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ABSTRACT

Interactions between a hydrophobic probe particle and surfaces
with nanoscopic surface features have been investigated. Such
surfaces were prepared by polishing or by spin-coating of nano-
particles. The surface topography was characterized by AFM,
using the methods of high-resolution imaging, low-resolution
imaging using the probe particle, and by the rolling ball method.
The polished surfaces display sharp nanoscopic peaks and hardly
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any crevices. In contrast, the spin-coated surfaces can be character-
ized as nanostructured, due to the high density of nanoparticles
that on a short length scale provides a regular pattern of crevices
and hills. On all surfaces a larger waviness is also distinguished. In
all cases the dominant force at short separations was found to be a
capillary attraction due to the formation of an air/vapour con-
densate. Our data show that the large-scale waviness of the sur-
face does not significantly influence the range and magnitude of
the capillary attraction, but large local variations in these quan-
tities are found. The large variation in adhesion force corresponds
to a small variation in local contact angle of the capillary conden-
sate at the surfaces. The report discusses how the nature of the
surface topographical features influences the capillary attraction
by influencing the local contact angle and by pinning of the three-
phase contact line. The effect is clearly dependent on whether the
surface features exist in the form of crevices or as extending
ridges.

Keywords: Surface forces, AFM, capillary force, hydrophobic
interaction, surface roughness, surface topography, cavitation,
bubbles

1. INTRODUCTION

The interactions between macroscopic non-polar surfaces in aqueous
environments have been of great interest since Israelachvili and Pashley
reported the presence of a long-range hydrophobic interaction between such
surfaces [1]. It was early realised that cavitation occurred when two hydro-
phobic surfaces were brought into contact [2], but it took several years before
it was suggested that cavitation or bridging bubbles could explain the long-
range nature of the attractive force observed on bringing such surfaces
together [3–5]. This mechanism seems to explain many, but not all, of the
results reported in the literature [6], and the topic is still frequently discussed
[7–12]. Recently, the complementarity of the attraction between non-polar
surfaces in water to that between hydrophilic surfaces in (wet) air has been
demonstrated, giving further credence to the idea that both are due to capil-
lary condensation [12]. In the former case a capillary of gas/vapour gives rise
to the force, and in the latter case a capillary condensate of water causes the
attractive force. We note that surface roughness and chemical heterogeneity in
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some cases have been shown to have a more significant influence on the
ultimate range of the attractive force between non-polar surfaces in water
than the actual hydrophobicity as judged from contact angle measurements
[13, 14]. Thus, the range and magnitude of the attraction can in general not
be predicted by a measurement of the macroscopic contact angle.

Talc is a mineral frequently used in the pulp and papermaking industry for
pitch control and as coating pigment. Talc surfaces are not as pure and
smooth as the frequently used model surfaces, hydrophobized mica or silica.
In our earlier reports [15],[16] we have shown that the long-range attraction
between a talc surface and hydrophobic particles, pitch particles from paper
mills as well as traditional silanized silica spheres, displays the characteristic
features of forces induced by bridging bubbles/cavities. It was found that the
range and magnitude of the attraction varied depending on the probe used
and on the exact location on the talc surface. The variation is not only
depending on the surfaces’ hydrophobicity, as judged by contact angle meas-
urements, but also on other factors where surface topography effects are
hypothesized to play an important role. In this study we set out to explore this
further by using rough surfaces with nanoscale topographical features in
order to elucidate how such features affect the long-range attraction between
non-polar surfaces in water. In order to mimic the roughness of real surfaces
we have avoided making perfectly regular surface structures, but rather
explored substrates that show roughness features over both the nanometer
and micrometer length scale.

