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Vapor Lubrication for Reducing Water and Ice Adhesion on
Poly(dimethylsiloxane) Brushes

Shuai Li, Youmin Hou, Michael Kappl, Werner Steffen, Jie Liu,* and Hans-Jiirgen Butt*

Fast removal of small water drops from surfaces is a challenging issue in

heat transfer, water collection, or anti-icing. Poly(dimethylsiloxane) (PDMS)
brushes show good prospects to reach this goal because of their low adhe-
sion to liquids. To further reduce adhesion of water drops, here, the surface

to the vapor of organic solvents such as toluene or n-hexane is exposed. In

the presence of such vapors, water drops slide at lower tilt angle and move
faster. This is mainly caused by the physisorption of vapor and swelling of the
PDMS brushes, which serves as a lubricating layer. Enhanced by the toluene
vapor lubrication, the limit departure volume of water drop on PDMS brushes
decreases by one order of magnitude compared to that in air. As a result, the
water harvesting efficiency in toluene vapor increases by 65%. Benefits of vapor
lubrication are further demonstrated for de-icing: driven by gravity, frozen water
drops slide down the vertical PDMS brush surface in the presence of vapor.

1. Introduction

Facilitating the sliding of liquid drops from solid surfaces is
critical to keep windows transparent, enhance heat and mass
transfer efficiencyl!! or inhibit ice deposition.l’l Strategies
of regulating morphology and chemistry of surfaces are
developed to achieve low lateral adhesion of sessile drops on
surfaces. By constructing micro- and/or nanoscale structures
with coating of low-surface-energy chemicals, superhydro-
phobic surfaces exhibit low contact angle hysteresis for water.!!
Water drops placed on superhydrophobic surfaces trap an air
layer underneath. In this state, called the Cassie state, drops
ball up and assume an almost spherical shape. The real contact
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area between the drop and such surface
is much lower than the apparent contact
area. However, the surfaces tend to fail to
repel water under pressure or condensed
water formed at high-humidity condi-
tions because no Cassie state is formed.l
An alternative is to infuse porous nano-
structures with a second liquid, which
is immiscible with the drop. Such lubri-
cant-infused surfaces show low lateral
adhesion for liquids with a broad range
of surface tensions as well as solids.[>]
However, lubricant is depleted by gravi-
tational drainage, evaporation or sliding
drops, which leads to the loss of the sur-
faces’ low-lateral-adhesion performance.!®
Consequently, in order to realize the
surfaces with both low liquid adhesion
and long-term serviceability, the stability of the lubricant layer
is a critical problem needs to be overcome. 22627

An alternative of low-lateral-adhesion surfaces is to covalently
attach flexible macromolecule brushes onto smooth substrate,
e.g., poly(dimethylsiloxane) (PDMS) brushes. With a small
barrier of internal rotation of the O-Si—O bond, PDMS back-
bone are highly flexible.®l The PDMS chains with one free side
and high mobility make the brush layer demonstrate a liquid-
like lubrication effect. Since the other side is covalently linked
to the substrate the brush is not depleted by the applied liquids.
However, comparing to superhydrophobic surfaces and lubri-
cant-infused surfaces, the PDMS brushes still show a higher
lateral adhesion to drops.!’!

To reduce lateral adhesion of sessile drops one needs to
reduce the contact angle hysteresis, which is the difference
between the advancing 6, and the receding contact angles 6.
The force required to move a drop laterally is given byl

E =wy k(cos6, —cosb,) (1)

where w is the width of the contact area of the drop, ¥ is the
surface tension of the liquid in the drop and k = 1is a geomet-
rical factor, which depends on the shape of the drop. To achieve
low sliding angles and reduce the gravitational force needed for
drops to slide, the difference between advancing and receding
contact angles should be as small as possible. The lateral adhe-
sion of water on the PDMS brushes can be further reduced and
slide velocities increased via tethering liquid by the layer.!*12
However, it’s still a challenge to realize a durable liquid-tethered
layer on PDMS brushes.

