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Abstract: In this study, multiscale advancing contact angles for glycerol/water drops at silica surfaces
are reported for millidrops, submicron-drops, and nanodrops. Selected silica surfaces were muscovite,
silicon, and talc. The contact angles for millidrops (1-2 mm) were determined by the traditional sessile
drop technique. For submicron-drops (0.1-1.0 um), a hollow tip Atomic Force Microscope (AFM)
procedure was used. The contact angles for nanodrops (~7 nm) were examined from Molecular
Dynamics (MD) simulation. The results were compared to evaluate the effect of drop size on the contact
angle. In the case of the hydrophobic talc surface, the 75° advancing contact angle did not vary
significantly with drop size. For the hydrophilic muscovite surface, the water drop wet the surface and
an advancing contact angle of about 10° was found for the millidrops and submicron-drops. However,
for the MD simulated nanodrops, attachment and spreading of the ~7 nm drop created a 2D film of
molecular dimensions, the contact angle of which was difficult to define and varied from 0° to 17°.
Perhaps of equal interest from the MD simulation results was that the spreading of the glycerol/water
nanodrop at the muscovite surface resulted in crystallographic directional transport of water molecules
to the extremities of the 2D film. Such separation and segregation left the center of the film with an
increased concentration of glycerol. Based on these results, the line tension, which has been found in
other investigations to account for contact angle decrease with a decrease in drop size, does not seem to
be a significant factor in this study.

Keywords: contact angle, atomic force microscopy, hollow tip, submicron-drop, wettability, MD
simulation

1. Introduction

Contact angle at a solid surface is an important characteristic that has applications in many fields, such
as in detergency, flotation, and fluid transport in porous structures (Xu et al., 2005). It is well known
that the contact angle is a quantitative measure of the wettability of a solid by a liquid, which is defined
geometrically as the angle formed by a liquid at the three-phase boundary (Good and Koo, 1979). At the
macroscopic scale, the Young equation is a powerful tool that is widely used in wettability studies. But
the shape of the attached drop is affected by gravity, and the drop may lose its spherical shape under
the influence of gravity (Letellier et al., 2007), which leads to instability of the contact angle
measurement. At the nanometer scale, the recent developments in Molecular Dynamics (MD)
simulation, provide well-characterized surface structures with specified properties and allow one to
define the nanoscale contact angle on ideal chemically homogeneous crystal surfaces (Jin et al., 2014).
But, experimental verification with contact angle measurements at the nanoscale has been difficult.
Experimental contact angle measurements for drop sizes between 100 - 1000 nm (submicron) remain a
research challenge.

Drop size may have a significant effect on the contact angle; this has been observed and recognized
experimentally at a scale above the microlevel (Drelich and Miller, 1994). However, it is a challenge to
measure contact angles at the submicron level due to the evaporation of the liquid and the lack of
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efficient procedures. Previous studies have observed droplets at the nanoscale by controlling the
evaporation, such as using glycerol which has a low evaporation rate (Meister et al., 2003), decreasing
the evaporation effect using rapid freezing with a cryogenic-focused ion beam (FIB), and imaging by
scanning electron microscopy (SEM), the cryo-FIB/SEM) technique (Park et al., 2015). This approach
has a disadvantage because it does not reflect the real shape of the drop, although images of drops at
the nanoscale can be obtained. The methods used to produce submicron-drops at surfaces influence the
shape of the submicron-drops. Recent research employed energy injection, such as spraying (Wang et
al., 2003), but electrospray adds mechanical energy or electric energy to atomize the liquid (Jayasinghe
and Edirisinghe, 2002). These methods are simple and easy to implement but may require special
equipment. Other physicochemical procedures include submicron-drop preparation by emulsification
(Mason et al., 2006) and condensation (Checco et al., 2006). Such experimental techniques are difficult
to control which poses a potential problem to the imaging devices and hinders the practical application
of these methods. Therefore, a suitable measurement method is desired for the production of
submicron-drops.