2. EXPERIMENTAL

2.1 Materials

Thermally oxidized silicon wafers purchased from Wafer Net, Germany, were
used as substrates. They were either polished or spin-coated with silica nano-
particle solutions. Polishing was done with a Masterprep polishing suspen-
sion (Alumina 0.05 μm from Buehler Ltd, Lake Bluff, IL, USA). Silica, SiO2,
particles with brand name Bindzil 50/80 and Bindzil 30/360 from Eka Chem-
icals AB (Bohus, Sweden), were used for coating a macroscopic silica surface.
The particle diameter of Bindzil 50/80 is 40 nm, whereas Bindzil 30/360 is
smaller with a diameter of 9 nm.

The water used in all experiments and sample preparations was obtained
from a Milli-Q Plus Unit (Millipore, Bedford, MA, USA) including ion
exchange, active carbon adsorption and reverse osmosis prior to the final 0.22
μm filtration step. The water resistivity after this treatment was 18.2 Mohm
cm. The water used for the AFM measurements was degassed prior to use by
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employing a water jet pump and a magnetic stirrer. NaCl p.a. was obtained
from Merck, Germany and used as received. Ethanol, (99.7 vol-% pure) and
acetone were obtained from Solveco, Sweden. The surfactant Berol 535
(technical grade penta(ethylene glycol) monoundecyl ether) used for disper-
sing the nanoparticles was obtained from AkzoNobel Surface Chemistry,
Stenungsund, Sweden.

Colloidal silica particles with a radius, R, of 2.5 μm (Bangs Laboratories,
Inc., USA) were used as probes for the force measurements. They, and the
substrate surfaces, were rendered hydrophobic by the use of tridecafluoro-
1,1,2,2 tetra hydro-octyl trichlorosilane (ABCR, Germany). A thermosetting
glue (Epikote 1004, Resolution Europe B.V., The Netherlands) was used in
the preparation of cantilevers and substrates for the AFM measurements.

2.2 Sample preparations

2.2.1 Silica surfaces

Silicon wafers with an oxide layer of about 100 nm thickness [17] were cut
into a size of approximately 1 × 1 cm2. They were cleaned by immersion in a
solution of H2O/HCl/H2O2 (66:21:13) at 80°C for 10 min, followed by rinsing
extensively with Milli-Q water, and finally immersion in H2O/NH3/H2O2

(71:17:12) at 80°C for another 10 min. After rinsing with Milli-Q water, the
surfaces were placed in ethanol until use.

2.2.2 Polished surfaces

Silica surfaces were mounted with double-sided tape on resin blocks. A disc
with a polishing cloth (Chemomet I) was mounted in a grinding and polish-
ing machine (Phoenix 4000) and wetted with water. Next, 5 cm3 of the
Masterprep suspension was added onto the polishing disc that was rotated
with a speed of 100 min−1 using a force of 10 N. The sample area was
approximately 100 mm2. Different polishing times were selected in order to
achieve different levels of surface modification. After polishing, the samples
were thoroughly rinsed in Milli-Q water.

2.2.3 Nanoparticle coated surfaces

Robust nanoparticle coated surfaces were obtained by using combinations of
tetraethoxysilane (TEOS) and silica nanoparticles. One solution was pre-
pared by mixing 4 g of TEOS with 3 g of an aqueous HCl solution held at pH
2 in 25 g of ethanol. This solution was stirred for 30 min to complete the
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hydrolysis process. The second solution contained nanoparticles mixed with 2
wt% surfactant Berol 535 and Milli-Q water in the ratio 1:1:10. Dispersion of
the nanoparticles was facilitated by employing an ultrasonic disintegrator
(Sonyprep 150) for 2 min. The dispersed nanoparticles were then mixed with
hydrolysed TEOS solution (2:1) and exposed to ultrasound in the ultrasonic
disintegrator for another 2 min. This particle dispersion was applied to the
silica surfaces by using a photo-resist spin-coater (PWM32, Headway
Research, Inc., USA). The whole surface was coated with the solution before
the spinning was started. The spin-coater was operated at 1500 min−1 for 30 s,
and the acceleration and retardation times were set to 7.5 and 3.0 s, respect-
ively. The coated silica surfaces were then dried in air and calcinated for 3 h at
550°C. The presence of TEOS in the nanoparticle dispersion facilitated
attachment of the nanoparticles to each other and to the substrate, which
resulted in a robust surface coating that was not affected by the force
measurements.

