superhydrophobic surface. On superhydrophobic surfaces the range can even exceed 10 um. Here,
we report microscopic images of the formation and growth of a gas meniscus during force
measurements between a superhydrophobic surface and a hydrophobic microsphere immersed in
water. This is achieved by combining laser scanning confocal microscopy and colloidal probe
atomic force microscopy. The configuration allows determination of the volume and shape of the
meniscus, together with direct calculation of the Young-Laplace capillary pressure. The long-range
attractive interactions acting on separation are due to meniscus formation and volume growth as
air is transported from the surface layer.

KEYWORDS superhydrophobicity, wetting, laser scanning confocal microscopy, AFM colloidal
probe, capillary forces.
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Interactions between hydrophobic surfaces in aqueous solution have intrigued scientists for over
30 years,* and the formation of a bridging gas meniscus via vaporization of the surrounding liquid
(i.e. cavitation) or nanobubbles? has become the most widely accepted mechanism behind the long-
range attraction.®*® The formation of gaseous menisci in water between smooth hydrophobized
surfaces has been observed with optical microscopy! and by using multiple-beam
interferometry.'® However, due to lack of time and space resolved data of sufficient resolution, the
development of the meniscus volume and the shape of the interface between the gas phase and the
liquid remain unclear. Furthermore, it is unclear how a gas meniscus evolves in the presence of a
pre-existing air layer as characteristic for superhydrophobic surfaces.

A surface is typically regarded as superhydrophobic if it displays a water contact angle above
150° and a low roll-off angle (<5-10°). This requires a combination of low surface energy and
micro- and nanoscale surface structures, e.g. as observed on the lotus leaf.**" A liquid droplet
resting on a rough hydrophobic surface is often described by two different basic wetting models,
the Wenzel*® and the Cassie-Baxter®® states, even though intermediate or mixed states are also
found.??! In the Wenzel state, the liquid penetrates the depressions and fully wets the surface
structure. In contrast, in the Cassie-Baxter state the droplet is suspended on top of the surface
features with pockets of air trapped underneath.

Forces acting between rough hydrophobic and superhydrophobic surfaces in aqueous solution
display long-range attractive interactions. The range exceeds those between smooth surfaces.??2*
In addition, the shape of the force curves measured on separation is often found to be inconsistent
with the presence of a gaseous meniscus with constant volume. Instead, an increase in the meniscus
volume during separation caused by transport of gas from pockets trapped in the surface features
has been suggested as a possible cause.?>? However, a clear understanding of these dynamic
events is missing due to the lack of space and time resolved data.

Laser scanning confocal microscopy, in short, confocal microscopy, allows observations of the
local wetting properties on rough surfaces in three dimensions with a resolution better than 1 um.2®
It provides detailed information on static and dynamic aspects of the three-phase contact lines and
wetting behavior of superhydrophobic surfaces.?’-°

Here, we relate the forces measured between a hydrophobic microsphere and a
superhydrophobic surface immersed in water with images of formation and evolution of gaseous
menisci. This allows us to extract meniscus volume and shape as well as the wetted contact area
and determine quantitatively the resulting Young-Laplace capillary pressures. We find that the
meniscus volume grows due to transport of air from the layer at the superhydrophobic surface
driven by the under-pressure in the meniscus.

RESULTS AND DISCUSSION

Superhydrophobic surfaces were prepared by dip coating cover glasses in a formulation containing
silica nanoparticles. After gas phase silanization with 1H,1H,2H,2H-perfluorooctyltrietoxysilane,
the coated samples displayed a macroscopic water contact angle of 8 = 155 £1° (faqv = 159 £1°,
Orec = 147 £5°). A 5 pL water droplet rolled off when tilting the surface by 5 +3°. The average