Atomic force microscopy (AFM) has been widely used in imaging (Li et al., 2019) and force
measurement (Nguyen et al., 2003) at the nanoscale. AFM, as a powerful imaging instrument, also can
be used as a laboratory instrument with a special hollow cantilever tip, which can be used to form
submicron-droplets of reproducible size by direct contact with a substrate. The transfer of liquid is
controlled by the hollow tip aperture size and surface energy (Meister et al., 2004). With the use of AFM
and the hollow cantilever tip, researchers have created glycerol drops (Jung and Bhushan, 2008) and
other liquids with low vapor pressure (Mendez-Vilas et al., 2009). In the case of AFM-created
submicron-drops, images can be obtained by the tapping mode or noncontact mode with a high-quality
AFM tip (Jung and Bhushan, 2008). Drop shape can be well-described by spherical cap geometry under
a small force (Ma et al., 2009). There may be accidental bridge formation between the AFM probe and
the liquid surface, even the formation of a meniscus when the tip is moved slowly (Szoszkiewicz and
Riedo, 2005). Lowering the temperature, changing the surface chemistry of the AFM tip, and increasing
the scan rate can improve image quality. In this study, the AFM was employed as a laboratory
instrument to produce hollow tip submicron-drops and to image these drops using a traditional AFM
tip.

This paper presents the results of a study of the contact angles for glycerol/water submicron-drops
at selected silica surfaces. The research had two principal goals. The first goal was to determine the
effect of drop size on water contact angles at hydrophilic and hydrophobic surfaces; the second goal
was to understand the nature of contact angles by comparison of multiscale experimental results
(millidrop and submicron-drop) with MD simulation results. To obtain special AFM tips for the
submicron-drop production, a silicon nitride tip was milled by dual-beam ion beam-scanning electron
microscopy (FIB-SEM) to create a hollow tip about 200 nm in size. The AFM with a hollow tip and
regular tip was used for the submicron-drop generation and submicron-drop imaging, respectively. The
contact angle was calculated based on changes in the resonant frequency of the cantilever. This study
supplements the studies of contact angles at the multiscale and gives further insight into wettability at
the nanoscale.

2. Materials and methods

2.1. Materials

The samples used in this study were muscovite (V-1 grade, SPI Supplies, West Chester, PA, USA),
silicon (cut from a silicon wafer), and high-quality talc crystals (Argonaut Mine, Ludlow, VT, USA).
2.2. Preparation of sample surface

To prepare atomically smooth and pure surfaces, the talc and muscovite samples were cleaved before
use by removal of the top layers with scotch tape. The rms roughnesses for the silicon and the muscovite,
and talc were 0.2-0.3 nm and 1.6 nm, respectively. The silicon surfaces were thoroughly cleaned and
rinsed with acetone/water/methanol/water and then dried with N> gas before the AFM experiments.
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2.3. Preparation of hollow AFM tip

The AFM probes (DNP-510, Bruker), which consisted of a SiN tip on a SiN cantilever with a reflective
gold coating on the backside, were used for milling the AFM tip. The AFM tip microfabrication diagram
is shown in Fig. 1(a). The FIB/SEM was employed for milling the AFM probe. First, based on the SEM
image of the tip, the geometry, including the length and width, as well as the tip specification such as
the tip height, front angle, back angle, and side angle, were obtained. Then, the tip position was
determined on the backside of the cantilever. Next, a hole, 5 pm in diameter, was fabricated with the
FIB on the backside of the probe, centered on the tip. The hole was gradually reduced in diameter until
it penetrated the tip. Finally, the tip of the probe was cut off so that the hole was exposed entirely. This
preparation procedure resulted in a small hole with a diameter of 200-400 nm. Images of the hollow
AFM tip with a hole are shown in Fig. 1(b).

a

Milling direction

+ Liquid Reservoir
\ ’ 00-400 nm

End hole milling direction

Top view Side view Bottom view

Bottom view Top view

Fig. 1. Drawings of the hollow AFM tip (a); SEM images of the hollow AFM tip after preparation (b)

2.4. Submicron-drop selection and generation

When choosing the liquid to be used for the submicron-drop generation, the evaporation rate must be
taken into consideration. Water is frequently used for contact angle measurements, but water has a high
evaporation rate, which has made it difficult to obtain an AFM image due to the short time for image
acquisition after submicron-drop deposition. Some researchers have indicated that the evaporation
rates of the water droplet decreased with the addition of glycerol at the same humidity (Dashnau et al.,
2006). In this regard, to overcome the problem of evaporation, a 1:9 ratio glycerol/water mixture was
used for the submicron-drop deposition on the substrate surface. The effect of glycerol addition on the
contact angle should be taken into consideration. Therefore, a comparison of the contact angle for water
drops and the glycerol/water drops was investigated using the sessile drop technique. The results are
shown in Table 1.