2.2.4 Hydrophobised silica

Silica spheres were glued to calibrated cantilevers by using a small amount of
Epikote 1004. The cantilevers were thereafter placed in a desiccator together
with beakers containing some tridecafluoro-1,1,2,2 tetra hydro-octyl trichlo-
rosilane for 20 h. After extensive rinsing with ethanol the cantilevers were
dried before being used for force measurements. The polished as well as the
nanoparticle covered silica surfaces were hydrophobised in a similar manner
prior to force measurement. The water contact angle achieved was in the
range 85–93°, which is slightly higher than the around 80° found for natural
talc [15].

2.3 Methods

2.3.1 Force measurements

The forces acting between a hydrophobic probe and a substrate surface were
measured using an AFM (Nanoscope III, Digital Instruments, USA)
equipped with a liquid cell. The cantilevers (CSC12/tipless/No Al, Mikro-
Masch, Estonia) were calibrated using the method proposed by Sader et al.
[18]. Measurements were performed in aqueous 10 mM NaCl. During the
AFM force measurements the trigger mode was set to “relative” and the
trigger threshold was 100 nm. Relative trigger mode means that all force
curves have the same preset maximum cantilever deflection relative to that
at large surface separation (defined as zero deflection). A driving velocity of
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400 nm s−1 was used for all measurements, which does not give rise to any
significant hydrodynamic force [15].

2.3.2 Imaging

Images of the substrate surfaces were recorded with the same AFM instru-
ment as employed for force measurements. High-resolution images in air were
obtained in tapping mode using non-contact ultrasharp silicon cantilevers
(NSCS12, NT-MDT, Russia). This provides information on the nanoscale
structure of the surface layer. In addition, low-resolution images of the
region used for force measurements were obtained, after force mapping, by
imaging the surface with the probe itself. This imaging mode provides infor-
mation on how the surface roughness is sensed by the probe. In addition, the
high-resolution images were processed using the rolling-ball method, which
has been applied in the paper industry for estimation of the pore volume at
the interface between paper web and press felt [19]. The principle of the
rolling-ball method is illustrated in Figure 1. Briefly, a ball with a given radius
is used to delineate a surface of the topography data set. A smaller ball goes
deeper into the valleys and experiences a rougher surface than a larger ball,
i.e. the result is a convolution of the topography and the ball dimension.

2.3.3 Contact angles

Contact angles were measured using a dynamic contact angle and absorption
tester (FibroDAT 1100, FibroSystems AB, Sweden), in which a drop of a
specified volume is applied to a surface using an automated micro-pipette.

Figure 1. A schematic illustration of the rolling ball method. A smaller ball follows
the surface topography closer than a larger ball.
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The drop shape is captured with a high speed camera from the deposition
time and the contact angle is calculated by the apparatus software as an
average of the right and the left projected angles.

3. RESULTS

In this section we first discuss topography and surface interactions between
the probe and the polished silica surfaces. We then proceed to the results
obtained for the nanostructured surfaces obtained by spin-coating of silica
nanoparticles.

3.1 Surface topography

The images displayed in Figure 2 illustrate the topography achieved by polish-
ing the silica substrate for 2 s. Figure 2A shows the nanoscale features of the

Figure 2. Surface polished 2 s. (A) High resolution 5 × 5 μm2, (B) detail on the high
resolution surface, (C) low resolution 5 × 5 μm2 and (D) rolling ball image.
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surface, but also a large-scale waviness. The local nanoscale roughness is
more clearly illustrated in Figure 2B, where the sharp surface features are
emphasized. Figure 2C, which is a low-resolution image obtained by using
the colloidal probe as imaging tool, emphasizes the more large-scale wavy
features of the surface layer. Finally, Figure 2D is constructed from Figure
2A using the rolling ball method with a ball radius of 2.5 μm, corresponding
to the size of our probe. Clearly, similar structural features are observed by
processing a high-resolution image with the rolling ball method as is obtained
by imaging the surface with the colloidal probe. We note that the image in
Figure 2C, and all other low-resolution images shown below, represents the
surface structure of the region where surface forces have been measured. In
contrast the high-resolution images in Figures 2A and 2B are obtained in a
different surface region.