Here, we developed a strategy to reduce the adhesion
of drops to PDMS brushes by exposing the surface to an
organic solvent vapor. The brushes physically adsorb the vapor
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molecules because of the free energy of mixing between PDMS
and solvent.® Thus, the thickness of the brush layer increases,
which we confirmed later using atomic force microscopy
(AFM) measurements.!"¥! As a result, the brushes become more
flexible and water drop on such surface presents a lower sliding
angle. With lower lateral adhesion, we found further benefits of
the surface in promoting smaller drop departure radius, higher
water collection rate, water drop manipulation, and lower ice
adhesion. Ice adhesion also serves as a model for clathrate
adhesion. Clathrates are a major problem in the oil and gas
industry because they tend to block pipelines. We strong
indicates that clathrates behave similar to pure ice with respect
to adhesion.*”]

2. Results and Discussion

To synthesize PDMS brushes,['%! oxygen plasma treated silicon
wafers were immersed in a dimethyldichlorosilane-toluene
solution (0.3 M), where the toluene is saturated with water. After
30 min, the substrate was coated with PDMS brushes. X-ray
photoelectron spectroscopy proved the successful grafting of
PDMS brushes because of the existence of the —-O-Si(CHj;),~O—
(=102.5 eV) besides SiO, (=103.5 eV) from silicon wafer
(Figure S1, Supporting Information). As schematically shown in
Figure 1a, PDMS brushes tend to demonstrate a state that, one
side of the PDMS chains is covalently attached on the substrate
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and the other side is free. As a result, the water sliding angle
and contact angles on PDMS brushes do not change even after
ultrasonically clean in toluene (Figure S2, Supporting Informa-
tion). The surface indeed shows low contact angle hysteresis
against various liquids with different surface tensions, e.g.,
ethanol, toluene, dimethyl sulfoxide, etc. (Figure S3, Supporting
Information). The brush layer thickness (measurement details
given below) was =4 nm with the surface roughness being
lower than 1 nm (Figure S4, Supporting Information). The
layer thickness increases proportional to the grafting density I'
and the molecular mass of the PDMS chains M,, according to
L =TM,/p; here, p is the density of PDMS. Unfortunately, we
cannot yet determine I" and M,, independently. In air saturated
with water (at 20 £ 2 °C), the surface is hydrophobic (Figure 1b)
with advancing and receding contact angles for water of
Oaca = 106° £ 1° and BGgcp = 102° £ 1°, respectively.

Then we exposed the PDMS brushes to nitrogen gas with
saturated water (to reduce the evaporation of water drop)
and saturated vapor (at 20 + 2 °C, atmospheric pressure) of
organic liquids which are not miscible with water, e.g., toluene,
n-hexane. The vapor molecules are adsorbed and dissolved
in the PDMS brushes (schematic showing in Figure 1a). As a
result of the physisorbed vapor molecules, the brushes swell.
In addition, the advancing contact angle decreased to 102° + 1°,
while the receding contact angle (101° £ 1°) changed little
(Figure 1b). The resulted contact angle hysteresis of water in
the presence of vapor decreased to 1°, while it was 4° in air.
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Figure 1. Vapor lubrication on PDMS brushes. a) Schematic of a water drop (blue) on a tilted surface which is coated with PDMS brushes (brown) in
the presence of vapor (orange) and adsorbed lubricant layer. The adsorbed vapor leads to a swelling of the PDMS brushes. o refers to the tilt angle of
the surface. PDMS brushes are not drawn to scale. b) Advancing contact angle and receding contact angle of a water drop on PDMS brushes in air and
vapor environment, respectively. Scale bar: 2 mm. c) Sliding of water drop (10 uL) on a tilted PDMS brush surface (o= 3°) in air and saturated vapors
of ethanol, toluene, and hexane. Scale bar: 2 mm. d) Sliding angles of water drops (5 and 10 uL) on PDMS brushes in various vapors, e.g., hexane,
toluene, cyclohexane (CYC), tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), air, and ethanol. All data are presented in mean + standard deviations.
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Furthermore, we found that the sliding ability of water drop is
highly dependent on the applied vapor (Figure 1c). In the air
and ethanol vapor, a water drop (10 uL) pinned at a tilted angle
o = 3°. In contrast, in the presence of toluene and n-hexane
vapors, water drops start moving rapidly at this tilt angle. The
vapor of hexane and toluene works as lubrication to accelerate
the drop sliding.