As shown in Table 1, the contact angles of water and glycerol are different for each of the three
mineral surfaces. However, the small percentage of glycerol in the 1:9 glycerol/water mixture only has
a slight effect on the contact angle, because a sufficient amount of bulk-like water exists at low glycerol
concentrations (Dashnau et al., 2006). Consequently, the 1:9 glycerol/ water mixture was selected as the
liquid for the AFM submicron-drop generation and contact angle measurements.

Glycerol (2 cm®) and water (18 cm®) were mixed for 10 hours by a magnetic stirrer to prepare the
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Table 1. Contact angles for water, glycerol, and a 1:9 glycerol/ water mixture measured by the sessile drop
technique with a drop size of about 1-2 mm

Liquid Minerals Contact angle (°)
Muscovite 812
Water Silicon 58+2
Talc 7914
Muscovite 2242
Glycerol Silicon 51+2
Talc 7012
Glycerol /water Muscovite 10£2
1:9 Silicon 6413
Talc 752

glycerol/water mixture. A micropipette was used to dispense the glycerol/water mixture into the hole
on the backside of the probe. As described in Section 2.3, the gold layer was removed around the hole
and inside the hollow tip, to expose the SiN surface. The gold surface was much more hydrophobic than
the SiN surface, which was hydrophilic, and allowed the glycerol/water mixture to flow on the SiN
hydrophilic surface to reach the hollow tip. The loading area must be judiciously selected to avoid
leaving the liquid along the edges since gold coated only the backside of the probe. The hollow tip
showing the loading area filled with glycerol/water is shown in Fig. 2.

Fig. 2. Image of the hollow tip with the loading area partially filled with the glycerol/water mixture

Submicron-drop dispensing and spreading were conducted with the AFM (Bruker). The contact and
tapping modes were used for the submicron-drop generation and cantilever resonance frequency
detection, respectively. The weight of the cantilever changes with the amount of liquid loaded and
dispensing leading to a change in the resonance frequency. These changes can be used to determine the
weight of the submicron-drop by performing a frequency sweep of the voltage-driven oscillations using
the thermal tune method (Jung and Bhushan, 2008). The main procedure for the submicron-drop
formation was as follows: first, the AFM was set to the tapping mode, with the tuning of the cantilever
to obtain the resonance frequency of the liquid-loaded cantilever. Then, the AFM was switched to
contact mode. The scan size was set to zero nm to prevent the lateral movement of the cantilever probe
from causing the liquid to discharge. The integral gain and proportional gain were set to zero so that
the probe can stop immediately when it touches the surface. When the tip arrived at the sample surface,
there was a transfer to ramp instead of the scan. When making a force curve, the liquid was dispensed
on the surface as the tip touched the surface. Based on the differences in surface wettability, control of
the ramp time was needed to obtain the right size submicron-drop. The surface wettability has
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a significant effect on the drop size. On a hydrophilic surface, the glycerol / water mixture spread quickly
on the surface, while on a hydrophobic surface, the drop was difficult to dispense. Finally, the AFM was
set to tapping mode, using the cantilever tune to obtain the resonance frequency of the cantilever after
dispensing. In this regard, the submicron-drop was prepared, and the resonance frequency was
obtained before and after dispensing. A schematic diagram of the submicron-drop assembly is shown
in Fig. 3.