The corresponding high-resolution and low-resolution images of the silica
surfaces after 10 s and 40 s of polishing are provided in Figures 3–4. For the
surface polished for 40s there is also a rolling-ball image. We note that an
increased polishing time results in a decrease in number of sharp surface
features, compare Figures 2A, 3A and 4A, whereas the large-scale waviness
remains largely unaffected. Note the similarity between the low-resolution
images and the rolling-ball images reconstructed from the high-resolution
AFM images. The roughness characteristics over a 5 × 5 μm2 area on the
different surfaces are presented in Table 1i, which also includes data for the
macroscopic water contact angle.

Table 1. Roughness characteristics and water contact angle of polished and
silanized silica substrates.

Polishing time Ra (nm) Rq (nm) Water contact angle

2 s 9.08 11.9 90°
10 s 4.56 6.62 86°
40 s 0.315 0.405 93°

i

Zave = average Z value within the given area
Zi = local Z value
N = Number of points within the given area

Zave = Z value at the centre plane
Zi = local Z value
N = number of points within the given area
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High-resolution and low-resolution images of surfaces covered with a spin-
coated layer of 9 and 40 nm silica particles, respectively, are provided in
Figures 5 and 6. The surface topography is characterized by a local nano-
structure, with larger features for the surface with 40 nm particles than for
that coated with 9 nm particles, and a wavy topography over larger length
scales, as emphasized by the low-resolution image (Figures 5B and 6B).

The roughness characteristics of these surfaces are presented in Table 2.
The macroscopic water contact angle on the two surfaces is also provided in
Table 2. We note that the surface with the larger nanoparticles displays a
slightly larger water contact angle than the one with smaller nanoparticles.

Figure 3. Surface polished 10 s (A) High resolution 5 × 5 μm2, (B) 0.4 × 0.4 μm2

detail on the high resolution surface and (C) low resolution 5 × 5 μm2.
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Figure 4. Surface polished 40 s. (A) High resolution 5 × 5 μm2, (B) detail on the high
resolution surface, (C) low resolution 5 × 5 μm2 and (D) rolling ball image.

Figure 5. Surfaces covered with silanized silica particles (A) 9 nm high resolution
5 × 5 μm2 and (B) 9 nm low resolution 5 × 5 μm2.
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3.2 Surface interactions
The force measurements over the 5 × 5 μm2 area were conducted at 25 differ-
ent spots in the order illustrated in Figure 7. This pattern was chosen in order
to avoid any artificial regularity in the force map due to accumulation of air,
for example, at the force measuring spot. The force maps shown in Figure 8
contain two data sets extracted from the 540 force curves obtained on each
surface and used to create the images. Figures 8A, 8C and 8E illustrate how
the jump-in distance varies over the surface region for the surfaces polished
for 2 s, 10 s and 40 s, respectively. The jump-in distance corresponds to the
surface separation at which the gradient of the attractive force just exceeds
the spring constant of the cantilever, and is a measure of the range of the
attraction. The strength of the attraction in contact is determined from the
jump-out distance during separation, and these data sets are shown in
the adhesion maps illustrated in Figures 8B, 8D and 8F. The force maps
illustrated in Figure 8 can be directly compared with the low-resolution
images in Figures 2C, 3C and 4C. We note that the clear patterns seen in the

Figure 6. Surfaces covered with silanized silica particles (A) 40 nm high resolution
5 × 5 μm2 and (B) 40 nm low resolution 5 × 5 μm2.