To investigate the effect of different solvent vapor on the
lubrication performance, we measured sliding angles of water
drop with volume of 5 and 10 pL in air and vapors of n-hexane,
toluene, cyclohexane (CYC), tetrahydrofuran (THF), dimethyl
sulfoxide (DMSO), and ethanol (Figure 1d). The presence of the
vapor drastically changes the lateral adhesion of water drops. All
vapors reduce the sliding angle, except for ethanol. The lubri-
cating effect of the solvent vapor roughly correlates with the
difference of solubility between solvent and PDMS (Figure S5,
Supporting Information).'” The lower the difference in solu-
bility parameter, the lower the lateral adhesion of water drops.
We speculate that the increase in contact angles hysteresis is
also related to the miscibility of ethanol with water. The little
amount of ethanol absorbed in the PDMS layer will be sucked
up by the water drop. Thus, when the drop recedes it leaves
behind a “dry” PDMS brush while at the front the PDMS brush
still contains some ethanol and is still lubricated. The high
contact angle hysteresis (Ocay = 11° £ 1°) of water in ethanol
vapor leads to an increase in the lateral adhesion (Figure S6,
Supporting Information). According to Equation 1, the adhe-
sion force of a 10 uL water drop on PDMS brushes in ethanol
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vapor is estimated to be 49 uN, which is much higher than the
value in air, 11 uN. As a result, water drops show a bad mobility
on PDMS brushes when in ethanol vapor. Moreover, on a low
grafting density PDMS brushes, the vapor lubrication effect
is also significant. The vapor lubrication decreased the water
sliding angle from 10° to 2°, the contact angles hysteresis from
7° to 1° (Figure S7, Supporting Information).

To further investigate the lubricating effect of organic solvent
vapors, we concentrate on toluene as a representative. We char-
acterized the motion of water drops on tilted PDMS brushes in
air, vapor, and with an added toluene drop (Figure 2a). Air or
vapor saturated with water or water and toluene were utilized
for inhibiting liquid evaporation. For the test of water sliding
with an added toluene drop, a toluene drop was placed right
next to a water drop on a horizontal PDMS-coated silicon wafer,
the drops immediately coalesced followed by toluene forming
a wetting ridge around the water drop.®! The motions of 10 uL
water drops on tilted PDMS brushes at or=10° in three environ-
ments (Figure 2b) show that: in air, water drops were pinned
on the surface; once assisted by toluene, the water drops slide
easily and rapidly on the surface. The reason is that the sliding
angles (Figure 2c) decreased once toluene was introduced. For
1 uL water drop as an example, the sliding angle on PDMS
brushes in the presence of air, toluene vapor, and with a toluene
drop were =40°, =12°, =2°, respectively. When increasing the
volume of the toluene drop from 1 to 10 uL, the sliding angle
only showed a slight decrease from 2° to 1°, which is primarily
caused by the increased volume of the coalesced drop.
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Figure 2. The sliding dynamics of the water drop on PDMS brushes in various conditions. a) Schematics illustrate the sliding characteristics of water
drops on tilted PDMS brushes in air, vapor, and with an added toluene drop. PDMS brushes are not drawn to scale. Inset: Image taken by confocal
microscopy showing the interface between water, toluene and the surface. b) Images showing the sliding of water drop (10 L) on the surface in three
environments with oz=10°. Scale bar: 2 mm. c) Sliding angles of water drop (1, 3, 5, and 10 uL) on PDMS brushes in air, toluene vapor and with a toluene
drop (1, 3, 5, and 10 pL). d) Displacement of a sliding water drop in different conditions. e) Velocities of water drop (V,aie; = 10 LLL) on PDMS brushes
(ox=10°) in three surroundings. The diagram was established based on the measured points. All data are presented in mean + standard deviations.
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A vapor-induced change in sliding angle was also observed
on other surfaces (Figure 2c). For example, on a wafer coated
with PFDTS (1H, 1H, 2H, 2H-perfluorodecyltrimethoxysilane),
the sliding angle for 10 UL water drops was 40°. It decreased to
27° from air to saturated toluene vapor. The reduced effect is
caused since a real lubricating layer is missing. With an added
10 pL toluene drop on the PFDTS coated surface, the sliding
angle of water decreased to =14°.