Fig. 3. The schematic diagram for submicron-drop deposition using the hollow tip AFM

2.5. Submicron-drop imaging

AFM tapping mode with a new traditional AFM probe was used for submicron-drop imaging. The
resonance frequency of the cantilever was calibrated before imaging. The wettability of the tip may
influence the imaging, so the cantilever amplitude was set as necessary to ensure that the tip touched
the submicron-drop with minimal force and good image quality. A faster scan rate was adopted to
minimize the influence of evaporation on the shape of the submicron-drop, and the resolution was set
to 512 lines. NanoScope Analysis 1.8 was employed for the post-processing of the image.

2.6. Molecular Dynamics (MD) simulation of glycerol/water nanodrops

The Amber software package was used to conduct the MD simulated glycerol /water drops in this study
(Pearlman et al., 1995). Glycerol/water drops with the molecular ratios of 1:9 and 1:3 were prepared
using SPC/E for the water model and OPLS for the glycerol model (Mark and Nilsson, 2001; Kaminski
et al., 2001). The drop diameter was about 7 nm. The crystal structures of muscovite and talc were from
the American Mineralogist Crystal Structure Database, as determined by XRD (Downs and Hall-
Wallace, 2003). The MD simulations were done in the NVT ensemble with atoms of the silica mineral in
fixed positions. A constant number, volume, and temperature condition was used for an MD simulation
of 2 ns, to allow the drop attachment and spreading at the selected silica surfaces. The simulated drop
was projected to the X-O-Z and Y-O-Z planes to determine the contact angles. The averaged values were
reported as the contact angle of the MD simulated ~7 nm glycerol/water drops.

3. Results and discussion
3.1. Results

The submicron-drops were generated on the muscovite, silicon, and talc surfaces, and the AFM images
of the submicron-drops are shown in Fig. 4. As shown in Fig. 4 that the submicron-drop was successfully
created by the hollow tip and imaged by the AFM using the tapping mode. Comparing the drop images
on the surfaces of different wettability, the submicron-drop on muscovite presented a high-quality
round shape, which is because the contact angle for muscovite was the smallest, which means after
spreading, the drop body was relatively flat on the smooth muscovite surface (rms = 0.2-0.3 nm). The
drop size varied from 250 nm to 1.5 pm at the different surfaces as shown in Fig. 4. The wetting features
were determined by the surface polarity and were challenging to control. The liquid was quickly sucked
from the hollow tip to the surface when close to the hydrophilic surface (such as muscovite), while at
the hydrophobic surfaces, the submicron-drops were challenging to generate and attach, as expected.
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In the case of the hydrophobic surface, a greater volume of the liquid was needed to detach the drop
from the tip

Muscovite Silicon Talc

Side View

106.0 nm

Top View

Fig. 4. Side view and corresponding top view of the 3D AFM images of 1:9 glycerol/water submicron-drops on

muscovite, silicon, and talc surfaces

Some researchers use a section of the drop from the images to measure the contact angle, but this
method was significantly affected by the unit length of the X and Z axis, which resulted in inconsistent
results. Calculation of the contact angle base on the submicron-drop volume provides a better solution.
According to the shift of the cantilever resonance frequency before and after deposition, the volume of
the liquid deposited on the surface can be estimated by Eq. 1 (Jung and Bhushan, 2008):

we =— |- (1)

- 2| M

Eq. 1 shows the relationship between the resonance frequency and the mass of the cantilever, where
w¢ is the resonance frequency of the cantilever; k is the spring constant of the cantilever; m is the mass
of the cantilever.

The resonance frequency will be affected by the mass of the cantilever and the submicron-drop after
the liquid is loaded onto the cantilever. Therefore, the resonance frequency of the loaded cantilever (wi)
can be found in Eq. 2 (Jung and Bhushan, 2008):

w=— |— )

T 2wl metmy,

Where m,, is the mass of the liquid loaded on the hollow tip. The resonance frequency after the
submicron-drop is deposited on the surface(wp) is given by Eq. 3:

1 k
Wo = o mermemn ®)

Where mp is the mass of the submicron-drop. Due to the glycerol/water mixture, the mass
evaporated from the cantilever during the process was negligible. Therefore, the mass of the submicron-
drop can be found in Eq. 4:

1

mp =me+my = s @)