Table 2. Roughness characteristics and water contact angle of nanoparticle-coated
and silanized silica substrates.

Sample Ra (nm) Rq (nm) Water contact angle

9 nm 1.42 2.84 85°
40 nm 13.1 17.6 91°
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topographical images are not reflected in the force maps, and we conclude
that the large-scale waviness of the surface does not significantly affect the
forces, but the range and magnitude of the attraction appear to vary ran-
domly over the surfaces.

The variation in jump-in distance and adhesion force as a function of force
measurement number for the surfaces polished for 2 s, 10 s and 40 s are shown
in Figure 9. In all cases we note a significantly larger difference between spots
on the surface than between measurements on one and the same spot, provid-
ing clear evidence that the local topography, rather than the large-scale wavi-
ness, has an effect on the measured force. Neither the adhesion force nor the
jump-in distance shows any discernible trend with the number of
measurements.

The jump-in distance and adhesion histograms obtained for the polished
surfaces are illustrated in Figure 10. In all cases a distribution of values is
obtained, with a width that is significantly larger for the surface polished for
2 s compared to that found for the more smooth surfaces obtained after
further polishing. The average value for the adhesion and the jump-in
distance are also decreasing with increasing polishing time, i.e. with decreas-
ing surface roughness, see Table 3.

The corresponding data for the nanoparticle coated surfaces are reported
in Table 4. The spread in these values is larger, in terms of absolute values, for
the surface with the smaller nanoparticles but the CV is larger for the surface
coated with larger nanoparticles. When comparing the data for the two dif-
ferent nanoparticle coated surfaces, we note that the attraction is more

Figure 7. Force measurement order.
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Figure 9. Force as a function of measurement number frequencies for polished
surfaces. (A) 2 s jump-in distance, (B) 2 s adhesion, (C) 10 s jump-in distance, (D) 10 s

adhesion, (E) 40 s jump-in distance, (F) 40 s adhesion.

Table 3. Adhesion and jump-in distance for surfaces polished for different times.
The scatter is given as standard deviations and coefficients of variation, CV.

2 s 10 s 40 s

Adhesion

Mean value (mNm−1) 188 124 98
Standard deviation (mNm−1) 103 20 14
CV (%) 55 16 14

Jump-in distance

Mean value (nm) 24 13 8
Standard deviation (nm) 16 5 5
CV (%) 67 38 62
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long-ranged and the adhesion is higher for the surface with the smaller
nanoparticles even though the macroscopic contact angle is lower on this
surface.

Examples of force curves measured on approach and on separation are
provided in Figure 11. We note that on approach the attraction sets in
suddenly once a critically small distance has been reached. This defines the
jump-in distance, which is larger than expected for a van der Waals force.
On separation a strong adhesion is observed. In strongly attractive regions
the jump-out occurs directly to zero force, whereas in less strongly attractive
regions a long-range attraction is noted on separation (see Figure 11C).
This attraction approaches zero rapidly once a critically large distance is
reached.

These features are qualitatively explained as follows: at the jump-in dis-
tance an air/vapour cavity forms between the surfaces and an attractive
Laplace pressure brings them together. On separation the cavity is extended
until it becomes unstable and disappears, at which point the force returns to
zero. We note that for the polished surfaces a repulsion is present prior to the
jump-in. This feature is suggested to be due to an initial deformation of a
surface bound bubble, a description consistent with others [20–23]. As the
bubble bursts, and a capillary condensate of air/vapour is formed between the
surfaces, a strong capillary attraction is developed.

Table 4. Adhesion and jump-in distance. The scatter is given as standard deviations
and coefficients of variation, CV.