arithmetic (Ra) and root mean square roughness (Rq) were calculated from a 10x10 pm? atomic
force microscopy (AFM) topography image (Figure 1a) to 95 nm and 123 nm, respectively. By
gently scraping off the coating with a scalpel, its thickness was determined with AFM to 1-1.5 pum.
A spherical glass particle with radius R = 18.8 um was attached to a tipless cantilever (spring
constant k,= 20 N m?) and hydrophobized by gas phase silanization. The hydrophobic particle
had a rather high surface roughness with R. = 39 nm and Rq = 49 nm on a 5x5 um? area (Figure
S1, Supporting Information).
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Figure 1. (a) AFM topographical image (10x10 pm?) of the superhydrophobic surface and height
profile along the horizontal dashed line in the center of the image. The surface chemistry of such
a superhydrophobic surface was analyzed with X-ray photoelectron spectroscopy in a previous
study,®® showing a C/F ratio of 0.6 +0.1 and a CF»/CFs; ratio of 5.1 +0.3. (b) Confocal microscopy
image with the light reflected from the interfaces in red and water with fluorescent dye in cyan.
(c) Hlustration of a gas meniscus between the hydrophobic particle (radius R) and the
superhydrophobic surface at separation distance D, with the meniscus base diameter (dc), the angle
defining the de-wetted area on the hydrophobic particle (5), the microscopic contact angles at the
liquid-gas interface of the particle () and superhydrophobic surface (6s), and the two radii of the
principal curvature of the liquid-gas interface (r1 and r).

The force between the hydrophobic particle and the superhydrophobic surface in water was
measured with colloidal probe AFM using a constant driving speed of 0.2 um s? during approach
and retraction. Simultaneously, a specially designed inverted confocal microscope®!32 was used



for imaging. The aqueous phase was visualized by adding a low concentration (10 mg L?) of the
hydrophilic fluorescent dye Atto 488 (Figure S2, Supporting Information). Vertical slices through
the center of the hydrophobic particle were recorded at an acquisition rate of 1 frame s. The
fluorescence from the dyed water and the reflected light from the interfaces were detected
simultaneously (Figure S3, Supporting Information) and combined into a composite image (Figure
1b). Two red lines close to the superhydrophobic surface arise from light reflected from the water-
gas and glass-gas interfaces. The reflections demonstrate the presence of an air layer separating
the coated glass substrate from the aqueous phase consistent with a Cassie-Baxter wetting state.
The air layer was roughly 1-2 pum thick, and it was found to be stable throughout force
measurements (Figure 2).
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Figure 2. Top: Representative confocal images for (a) pinned and (b) intermittently pinned
three-phase lines recorded at (1) the start of the measurement, (2) just after meniscus formation
and jump-in, Dj, (3) at maximum attractive force, Da (4) just before rupture, Dy, and (5) after
rupture. Scale bar: 10 um. Color code: Water in cyan and reflected light in red. Bottom: Force
curves recorded in (a) and (b) are shown in (c) and (d), respectively.



The confocal images were analyzed (Supporting Information) to obtain the shape of the gas
meniscus in order to determine the meniscus volume V. the meniscus diameter on the
superhydrophobic surface dc, the angle defining the de-wetted area on the hydrophobic particle f,
the microscopic contact angles at the liquid-gas interface of the particle 6,, and superhydrophobic
surface 6s (Figure 1c). Further, the pressure change across the liquid-gas interface Ap was
calculated from the meniscus curvature (r: and rz) and the surface tension of water (y) using the
Young-Laplace equation:

1 1
=y (2+2) W

The value of ry was estimated by averaging the radii of the meniscus curvature of the two sides
in the cross sectional xz image, and r> was estimated as the radius of the xy cross section at the
narrowest point of the meniscus (Figure 1c). As ri1 describes the concave curvature of the gas
meniscus it is defined as negative, while r» is positive since it describes the convex curvature.

The confocal images obtained during force measurements revealed the formation of a gas
meniscus between the hydrophobic particle and the superhydrophobic surface (Figure 2 and
Videos S1, S2, Supporting Information). As long as the particle and the superhydrophobic surface
are well-separated, the force is zero (Figure 2, point 1). At some point below 1 um separation, the
surfaces jump into contact due to a strongly attractive force. The corresponding confocal images
at the jump-in distance D; demonstrate the formation of a gas meniscus (Figure 2, point 2). After
the particle makes contact with the superhydrophobic surface at zero distance, the cantilever is
retracted. The gas meniscus and the attractive force persist and reach a maximum force F. at
separation distance Da (Figure 2, point 3). The gas meniscus can span distances up to 10 um
(Figure 2, point 4). The force returns back to zero when the meniscus ruptures at distance Dy
(Figure 2, point 5).