The density of the liquid mixture (p) is 1.026 g/cm3. Combining Egs. 1 and 4, the volume of the
submicron-drop deposited on the surface can be obtained by Eq. 5:

1 k 1 1
V= Z[(zn)z (w_f B E)] ®)

As shown in Fig. 5, r is the radius of the submicron-drop with a contact diameter d of the droplet
cap at the surface. The thickness of the droplet, 4, and the volume of the submicron-drop, V, is given in
Eq. 6 (Jung and Bhushan, 2008):




7 Physicochem. Probl. Miner. Process., 58(5), 2022, 152154

1
V= gnhz (Br—h) (6)
From Fig. 5, r can be found in Eq. 7:
d
" 2sin6 (7)

Combining Egs. 6 and 7, the equation for the contact angle, 6, of each submicron-drop can be
calculated from Eq. 8:

0= sin‘l( ; ) ®)

Fig. 5. Submicron-drop generated at the surface with a contact angle 8, and thickness, /. The contact diameter
between the droplet and the surface is d and the radius of the curvature of the droplet is r

To obtain the parameters for the submicron-drop calculation, the resonance frequency was recorded
during the experiment, and the section was obtained from the morphological data. In order to reduce
the error, a section was made every 60° on the AFM image of the submicron-drop, and then the average
value was calculated for each parameter. Figure 6 shows the appearance of the submicron-drop, and
the corresponding parameters are presented in Table 2.

Figure 6 depicts the 3D submicron-drops on the muscovite, silicon, and talc surfaces, and the
corresponding section images. The distance and height data were obtained from the section images.
Based on Egs. 5 and 8, the contact angles of the submicron-drops were obtained and are shown in Table
2. The contact angles of muscovite, silicon, and talc were 9°, 53°, and 75°, respectively.
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Fig. 6. Side view of 3D AFM images and selected section images of 1:9 glycerol/water submicron-drops on
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Table 2. Contact angle data for the submicron-drops from Fig. 6

Resonance Frequency Shape data*
Minerals Deposited Average Average Contact angle
Loaded (kHz) P _ 8 wverag ©)
(kHz) Distance (nm)  Height (nm)
Muscovite 59.0492 59.1127 304 43 9
Silicon 59.2107 59.2274 331 48 53
Talc 59.1910 59.2822 726 84 75

* all lengths were obtained by averaging the measurements every 60°.

The MD simulated ~7 nm glycerol/water nanodrops (ratio of 1:3) at the muscovite (001) and talc
(001) surfaces are shown in Figs. 7(a) and (b), respectively. The MD simulated glycerol/water nanodrop
spread at the muscovite (001) surface, and the contact angle, which varied from 0° to 17°, was difficult
to define. In contrast, the MD simulated glycerol/water nanodrop formed a hemispherical shape at the
talc surface with a 75° contact angle (Fig. 7b). The ~7 nm glycerol /water nanodrops with the ratio of 1:9
at the selected silica surfaces were also simulated by MD, and the same results were found.

Fig. 7. Snapshot of MD simulated ~7 nm glycerol/water drops (ratio of 1:3) at the muscovite (001) surface (a) and
talc (001) surface (b)

3.2. Discussion

In order to evaluate the multiscale aspect of wetting, a comparison of results from traditional sessile
millidrops, AFM submicron-drops, and MD simulated nanodrops is listed in Table 3.

Many studies have discussed the effect of drop size on contact angle and wetting. Regarding the
surface properties of the samples, some researchers (Wang et al., 2002) pointed out that the organic
contaminants on specimen surfaces might give rise to a higher surface hydrophobicity, and their
distribution at the nanoscale may differ from that at the milliscale. Checco et al. (2003) proposed that
the surface heterogeneities may be responsible for the observed decrease in contact angle with a
decrease in drop size. Drelich and Miller (1994) investigated the effect of drop size on advancing and
receding contact angles for rough solid surfaces by sessile drop and captive bubble techniques. The
results indicated that the roughness causes contortions in the shape of the three-phase contact line,
which may help to explain the drop size dependence of the contact angle.