9 nm 40 nm

Adhesion

Mean value (mNm−1) 83 8
Standard deviation (mNm−1) 23 7
CV (%) 28 88

Jump-in distance

Mean value (nm) 31 9
Standard deviation (nm) 10 9
CV (%) 32 100
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Figure 11. (A) Force on approach versus distance for surface polished 2 s (dots), 10 s
(squares) and 40 s (crosses). (B) Force on approach versus distance for surface covered
with 9 nm silanized silica particles (squares) and 40 nm silanized silica particles (dots).
(C) [see opposite page] Separation versus distance for surface covered with 40 nm

silanized silica particles. Solid line represents theoretical capillary condensation.
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4. DISCUSSION

4.1 Adhesion between rough surfaces

The adhesion force, Fadh, between a sphere, with radius R, and a flat surface is
related to the interfacial energy as:

where α is a constant with a value between 3π and 4π, depending on surface
radius and elasticity of the contacting bodies [24–26]. The quantity γsl is the
interfacial energy between the solid and the liquid and γsls is the excess free
energy associated with the contact. This latter quantity approaches zero for
atomically flat surfaces whereas it approaches the value of γsl for very rough
surfaces. Since rough surfaces were used in this study, meaning that the real
contact area is small, the adhesion as described by eq. [1] is also small. (Note
that the adhesion force by convention is regarded as a positive value, whereas
the attractive forces displayed in the force curves by convention are given a
negative sign).

The long-range force due to the presence of a capillary condensate, with
a volume that does not change with separation, is approximately given by
[27, 28]:

where D is the surface separation, d a constant related to the size of the
capillary condensate and θ is the contact angle of the vapour/air cavity (i.e.
180° – the local water contact angle) on the surface. This equation describes
the long-range attraction observed during separation, as shown in Figure
11C. Thus, a cavity is present between the surfaces during separation, and this
cavity will contribute to the measured adhesion force.

The vapour cavity contribution to the adhesion arises from the Laplace
pressure, and it is given by the second term in eq. [3] [29]:

where γlv is the water-vapour surface energy. We note that measurements of
macroscopic water contact angles on the rough surfaces used in this investiga-
tion are in the range 85–93°.
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If we assume that the first term in eq. [3] is negligibly small compared to the
second one, we can then estimate the contact angles of the cavity from the
adhesion force. For instance, for the surfaces polished for 2 s, the mean adhe-
sion force, 188 mNm−1, corresponds to a contact angle of the capillary con-
densate of 78°, and within the standard deviation shown in Table 3, this angle
varies in the range 71–85°. The corresponding values for the surface polished
for 10 s are 82° for the mean value, and within one standard deviation of the
adhesion force the contact angle varies between 81° and 85°. Thus, the large
variation in adhesion force can readily be assigned to small differences in
vapour contact angle. We note that if the direct adhesion between the sur-
faces, i.e. the first term in eq. [3], is not negligible, then the contact angle of
the cavity would be even closer to 90° than indicated by this analysis.

One fundamental assumption in the treatment above is that the cavity is
allowed to grow to its optimum size. This is a reasonable assumption for flat
and homogeneous surfaces, as also indicated by experiments [2]. However,
this is not obvious when considering cavities formed on rough and chemically
non-homogeneous surfaces where pinning of the three phase line may occur,
in analogue to the contact angle hysteresis observed on the macroscopic level.
To illustrate the consequences of this, we turn to the treatment of capillary
condensation by Wennerström et al. [27]. The free energy change due to
formation of a capillary condensate of air is given by:

where the first two terms are due to the free energy change of replacing a
surface-water interface, of area As1 and As2 on the two surfaces, with a
surface-vapour interface. The sum of these two terms has to be sufficiently
negative for a cavity to form. The third term is due to the free energy cost of
creating an air-water interface with area Alv, and the fourth term is due to the
difference in chemical potential, μ, between water vapour and air present in
the cavity with volume Vc, and water and dissolved air in the surrounding
aqueous phase. Thus, if the three-phase line is pinned and the cavity is pre-
vented from growing to its optimal size, then the free energy gain is reduced.
The adhesion force is given by:

In the cylindrical approximation the relevant areas and volume are given as
As1 = As2 = πR2

m, Alv = 2πRmD, and Vc = πR2
mD, where Rm is the cylinder

radius. This immediately gives:
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This relation, which is valid beyond the cylindrical cavity approximation
[27], shows that the adhesion force also decreases when the cavity is prevented
from growing to its optimal size due to pinning of the three-phase line. This is
suggested to be another reason for the variation in adhesion values observed
in this investigation.