Two types of local wetting were observed during separation. Most frequently (44 of 50
measurements), the meniscus was pinned to the superhydrophobic surface (Figure 2a and Video
S1, Supporting Information). Its base diameter was constant during retraction until rupture. Less
frequently (6 of 50 measurements), intermittent pinning to the surface was observed (Figure 2b
and Video S2, Supporting Information). In this case the base diameter increased during separation.
In a few additional cases, no gas meniscus was observed by confocal microscopy, likely because
it was too small or that surface features prevented meniscus formation (Figure S4, Supporting
Information). Force curves and confocal images were very reproducible for repeated
measurements on the same spot (Figure S5, Supporting Information), suggesting that microscopic
surface irregularities (topographical or chemical) determine the degree of pinning and local
wetting properties.

Force curve characteristics for pinned and intermittently pinned three-phase lines show
qualitative and quantitative differences (Table 1). For pinned contacts the force maximum on
separation is reached at small distances, typically within the first 4 um (Figure 3a). Upon further
increase of distance, the force becomes less attractive and at around 9 um the gas meniscus
ruptures. These force curves are smooth. In contrast, for intermittent pinning the attractive force



first increases with increasing distance, reaches a maximum at around 6 pm and then decreases
prior to rupture. In this case, many small steps are visible in the force curve and the maximum
attraction is slightly stronger than for pinned contacts.

Table 1. Average values with standard deviations of the maximum attractive force (Fz), the jump-
in distance (D;), rupture distance (Dr) and the distance of maximum attraction (Da) obtained from
force measurements. The number of measurements is given in parentheses for each case.

All measurements (50) | Pinned (44) Intermittently pinned (6)
Fa(UN) | 8.4+05 8.3+0.4 91+0.2
Dj (um) | 0.5+0.3 0.6 +0.3 0.3+0.1
Da (um) | 3.5+1.9 31+18 6.2+0.1
D (um) [ 9.4+ 1.1 93+1.1 10.0+0.1

The volume of the gas meniscus increases with separation (Figure 3b), suggesting a transport of
air from the layer at the superhydrophobic surface into the meniscus. Since the liquid was not de-
gassed prior to measurements, it is possible that some gas will also enter the meniscus via diffusion
from the bulk liquid. For pinned contacts the volume continues to increase beyond Da. due to
elongation of the meniscus in z-direction with a nearly constant base diameter (Figure 3c). The
contact angles on the superhydrophobic surface and on the particle increase moderately with
surface separation (Figure 3d,e). Menisci with pinned three-phase lines are typically smaller
(smaller values of d¢, g and r2) than those with intermittently pinned three-phase lines both at the
formation stage and during separation (Figure 3c,f,h). This suggests stronger hindrance to
meniscus growth for the pinned case which is also reflected by maximum meniscus volume V.
being only 1/3 as compared to intermittently pinned situations (Figure 3b). The position £ of the
three-phase line on the particle is relatively constant until the maximum attractive force has been
reached (Figure 3a,f). For D > D,, f decreases as the three-phase line is moving over the surface
of the particle (Figure 3f). This leads to a decrease in attractive force. We note that menisci having
intermittently pinned three-phase lines reach their maximum volume at the distance where the
attractive force is largest (Figure 3a,b). At larger distances the decreasing contact area of the
meniscus on the particle explains the decreasing meniscus volume.
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Figure 3. Plots of (a) force F (b) meniscus volume V¢, (c) base diameter at the superhydrophobic
surface dc, the microscopic contact angles at the liquid-gas interface of the (d) superhydrophobic
surface s and (e) hydrophobic particle 6, (f) angle defining the de-wetted area on the particle g,
the two radii of the principal curvature of the liquid-gas interface (g) r1 and (h) r2 and (i) the
pressure difference Ap as a function of separation distance D for two pinned (red triangles, open
and closed symbols) and two intermittently pinned (blue circles) wetting cases recorded at different
locations. The force in panel (a) was measured with colloidal probe AFM and the data in panels
(b)-(i) were calculated from the size and shape of the gas meniscus determined from the confocal
images.

The exact composition of the meniscus gaseous phase is not known, but determination of the
pressure difference within the meniscus can provide information on whether it is derived mainly
from trapped air or induced by water vaporization. The pressure difference is expressed as Ap =
pyv — P1, Where py is the pressure inside the meniscus and pi is the pressure in the liquid. In this
case pi is equal to atmospheric pressure (= 100 kPa). If the meniscus contained only water vapor,
pv would be equal to the vapor pressure for water (3 kPa at 25 °C), and thus Ap would be close to