The displacement (d) of the water drops (10 puL) on PDMS
brushes in toluene vapor and assisted by a toluene drop (3 uL)
were very similar (Figure 2d). The displacement changes
linearly with time (t) in both cases, which is independent with
the size of water drop (Figure S8, Supporting Information). The
drops reached a steady state velocity within less than 0.1 s. The
slopes reflect the sliding velocity of water drop, where v = d/t.
Therefore, water drops sliding in toluene vapor has very closed
velocity compared to that with a toluene drop. We systemati-
cally measured the sliding velocities of water drops of different
volume on PDMS surfaces assisted by different amounts of
toluene (Vigluene) at tilt angles of o= 10° (Figure 2e). The water
drops obtained higher mobility on PDMS brushes in toluene
vapor when compared to that in air, especially in high water

www.advmat.de

volume region. The sliding velocity of water drop changes from
0.3 mm s~!in air to 10 mm s7! in toluene vapor and to 25 mm s~!
when V., = 10 pL. It suggests that vapor lubrication has
reduced the lateral adhesion of water drops compared to that in
air, even though it is still not as good as that assisted by toluene
drops.

To verify the PDMS brushes can be swelled by the adsorbed
vapor, we measured the brush thickness by atomic force
microscopy (AFM). The thickness of PDMS brushes was
deduced from force curves monitored during the tip approach
(Figure 3a).) When the AFM tip gets into contact with the
PDMS layer, it is wetted by the PDMS. As a result, capillary
forces pull the tip towards the substrate until it contacts the
hard substrate (Figure 3d). The same capillary attraction pulls
the tip downwards in the presence of the toluene vapor. In
this case the cantilever is bend so much that the spring force
balances the capillary force (Figure 3b). For this reason the
tip does not immediately jump into contact with the hard
substrate. Once the tip is in contact with the hard substrate it
follows the up-and-down movement of the sample stage of the
AFM. We take the jump distance as a measure of the thickness
of the brush layer. It is, however, only an estimate because of
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Figure 3. Characterization of the thickness of PDMS brushes. a) Schematic illustration of a AFM system for surface force measurement. b) Schematic
illustrates the state of the AFM cantilever and tip corresponding to the force curve. ¢) Schematic image showing the state of PDMS brushes in air, and
d) representative force curves measured by the AFM for PDMS brushes in air. PDMS brushes are not drawn to scale. ) Schematic image showing the
state of PDMS brushes in toluene vapor, and f) representative force curves measured by the AFM for PDMS brushes in toluene vapor. g) The thickness
of the PDMS brushes layer in air and toluene vapor. All data are presented in mean * standard deviations.
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Figure 4. Applications of vapor lubrication. a) Photographs showing the departure of drops on PDMS brushes in air and toluene vapor. Scale bar:
1 mm. b) Departure size of condensed water on PDMS brushes in air and toluene vapor. c) The evolution of collected water during condensation
with and without toluene vapor. d) Time-lapse photographs showing the controlled motions of water drop (20 pL) on the tilted PDMS brushes
(0r=3°). Scale bar: 5 mm. e) Photographs showing the motion of an ice drop (150 uL) on PDMS brushes in air and in toluene vapor environment.
Scale bar: 5 mm. f) The lateral ice adhesion strength of a frozen water drop (50 pL) on PDMS brushes in air and in toluene. All data are presented in

mean * standard deviations.

two effects. First, the jump may occur slightly before the tip
touches the brush surface because of van der Waals attraction.
Second, since the PDMS chains are covalently attached to the Si
wafer, some chains may still remain between tip and substrate
even at a high force. While the first effect leads to a larger jump
distance, the second effect reduces the jump distance.