Table 3. Comparison of advancing contact angles from millidrops, AFM submicron-drops, and MD nanodrops

Contact angles (°)

Liquid re. Submicron-drops Nanodrops
. Millidrops
Glycerol/water Mineral . AFM MD
Goniometer . .
(1:9 by vol.) (100-1000 nm) Simulation
(1-2 mm)
(~7 nm)
Muscovite 10+2 9 0-17
Silicon 6413 53

Talc 75£2 75 75
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The physical properties of specimen surfaces may play an important role in explaining the variation
of contact angle with drop size. However, through holistic treatment, the effects become irrelevant. In
view of the impact of molecular and interfacial forces on the contact angle, the line tension, and the
excess free energy per unit of the three-phase contact line, has been considered to explain the
experimental results (Weijs et al., 2011). As the size of a droplet decreases, the relative proportion of
molecules in the vicinity of the contact line increases, so the effect of line tension becomes more
important. In the presence of finite line tension, the contact angle of a liquid droplet depends on its size.
Therefore, when the drop size decreases and the effect of gravity decreases, line tension may contribute
to the change of contact angle at the nanoscale (Drelich and Miller, 1994).

Based on consideration of line tension, the contact angle at the nanoscale might be expected to be
smaller than that at the milliscale. As shown in Table 3, there is no contact angle change for the
hydrophobic talc surface. The contact angle is a constant 75° at all drop sizes; millidrops, submicron-
drops, and nanodrops. In contrast, at the hydrophilic muscovite surface the contact angle is about 10°
for millidrops and submicron-drops but is difficult to determine for the MD nanodrop because the drop
shape is not so well defined, and might better be considered as a 2-dimensional film which wets the
muscovite surface.

In the case of the MD nanodrop, the muscovite surface may be considered to be completely wet the
surface (0° contact angle), or perhaps be as large as 17° depending on the analysis. The difficulty is in
defining the boundary of the nanodrop, or 2D film, with a maximum thickness of 1.2 nm at the center,
a thickness probably corresponding to no more than two glycerol molecules. Perhaps of equal interest
is the observation from MD simulation that the glycerol/water (1:3) drop is fractionated during
spreading after attachment. It seems that water molecules migrate directionally to the extremities of the
film following the K* of the muscovite crystallographic structure. The glycerol molecules tend to remain
behind with some water molecules in a more concentrated mixture as seen in Fig. 8.

Fig. 8. Top view of an MD simulated ~7 nm glycerol/water nanodrop (glycerol/water = 1:3) at the muscovite
(001) surface. Color codes: purple, potassium cations at muscovite (001) surface; pink, water molecules; green,
glycerol molecules
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4. Summary and conclusions

The hollow tip AFM procedure to measure advancing contact angles of submicron-drops provides a
way to obtain contact angles at the submicron scale and allows comparison with traditional milliscale
measurements. In this way, a better understanding of multiscale wettability is possible. The contact
angles for glycerol/water (1:9) submicron-drops were determined for muscovite, silicon, and talc
surfaces. The images of submicron-drops were obtained with the AFM tapping mode. Based on the
change of resonance frequency and the submicron-drop topographic data from the AFM images, the
contact angles of submicron-drops were calculated. The submicron-drop contact angles were the same
as those measured at the milliscale for muscovite and talc, but the contact angles differed by 10° for the
silicon surface. The line tension, which may account for contact angle decrease with a decrease in drop
size, does not seem to be very significant in the case of submicron and nanometer drops at the muscovite
and talc surfaces. Line tension may help to explain the small difference in contact angle, which can be
generally neglected at the milliscale. The results indicate that the advancing contact angle is
independent of drop size for these surfaces, and suggest that the line tension is not significant. In
addition to the independence of contact angle on drop size, it should be noted that the ~7 nm MD
nanodrop wets the hydrophilic muscovite surface creating a 2D film in which the water molecules
spread directionally and separate from the glycerol molecules. Consequently, the contact angle becomes
difficult to define due to molecular segregation. These insights contribute to an improved
understanding of the multiscale effect of drop size on contact angle and should be useful in many areas
of technology including fluid transport in porous structures, and flotation separations associated with
the processing of mineral resources.
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