-100 kPa. Ap can be calculated from Eq. 1, using the principal radii of the curvature, r1 and r;
(Figure 1c). The calculated pressure drop over the meniscus interface is in the range of 0-20 kPa
(Table 2). Thus, the meniscus needs to contain a large quantity of air. This is consistent with a pre-
existing air layer at the rough superhydrophobic surface facilitating formation and growth of the
gas meniscus. The under-pressure in the meniscus is the driving force for the gas flow from the air
layer, and this allows the meniscus volume to increase (Figure 3b). The meniscus ruptures as soon
as Ap =~ 0. Our data suggest a small overpressure exists in the meniscus prior to rupture (Table 2
and Figure 3i). This positive pressure could result from the onset of meniscus collapse, where gas
need to be driven back from the meniscus into the air layer. However, for the very elongated,
almost cylindrical shape of the meniscus before rupture, the radius r1 is no longer well defined
(Figure 3g) and this can lead to an increased uncertainty of pressure at rupture.

Table 2. Average values with standard deviation of meniscus characteristics obtained from
confocal images at three specific points: jump-in distance (D;), distance of maximum attraction
(Da), and rupture distance (Dr). The number of measurements is given in parentheses for each case.

All measurements (50) Pinned (44) Intermittently pinned (6)

D; D. D: D; D. D: D; D, D,
Ve (umd) | 340 + 160 1060 + 750 | 1140+430 | 330+170 800 + 220 1000 +190 | 430 +100 2990 +200 | 2170220
de (Mm) 19+3 19+4 18+4 18+3 18+2 17+2 23+1 301 28+1
B(°) 52+9 50+8 35+5 50+8 47+ 4 33+4 66 £3 68+4 44 +2
6 (°) 133+13 134 +11 140+9 132 £13 132+10 138+6 1387 1507 158 7
0 (°) 98+8 109 +7 105+ 6 98+8 107+ 6 105+ 6 98+8 118+ 6 108+ 8
ry (um) 3.1+12 59+18 90+16 32+12 56+17 90+16 2.9+09 -80+0.7 8.5+ 1.0
ra (um) 84+13 78+11 54+08 81+12 74+05 53+06 10.3+0.3 10.3+0.5 6.8+0.2
Ap (kPa) | -18+14 4+4 5+3 18+ 14 4+4 6+3 -19+8 2+1 2+1

The attractive force (Fa) between a sphere and a plane in a non-wetting liquid can be expressed
as the sum of two contributions 3:

F,=Fy, +F,

2)

The first term (Fap) arises from the pressure difference across the liquid-gas interface and is

given by

1
Fpp = angAp

3)

The second term (F,) is due to the surface tension acting on the wetted perimeter, and is given

by




FE, = —md. ysin 6 4

The adhesion in the saturated vapor will theoretically also contribute, but adsorption of a non-
wetting liquid is assumed to be insignificant and is neglected. The values for dc, 6s and Ap were
estimated from the confocal images at the distance D, and calculations give Fa = —4.1 £1.0 pN.
When calculating Fa for the two wetting cases separately, we get Fa=—-4.0+1.0 uN and Fs =
—4.9 £0.9 pN for pinned and intermittently pinned three-phase lines, respectively. These values
are in the same order of magnitude as the data obtained from force measurements (average
Fa =—8.4 £0.5 uN, Table 1). Thus, when the gas meniscus spreads on the surface, creating a larger
non-wetted area, the maximum attractive force increases.

Stepwise reduction of the attractive force was observed for the intermittently pinned wetting
case. When these steps occur at distances smaller than Da, we relate the changes in F to a decrease
in Ap as additional gas from the air layer enters the meniscus. In some cases this small pressure
change is caused by a moving three-phase line on either the superhydrophobic surface (change in
dc) or hydrophobic particle (change in ) (Figure S6, Supporting Information). We can estimate
the change in under-pressure, A(Ap), from the steps in the force curve. If dc is constant, F, will be
constant (Eq. 4) and the change in force AF can be expressed as

AF = Zd2A(Ap) (5)

The steps from the recorded force curves are in the order of AF = 0.2 uN, and the meniscus
diameter is typically 25-30 pum, giving A(Ap) = 0.3-0.4 kPa. These changes are, however, too small
to be directly seen in the data calculated from the confocal images (Figure 3i).