When fully submerging the brush and tip in toluene, the tip
gradually approached the substrate from a distance of 77 nm
without a jump (Figure S9, Supporting Information). We did
not detect a clear interface between toluene liquid and toluene-
PDMS brushes mixture.

By comparing force curves in air and toluene vapor, we
obtained direct evidence that the PDMS brush swells in toluene
vapor and the layer thickness increases (Figure 3c-g). In air,
the tip moves at a negative force over a few nanometers until
it touches the substrate, indicating a PDMS brushes layer
of several nanometers (Figure 3c,d). In toluene vapor, the
tip undergoes a longer distance at negative force due to the
swelling PDMS brushes layer (Figure 3e,f). After measuring

Adv. Mater. 2022, 34, 2203242 2203242 (5 of 8)

the thickness of PDMS brushes at 100 positions for each con-
dition, average values of the brush thickness were obtained
(Figure 3g; Figure S10, Supporting Information). The brush
thickness changed from 4.4 + 0.4 nm in air to 10.8 + 1.6 nm in
toluene vapor.

Accelerating drop departure from surfaces even for small
drops is essential for enhancing liquid condensation and heat
transfer.=-420 To test the condensation rate, we used a custom-
built chamber (Figure S1la, Supporting Information) to cool
the PDMS brushes at 11 + 1 °C. A stream of humid nitrogen
gas (mass flow rate: 5 L min™') with toluene vapor (details
given in the Experimental Section) was input for condensa-
tion. Condensed water drops slid at a smaller size assisted by
toluene on a vertical PDMS brushes (Figure 4a). As a result,
the average drop departure radius in toluene vapor was
0.21 = 0.02 mm, which is less than half of that on PDMS
brushes in air (0.44 £ 0.04 mm) (Figure 4b). A water harvest
test shows that water collection efficiency in toluene vapor was
improved (Figure 4c). According to the final size of condensed

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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droplets obtained from the video, we calculated the total
volume of collected water by a spherical drop model and thus
its mass. The linearly growing mass of collected water implies
constant water harvesting rates for surfaces in both conditions.
Compared with the case in air, the water collection rate in
toluene vapor increased by =65%, which is =700 g m~2 h™%. It is
the small departure drop radius in toluene vapor led to an early
shedding of water drops from the surface and thus more room
for newly condensing drops.

Vapor can also be used to control the motion of drops.?!l A
20 uL water drop was placed onto a 3° tilted PDMS brushes sur-
face (Figure 4d; Supportig Movie 1, Supporting Information).
In air, it pinned without sliding (¢t < 1.5 min). When exposed
to toluene vapor, the drop started to move on the surface
(t = 1.5 min). After stopping the toluene vapor input, the water
drop pinned again on the surface (+ = 2 min). The sliding
process can be repeatedly controlled by the appearance or dis-
appearance of toluene vapor.

In addition to reducing the liquid lateral adhesion, toluene
vapor also reduced ice adhesion to PDMS brushes (Figure 4e—g).
The ice (50 puL) was formed after depositing a water drop on
the PDMS brushes and cooling the surface. In air, the ice
stickled to the surface even when turning it vertically without
moving under its own weight. However, in the presence of
toluene, the ice detached from the surface within 0.5 s. This
decreased ice adhesion is mainly caused by the lubrication of
the toluene vapor adsorbed by the PDMS brushes layer. The
lateral ice adhesion strength was further quantified by a typical
ice-adhesion characterization system (Figure S11b, Supporting
Information).?2?2 As shown in Figure 4g, the ice adhesion
strength of 35 £ 7 kPa was obtained on the surface in air. Once
introducing toluene vapor, the adhesion strength decreased
below 5 kPa. The absolute number of the adhesion force should
not be overrated. Since the force transducer applies the force
at a certain height, also vertical forces are exerted which may
influence the result.