4.2 Comparison between nanostructured surfaces with 9 nm and
40 nm particles

The range and magnitude of the attraction is larger for the surface with
smaller nanoparticles, despite that this surface is slightly less hydrophobic as
judged from contact angle measurements. This allows us to draw the conclu-
sion that macroscopic contact angle measurements cannot be used for pre-
dicting the range of capillary forces between nanostructured surfaces. Our
data rather show that a capillary condensate of air/vapour forms more easily
when the nanoscale roughness is smaller. There are at least two effects that
contribute to this. Firstly, the crevices formed on the surface are larger when
larger nanoparticles are used, providing a larger volume for gas accumulation
at the surface. Secondly, the growth of the capillary is hampered by the
increased nanoscale roughness since the three-phase line has to move over
larger surface features as the capillary grows. This is akin to the well-known
effect of surface roughness on macroscopic contact angle hysteresis. The
adhesion is also higher when smaller nanoparticles are used to build the
nanostructure. This is suggested also to be a consequence of the pinning of
the three-phase line, which leads to smaller cavities and/or contact angles
closer to 90° on the surface with larger nanoscopic features.

4.3 Comparison between nanostructured surfaces and polished surfaces

The polished surfaces have some small surface features that extend away from
the surface, but unlike the case of nanostructured surfaces they largely lack
nanoscopic crevices. Thus, air that accumulates at the surface cannot concen-
trate in any crevices, but must rather exist as a thin film or as nanobubbles.
For the polished surfaces a repulsive force is nearly always preceding the
onset of the capillary attraction, providing strong evidence for the presence
of nanobubbles on these surfaces. This is in clear contrast to the results
for the nanostructured surfaces, where this feature was not observed. The
adhesion forces observed for the polished surfaces were larger than those
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measured for the nanostructured surfaces, indicating that the relatively few
topographical peaks do not hamper the growth of the capillary to the same
extent as the dense topographical features of the nanostructured surfaces.
Surprisingly, for the polished surfaces we note the highest adhesion and
most long-range attraction for the roughest surface. This leads to the con-
clusion that these extended surface features promote the formation of air/
vapour capillary condensates, presumably by stabilizing the adsorbed
nanobubbles.

5. CONCLUSIONS

Surfaces with nanometre scale roughness have been prepared by (a) by polish-
ing silica surface and (b) by spin-coating of nanometre sized silica particles
onto unpolished silica surfaces. After silanation these surfaces display macro-
scopic contact angles of close to 90°. For both types of surfaces a capillary
attraction dominates the interaction with a hydrophobized probe particle.

The polished surfaces have surface texture displaying sharp extended sur-
face features separated by relatively smooth regions without any crevices. On
these surfaces, preadsorbed nanobubbles are suggested to be present and a
soft repulsion due to electrostatic repulsion and bubble deformation precedes
the capillary attraction on approach. In contrast, the spin-coated surfaces
display a nanostructure with crevices and ridges due to the individual nano-
particles. Both type of surfaces also display a waviness over larger length
scales, comparable to the size of our probe particle. Our force data show that
the large-scale waviness has no significant influence of the range or magni-
tude of the capillary force. The range and magnitude of this force does,
however, vary significantly at different spots on the surface. The large vari-
ation in adhesion force can be attributed to a small variation in the local
contact angle between the air/vapour capillary and the surfaces. The pinning
of the three-phase line is suggested to contribute to this variation and also to
hamper the growth of the capillary condensate to its equilibrium size. Despite
that the nanostructured surface with larger surface features (40 nm particles)
displays a larger macroscopic contact angle than that of the nanostructured
surface with smaller features (9 nm particles), the range and magnitude of the
capillary attraction is larger in the latter case. This is interpreted as being due
to less severe restrictions to capillary growth on the surface with smaller
nanostructures.