The rupture distance can be estimated from a free energy balance. Realizing that at D, the free
energy for the de-wetted and wetted situation is equal we arrive at the following equation, where
AG is the free energy difference between the de-wetted and the wetted states:

AG = AG, + AGs + AG; + AG. = Apycost, + Agycosts + Ajy — VlAp =0 (6)

Here, Ap and As are the de-wetted areas on the particle and the superhydrophobic surface,

respectively. The area of the meniscus gas-water interface Ai is given by A; = 2m fOD rdD, where

r is the meniscus radius at each point between the particle and superhydrophobic surface and D
the distance between the two surfaces. Since our data show that Ap ~ 0 at rupture it is justified to
ignore the last term. By using the local contact angles (Table 2) and calculating the interfacial areas
from d¢, f and the area of the gas-water interface as estimated from the image of the meniscus
(Supporting Information) we calculate Dy to about 11 pm, which is close to our experimental value
(average Dy = 9.4 £1.1 um, Table 1).

CONCLUSIONS

Gas meniscus formation was monitored with confocal microscopy during force measurements
between a superhydrophobic surface and a hydrophobic microsphere in water. The confocal
images allowed us to determine the meniscus volume and shape. Forces calculated from the
meniscus size and shape are consistent with the forces measured using colloidal probe AFM. We



conclude that the pre-existing air layer at the superhydrophobic surface facilitates the formation
and growth of the meniscus. The under-pressure in the meniscus is the driving force for gas flow
from the air layer into the meniscus.

METHODS

Sample preparation. Superhydrophobic coatings were prepared on high precision thin cover
glasses (No. 1.5H, thickness 170£5 um, Carl Roth GmbH). The glass substrates were rinsed in
Milli-Q water and ethanol, dried under N> and plasma cleaned using a table top plasma cleaner
(PDC-32G, Harrick Plasma) for 1 min at 18 W prior to the coating procedure. To induce the
required surface roughness, the substrates were dip coated three times in a formulation consisting
of 0.5 wt% silica nanoparticles (Aerosil R972, Degussa AG) dispersed in 87 wt% hydrofluoroether
(HFE 7100, 3M) and 12.5 wt% perfluoroalkyl copolymer (FluoroPEL™ PFC 604A, Cytonix
Corporation). To make the particle coating more durable the coated samples were heat treated at
450 °C for 2 h. Finally, the samples were silanized with 1H,1H,2H,2H-perfluorooctyltrietoxysilane
(ABCR GmbH & Co. KG) in gas phase in a N2 atmosphere at 70 °C for 24 h.

Glass microspheres (diameter 10-40 um, Polysciences Inc.) were glued to tipless cantilevers
(NSC35/tipless/Cr-Au, Mikromasch) by a small amount of two-component glue (Epoxy Rapid,
Bostik) using a micromanipulator under an optical microscope. The particles were hydrophobized
by gas phase silanization as described above for the superhydrophobic surface. Cantilevers were
calibrated using the method described by Sader.®*

Surface characterization. AFM topography images for roughness analysis of the
superhydrophobic surfaces and hydrophobic particle were recorded with a Bruker Multimode 8
AFM with Nanoscope V Controller (Bruker) using silicon nitride cantilevers (ScanAsyst Air,
Bruker) with typical spring constant of 0.4 Nm™,

Water contact angle measurements were performed using a DataPhysics OCA40 micro system
(DataPhysics GmbH). A 5 pL Milli-Q purified water droplet was gently deposited on the surface
and the contact angle and roll-off angle were measured. The advancing and receding contact angles
were determined when the droplet started to roll. All contact angles were determined using the
tangent fitting method and the results of 10 individual measurements at different locations on the
sample were averaged.

Laser scanning confocal microscopy combined with colloidal probe AFM. A specially
designed inverted laser scanning confocal microscope set-up®'-32 coupled with a JPK NanoWizard
AFM (JPK Instruments AG) was used for confocal imaging during force measurements. The
confocal microscope used a 40x/N.A.=0.95 dry objective with a correction ring and a 473 nm laser
(Cobolt blue 25 mW). MilliQ purified water with a fluorescent dye (Atto 488, Atto-tec GmbH)
added at a concentration of 10 mg L™ was used in the experiments. The fluorescence from the
dyed water and the reflected light from the interfaces were detected simultaneously with two
different detectors. The microscope was operated in xz-mode in which the laser was scanned along
one line in the x direction at different heights in the z direction to render a 2D cross-sectional
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image. An average of 16 line scans was used to give the final image. Confocal images were taken
at an acquisition rate of 1 frame s and the AFM head was moving with a constant speed of 0.2
um s during approach and retraction.
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