For practical applications, the strategy to use a vapor to
form a lubricating layer is only applicable in closed chambers.
Otherwise the vapor molecules which are adsorbed by the PDMS
brushes would evaporate to the open environment. A possible
application, where this condition is fulfilled is to coat the inside of
pipelines with PDMS brushes coating. The aim is to prevent ice/
hydrate formation and blocking of the pipeline. Natural gas con-
sists of methane in addition to small amounts of other alkanes.
Specifically, the methane inside the pipe would be adsorbed by
the PDMS brushes and would act as a lubricant, thus the surface
would be easier to repel ice. This is the similar case as we dem-
onstrated here using toluene. Because of the low adhesion, the
ice/hydrate would be easily removed by the moving fluid.

3. Conclusion

We have demonstrated how the lateral adhesion of water and
ice to PDMS brushes can be reduced by the exposure to organic
vapors. As confirmed by AFM, vapor molecules are adsorbed
into the PDMS, swell the brushes and form a lubricating layer.
Using vapor adsorption, the sliding angle for water drops can
be reduced, and the slide velocity of water drops increases,

Adv. Mater. 2022, 34, 2203242 2203242 (6 of 8)
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leading to its wide potential applications. With the departure
volume of water drops being reduced by an order of magnitude
with the assistance of toluene vapor, the water collection effi-
ciency of condensing water drops was increased by ~65% when
compared to air. Furthermore, drop mobility can be manipu-
lated by the presence of vapor. In the presence of organic
vapor, the PDMS brushes show strong anti-icing properties by
significantly reducing the lateral adhesion of ice. This provides
a strategy to help solving the freezing-induced block of natural
gas pipelines in winter.

4. Experimental Section

Fabrication of PDMS Brushes and Fluorinated Surface: The PDMS
brushes were synthesized as described in the literature.'® The silicon
wafers (Silicon Materials Inc, P type, (1 0 0) orientation) were washed in
hexane (98%, Sigma) and ethanol (99.5%, Sigma) with ultrasonication
for 5 min, respectively. Then the substrates were treated with an oxygen-
plasma (Diener Electronic Femto, 120W, 6 cm?® min~' oxygen flow rate)
for 5 min. Afterwards, the substrates were immersed in 40 mL toluene
(with saturated water) mixed with 1.4 mL dimethyldichlorosilane. After
reacting for 0.5 h, the substrates were rinsed with toluene to remove
the residues and dried with nitrogen. Glass cover slips (precision cover
slips, Carl Roth GmbH + Co. KG, 24 x 60 x 0.17 mm) were coated in a
similar way. The fluorinated surface was prepared as described in the
following. The PDMS brushes by “grafting to” method is synthesized
as following: A drop of silicon oil was deposited on the clean silicon
surface, before put in the oven at 92 for 24 h. Afterwards, it was cleaned
by hexane and water. The PFDTS was prepared as following: after oxygen
plasma treatment as before, silica wafers were put into a vacuum
desiccator with 20 pL 1H,1H,2H,2H-perfluorodecyltrimethoxysilane
added in the bottom. Chemical vapor deposition was lasted for 12 h.
Finally, the substrates were heated in an oven at 120 °C for 2 h.

Contact Angles: Advancing and receding contact angles were
measured using a goniometer (OCA35, Dataphysics) when water volume
was gradually (1 uL s™) increased from 10 to 20 pL and decreased from
10 to 20 pL, respectively. The contact angles of water in toluene vapor
were measured in a sealed chamber, in which toluene was used to
generate saturated vapor. Each value was repeated for more than six
times. All the experiments including the measurements below were
conducted in atmospheric pressure without further statement.