Taken together, our data suggest that the presence of a high density of
nanoscopic crevices on the surface reduces the range and magnitude of the
capillary attraction due to accumulation of air in these crevices. Contrary, the
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presence of extended nanoscopic surface features, as for the polished sur-
faces, stabilizes nanobubbles and enhances the capillary attraction.
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Gil Garnier Australian Pulp and Paper Institute

Thank you, Agne – beautiful work. I am trying to visualize hydrophobic
forces having a longer range than the van der Waals forces, and to help me to
understand that I have two related questions. The first one is, does the hydro-
phobic force increase with the hydrophobicity of the surface? If you go from
polyethylene to Teflon do you see an increase in this hydrophobic
component?

Agne Swerin

Yes, we do. But it is also combined with – which is probably the second
question – the introduction of structural features on the surface.
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Gil Garnier

No. My second question was, if you decrease the polarity of the fluid by, for
example, introducing methanol or propanol into the water contained in the
cell, do you see a decrease of this force?

Agne Swerin

The answer is yes. We investigated that as one part of the PhD project where
we were looking at wetting and dispersing additives.

Lars Wågberg KTH

Thank you, Agne, for a clear and nice presentation with interesting results. I
wonder, in the cavity model (according to Eq. 2), when you did the fitting,
which radius did you use?

Agne Swerin

That is the radius of the probe.

Lars Wågberg

But is it not a bit more complex than that? If you look at the bubble forma-
tion, the force that you create when the cavity is formed, is naturally related to
some fraction of the radius of the probe, but it must be also related to the
structure on the surface.

Agne Swerin

Yes, in this case you have the radius of the probe, R, you have the surface
distance, D, and you have d which is a constant related to the size of the
capillary condensate, so that includes the effect of the surface features.

Lars Wågberg

Thank you.

Janet Preston Imerys Minerals

Thank you for the presentation. Please could you tell us any more about the
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impact of dispersion aids in your work? You just mentioned that you did
work with dispersants; what were your findings?

Agne Swerin

We used one wetting agent and one dispersing agent and both are needed to
prepare talc dispersions to be used in the paper industry. We saw a clear
difference between these in how they behave when it comes to maintaining, or
even taking away, the long-range interaction. A wetting agent would, in this
case, lower the surface tension in the system, and take away much of the long-
range interaction. We noted that this wetting agent apparently did not adsorb
onto the surface, it adhered to the air-vapour cavities being formed, and
reduced the long-range interaction. But when we went back to pure water, we
got back the long-range interaction. For the dispersing agent we did not see
this happening. A point worth mentioning is that we measured adhesion
forces between a probe and a talc platelet surface. One of the speculations for
how wetting and dispersing agents work, specifically for talc, is that you have
an attraction both to the planes of the talc and to the edges and, in this
particular set-up, we could not measure the interaction with the edges.

Bob Pelton McMaster University,

Long-range attractive forces between hydrophobic surfaces have been
observed for many years, and in the early days there was a lot of argument
over the mechanism. I have not followed this literature closely. Are we abso-
lutely sure that it is little air bubbles holding these things together, is there no
doubt about that now?

Agne Swerin

We strongly believe that this is the only way to explain what we see in terms of
experiments. We have seen this now in so many different types of experi-
mental system. The new thing about this work is that we could measure the
effect in talc-pitch systems and we have extended that to these more detailed
surface features. One reason why we did this was to explain why, in particular,
talc but also other hydrophobic materials can be very good at adsorbing
sticky contaminants.
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