Sliding Angle: The sliding angles were measured by the goniometer
(OCA35, Dataphysics). A water drop (1, 3, 5, 10, 20 ulL) was pipetted
on the surface. Then the stage was started to rotate at a slow speed.
The angle where the drop started to slide on the surface was recorded
as sliding angle. Each result was repeated more than three times.

Sliding Velocity: The sliding velocity of water drops on PDMS brushes
at a certain tilt angle was measured via analyzing the motion of the
sliding drops recorded with a digital camera. For the test of water sliding
with an added toluene drop, a toluene drop was placed right next to a
water drop on a tilted PDMS-coated silicon wafer, the drops immediately
coalesced followed by toluene forming a wetting ridge around the water
drop. The motions of 10 UL water drops on tilted PDMS brushes at o =
5° and 10° were recorded. The drop motions were then recorded for
further analysis. Each result was repeated more than three times.

Confocal Laser Scanning Microscopy: A water drop (5 pL) and a toluene
drop (5 uL) were deposited and allowed to coalesce on a glass surface
coated by the PDMS brushes. The glass coverslip coated by PDMS
brushes was mounted in the sample holder. The three phase contact
area was observe with a confocal laser scanning microscope, Leica
(Carl Zeiss, Jena, Germany) equipped with a C-Apochromat 40/1.2 W
water-immersion objective. For excitation, two argon lasers fiber-coupled
to the microscope were used (488 and 633 nm). Atto 488 and disperse
blue 14 were used as dyes for water and toluene, respectively. Each
measurement was conducted more than three times.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

AFM Measurements: We used a Multi-Mode atomic force microscope
(Bruker) in force spectroscopy mode to characterize the brush thickness
in the air, in the presence of toluene vapor and liquid using a liquid cell.
AFM silicon cantilevers (OLTESPA-R3 from Olympus) with a nominal
spring constant of =2 N m™ and a nominal tip radius of 7 nm were
used. The scan rate was 1 Hz and the scan range was set to 100 nm
resulting in a scan speed of 100 nm s™". Deflection sensitivity of the
cantilevers was determined by taking cantilever deflection versus piezo
position curves on a pristine silicon wafer before every experiment. Raw
cantilever deflection (in detector voltage) versus piezo position data
were recorded with a grid of 10 by 10 points on an area of 0.5 x 0.5 um?.
These raw data were converted to force versus distance curves using
the measured deflection sensitivity to obtain cantilever deflection in
nanometers, multiplying cantilever deflection with the nominal spring
constant to obtain force, and by subtracting cantilever deflection from
piezo position to obtain distance.

Condensation Measurements: The departure size of drops and
water harvesting performance were characterized from condensation
experiments conducted in a custom-built device (Figure S11a, Supporting
Information). Two separate vapor flows controlled by two mass flow
controllers (FMA-A2208, Omega) were used to vary the concentration
of toluene and water vapor inside a chamber. The vapors were obtained
by bubbling nitrogen through water or toluene, respectively. The sample
was fixed on a vertical copper block. The copper block was cooled by a
Peltier element. Once condensed water drops reached a certain critical
size, they slide off the surface driven by gravity.'®?3 The subcooling
was controlled at =10K throughout the experiments. A Sony alpha 7RIII
camera was employed to record videos. Departure drop radius were
calculated by comparing several time-lapse images before and after
departure process. The volume of collected water was calculated by a
sum of the sliding drops according to the videos.

Ice  Adhesion Measurements: Anti-icing measurements were
conducted in a custom-built chamber with cooling system (Figure S11,
Supporting Information).?2l A 50 uL water drop was deposited on
the surface, then the surface was cooled down to —25 °C to freeze
the water drop. The force was continually recorded by a force gauge
(PCE-DFG N 200) when the ice was pushed slowly at a speed of
60 um s7. The lateral adhesion force corresponds to the force when
the ice moved on the surface (Figure S12, Supporting Information).
The ice adhesion strength is defined as the adhesion force divided by
the contact area (diameter: 5 mm). Thus, ice adhesion strength is in
Pa (Figure 4f).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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